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CONS P EC TU S

S ilencing the expression of a target gene by RNA interference (RNAi) shows promise as a potentially revolutionizing strategy
for manipulating biological (pathological) pathways at the translational level. However, the lack of reliable, efficient, versatile,

and safe means for the delivery of small interfering RNA (siRNA) molecules, which are large in molecular weight, negatively
charged, and subject to degradation, has impeded their use in basic research and therapy. Polyplexes of siRNA and polymers are
the predominant mode of siRNA delivery, but innovative synthetic strategies are needed to further evolve them to generate the
desired biological and therapeutic effects.

This Account focuses on the design of polymeric vehicles for siRNA delivery based on an understanding of the molecular
interactions between siRNA and cationic polymers. Ideal siRNA/polymer polyplexes should address an inherent design dilemma
for successful gene silencing: (1) Cationic polymers must form tight complexes with siRNA via attractive electrostatic interactions
during circulation and cellular internalization and (2) siRNA must dissociate from its cationic carrier in the cytoplasm before they
are loaded into RNA-induced silencing complex (RISC) and initiate gene silencing. The physicochemical properties of polymers,
which dictate their molecular affinity to siRNA, can be programmed to be altered by intracellular stimuli, such as acidic pH in the
endosome and cytosolic reducers, subsequently inducing the siRNA/polymer polyplex to disassemble. Specific design goals include
the reduction of the cationic density and the molecular weight, the loss of branched structure, and changes in the hydrophilicity/
hydrophobicity of the polymeric siRNA carriers, via acid-responsive degradation and protonation processes within the endosome
and glutathione (GSH)-mediated reduction in the cytoplasm, possibly in combination with gradual stimuli-independent hydrolysis.

Acetals/ketals are acid-cleavable linkages that have been incorporated into polymeric materials for stimuli-responsive gene
and drug delivery. Tailoring the ketalization ratio and the molecular weight of ketalized branched PEI (K-BPEI) offers molecular
control of the intracellular trafficking of siRNA/polymer polyplexes and, therefore, the gene silencing efficiency. The ketalization of
linear PEI (K-LPEI) enhances gene silencing in vitro and in vivo by improving siRNA complexation with the polymer during
circulation and cellular internalization, supplementing proton buffering efficiency of the polymer in the endosome, and facilitating
siRNA dissociation from the polymer in the cytoplasm, in a serum-resistant manner. Spermine polymerization via ketalization and
esterification for multistep intracellular degradations provides an additional polymeric platform for improved siRNA delivery and
highly biocompatible gene silencing. The chemistry presented in this Account will help lay the foundation for the development of
innovative and strategic approaches that advance RNAi technology.
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1. Introduction
Nucleic acids, such asDNAandRNA, are employed to induce

a broad range of desired and controlled biological effects at

a molecular level without nonspecific toxicity. They can

introduce, strengthen, or silence target genes and represent

a promising class of emerging therapeutics. Among them,

RNA interference (RNAi) using small interfering RNA (siRNA)

has not only become a powerful tool in targeting cell

signaling pathways for basic research but also silencing

pathological events for treatment of diseases.1�3 Selective

targeting of specific biological/pathological pathways at the

translational level can be a convenient, flexible, and safe

mode of therapy, compared to the more challenging en-

deavor of delivering a completely new set of transgene for

stable expression. While continual advancements in geno-

mic and proteomic profiling will reveal additional informa-

tion about the molecular blueprints of the human body, it

will concurrently enable the rational design of siRNA aswell.

Unlike what its name may suggest, siRNA is a large

double stranded molecule in consisting of about a couple

dozen base pairs (∼15 kDa). With properties such as high

molecular weight, strong anionic charge, potential recogni-

tion by the immune system, and degradation by nucleases,

the development of effective and efficient in vivo delivery of

siRNA is required.4,5 Considering the fact that cost-effective

manufacturing of siRNA at a large scale is no longer a

technological obstacle,6,7 developing effective and safe

means of delivery (administration) is a key challenge in

bringing RNAi technology a step closer to becoming awidely

acceptable and reliable option in both basic research and

clinical medicine. Medicinal chemistry approaches to directly

modifying the structure of siRNA molecules have been

attempted in order to obtain improved pharmacokinetic

(PK) properties and biodistribution.8,9 However, a promising,

possibly inevitable, strategy is to reformulate siRNA in the

form of nanoparticles that complex siRNA and shield it from

destructive/inactivating forces. Examples include siRNA/

polymer polyplexes, siRNA-encapsulating liposomes, and

siRNA-encoding viruses.5,10,11

This Account focuses on the complexation of siRNA with

various polymericmaterials (i.e., siRNA/polymer polyplexes)

as a predominant mode of siRNA delivery and also

addresses the need for innovative chemical (synthetic) ap-

proaches to developing efficient, safe, and versatile vehicles

for siRNA delivery. Particularly, converting interactions of

siRNA with its carrier polymers in opposing modes (from

complexation to disassembly) during intracellular delivery

pathways are considered as themost important, fundamen-

tal, and indispensible factor in designing novel siRNA deliv-

ery carriers. Liposomes, another major vehicle for siRNA

delivery, rely on the interactions between liposomes and the

cell membrane for siRNA release; this is relatively indepen-

dent of the interactions with siRNA, and requires design

considerations that are distinctively different from consid-

erations for siRNA/polymer polyplexes.

2. Barriers in siRNA Delivery
RNAi is an end-point result that requires the successful, yet

complex, extracellular and intracellular processing of siRNA

(Figure 1). First of all, siRNA should be complexed by its

delivery vehicle (carrier) and shielded from degradation by

nucleases and immune recognition. Complexed siRNA

should circulate in the body for a desired period of time

and accumulate in the target tissue while avoiding (1) pre-

mature disassembly via interactions with serum proteins,

(2) activation of innate immune effectors, and (3) clearance

by the reticuloendothelial system (RES).12�14 Polyplexes of

siRNA/polymer form nanoparticles that are more efficiently

taken up than free, negatively charged siRNA by a target

cell via faciliated nonspecific adhesion on the cell surface.

Uninternalized polyplexes are disassembled via various

interactions with serum proteins and electrolytes, and the

released siRNA is eventually degraded and removed.

siRNAmust free itself from its shielding polymers into the

cytoplasm, while surviving the degradative intracellular

processes (e.g., low-pH and acid-activated enzymes in the

endosome). In the cytoplasm, only fully dissociated siRNA

can bind to RNA-induced silencing complex (RISC) and the

downstream mRNA. Therefore, disassembly of siRNA/poly-

mer polyplexes is a key rate-limiting step in siRNA delivery

and is closely related to overall gene silencing efficacy.15�17

Transnuclear localization of siRNA, either in its complexed or

dissociated form, reduces the availability of siRNA for bind-

ing to RISC and mRNA in the cytoplasm, lowering gene

silencing efficiency.16,18

Figure 1 clearly highlights two key aspects in siRNA

delivery: (1) what happens in the endosome and/or cyto-

plasm plays determining roles in intracellular trafficking of

siRNA by converting siRNA/polymer interactions from com-

plexation to disassembly, and (2) ideal siRNA carriers should

be able to convert their interactions with siRNA in response

to stimuli provided in the endosome and/or cytoplasm,

suggesting crucial parameters in designing novel polymers

for efficient siRNA delivery.
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3. Dilemmatic siRNA/Polymer Interactions:
Conversion from Complexation to
Disassembly
Ideal siRNA carriers should be able to overcome the extra-

cellular and intracellular barriers which require dilemmatic

interactions of siRNA with its carriers in two opposing

manners: complexation and disassembly. Consequently,

it is crucial to incorporate converting physicochemical prop-

erties, particularly in response to intracellular stimuli, into

polymeric siRNA carriers, in order to achieve desired gene

silencing efficiency. Molecular interactions between siRNA

and its carriers are comprehensively determined by electro-

static interactions, van der Waals forces, and nonpolar

salvation.19 Since siRNA structure is relatively consistent,

except variations in its base sequence, physicochemical

properties of polymers, such as cationic density, molecular

weight, morphology, and hydrophilicity/hydrophobicity,

dictate the molecular affinity of siRNA to its carrier which

should be substantially reduced after endocytosis (Figure 2).

As discussed in Figure 1, siRNA must be complexed with

its polymeric carrier to circulate for a prolonged period of

time while avoiding premature inactivation and degrada-

tion. Cationic polymers, such as polyethylenimine (PEI),

poly-L-lysine (PLL), and polyamidoamine (PAMAM) dendri-

mers, are popularly employed for siRNA complexation be-

cause electrostatic interactions between anionic siRNA and

cationic polymers play the greatest roles in forming siRNA/

polymer polyplexes.20 Polyplexes of siRNA/cationic poly-

mers form cationic nanoparticles that are efficiently taken

up by a target cell via attractive electrostatic interactions of a

cationic polyplex with the slightly negatively charged cell

membrane. Amines of the cationic polymers are proto-

nated in the acidic endosome and used to destabilize the

membrane by water influx after counterions (e.g., Cl�) are

FIGURE 1. Efficiency-determining extracellular and intracellular steps (barriers) in siRNA delivery. siRNA should remain complexed with its carrier
until reaching the endosome under amildly acidic condition, followed by efficient release of siRNA in the cytoplasm in order to interact with RISC and
target mRNA. Therefore, the endosome is the transition point for siRNA/polymer polyplexes to convert their interactions from a complexed to a
disassembled mode. Reducible environment in the cytoplasm can further contribute to siRNA release from its polymeric carrier. Another important
aspect for successful RNAi is cytosolic localization of siRNA. The sizes of free siRNA and its complex allow them to be transported to the nucleus
through nuclear pore complexes (NPCs), reducing the available number of siRNA and overall gene silencing efficiency. Therefore, minimizing
transnuclear localization of siRNA is a key design parameter in designing efficient siRNA carriers.
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recruited.21 However, the existence and effectiveness of this

hypothetical “proton sponge effect” is debatable.22 Another

way to induce endosomal escape is to destabilize the endo-

some upon polymer degradation which result in dramatic

polyplex swelling and increased osmotic pressure by gen-

erating small molecules.23,24 Thus, it is reasonable to expect

to achieve optimal endosomal escape (cytosolic release) of

siRNA or siRNA/polymer polyplexes by combining both

proton sponge effect and polymer degradation.

In the cytoplasm, only free forms of siRNA can specifically

bind to RISC before interfering the translation of the target

mRNA,25,26 which requires cationic polymeric siRNA carriers

to release siRNA into the cytoplasm. It has been observed

that sulfated glycosaminoglycans (GAGs) such as heparan

sulfate and chondroitin sulfate relax nucleic acid/polymer

complexes and release nucleic acids in vitro.27�29 This

process is likely to be very slow because the anionic macro-

molecules have very limited access to nucleic acids com-

plexed with polymers. Therefore, cationic polymeric siRNA

carriers should be able to convert their interactions with

siRNA (molecular affinity) from complexation to disassem-

bly in the endosome and/or cytoplasm, which can be trig-

gered by intracellular stimuli, for efficient gene silencing.

4. Considerations in Designing siRNA Carriers
siRNA delivery is most distinctively different from plasmid

DNA delivery in intracellular trafficking. While it is beneficial

for plasmid DNA to remain complexed for facilitated diffu-

sion in the cytoplasm and transnuclear localization,30 siRNA

should be dissociated from its carriers in the cytoplasm for

efficient gene silencing.16�18,31 This obviously implies a

design benefit that transnuclear localization is unnecessary

for successful siRNAdelivery. However, this raises a question

in designing siRNA carriers: Where should siRNA/polymer

polyplexes be disassembled for efficient gene silencing, the

endosomeor cytoplasm?One successfully delivered copy of

plasmid DNA might be able to produce a sufficient number

of proteins, generating new biological effects at a desired

level. In contrast, the interference of mRNA translation is

proportional to the number of delivered siRNA in the cyto-

plasm and maximum gene silencing efficiency is only ob-

tained with delivery of large amounts of siRNA. In addition,

RNA is more rapidly digested and hydrolyzed by nucleases

and the acidic environment of endosomes/lysosomes than

DNA. Therefore, an effective polymeric carrier should be

able to tightly complex siRNA at least until reaching the

FIGURE2. Converting interactions between siRNAand its polymeric carriers from complexation to disassembly, before and after endosomal escape.
The physicochemical properties of polymeric carriers must be converted, in response to intracellular stimuli (e.g., mildly acidic pH and cytosolic
reducers), reducing themolecular affinity with siRNA. To effectively bind to RISC, followed by initiating RNA interference, siRNA should remain in the
cytoplasm without being recomplexed with its polymeric carriers. Therefore, irreversible reduction in molecular affinity between siRNA and its
polymeric carriers is desirable.
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endosome of a cell and rapidly release the maximum

number of siRNA into the cytoplasm.

Stimuli provided in the endosome and/or cytoplasm can

be utilized to convert the physicochemical properties of

polymeric siRNA carriers before and after endosomal escape

(i.e., stimuli-converting interactions of siRNAwith polymers).

The stimuli-converting siRNA/polymer interactions should

reduce the molecular affinity and release siRNA into the

cytoplasm more rapidly and efficiently than gradual and

limited disassembly of siRNA complexed with stimuli-inde-

pendent (i.e., not highly responsive to a specific biological

stimulus) cationic polymers (e.g., PEI) via replacement by

anionic biomacromolecules (e.g., heparan sulfate). Too

early of a siRNA dissociation from its carriers in the endo-

some can result in premature acid-hydrolysis and enzymatic

degradation. Therefore, the maximum amount of structurally

intact and functionally active siRNA can be delivered into the

cytoplasm if it is fully protected by its carriers in the digested

endosome and rapidly dissociated by a cytosolic reducer upon

endosomal escape. However, there are very limited number of

distinct cytoplasmic stimuli that have been identified (Table 1).

In fact, disulfide reducible by glutathione (GSH), whose intracel-

lular concentration is substantially higher than its extracellular

ones, might be the only linkage that is well-characterized and

proven for efficiency and specificity for cytosolic release of free

siRNA.15,32�34 Therefore, the flexibility of designing polymeric

carriers for efficient dissociation of siRNA specifically in the

cytoplasm is also limited.

On the contrary, a broad range of acid-responsive chem-

istry not only provides efficient siRNA release from its

carrier into the cytoplasm but also enhances endosomal

escape (Table 1), including acid-cleavable linkers and

TABLE 1. Chemical Libraries Demonstrated for Stimuli-Responsive, Converting siRNA/Polymer Interactions
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acid-protonating groups. It should be noted that the endo-

somal disruption/escape by utilizing acid-responsive linkers

and groups should be fast enough in order to avoid degra-

dation of dissociated siRNA from its carriers in the endo-

some. Cationic amine-bearing branches that complex

siRNA to form a polyplex can be conjugated to a polymer

via an acid-cleavable linker (e.g., acetal/ketal31,35 and

hydrazone36) (Table 1). siRNA is more efficiently complexed

with polymers containing cationic branches than linear

cationic polymers and the resulting polyplexes are effi-

ciently taken up by cells.37 At a mildly acidic pH, the cationic

termini of the polymers are protonated and destabilize the

endosome via proton sponge effect. Simultaneously, loss of

cationic branches upon acid-hydrolysis greatly reduces the

attractive interactions between siRNA and the polymer,

releasing siRNA, preferably into the cytoplasm. Efficient

cleavage of anionic maleic amide and cis-aconitylamide

groups of a polymer by an acidic pH regenerates amine

groups but the acid-triggered charge conversion can

strengthen the attractive interactions with siRNA. However,

acid-cleavage of anionic maleic amide and cis-aconityla-

mide groups generates small maleic and aconityl acids,

and effectively destabilizes the endosome, releasing siRNA

into the cytoplasm.38 β-amino ester,24,39 imidazole,40,41 and

sulfonamide42 are protonated at an endosomal pH and

strengthen the attractive interactions with siRNA. In the

cytoplasm at a neutral pH, the attractive interactions are

reduced and siRNA is released, resulting in efficient gene

silencing.

The interactions between siRNAand its polymeric carriers

can be converted without changes in chemical structure of

the polymers. For example, block copolymers can undergo

conformational changes from a hydrophilic structure to a

membrane-destabilizing hydrophobic form at an endo-

somal pH or facilitated disassembly by the abruptly decreased

intracellular calcium concentration, resulting in efficient

siRNA delivery.43,44 Fragmentation of cationic polymers into

small pieces (reduction in molecular weight), via acid-hydro-

lysis in the endosome and/or reduction in the cytoplasm,

also greatly decreases the interactions with siRNA, releases

siRNA into the cytoplasm, and enhances gene silenc-

ing.32,34,35,44,45 Incorporation of linkers that are cleavable

in a stimuli-independent manner (e.g., ester and acid

anhydride) also can contribute to reducing the molecular

weight and inducing changes in hydrophilicity/hydrophobi-

city of polymeric siRNA carriers, consequently dissociating

siRNA.46�48

Toxicity of siRNA carriers should not be neglected at any

level, particularly when aiming to obtain fully sequence-

specific gene silencing. It is anticipated that many param-

eters that determine the toxicity of DNA carriers, such as

molecular weight, cationic density, morphology, polymer to

nucleic acid ratio (N/P ratio), and biodegradability, are also

prevalent in siRNA carriers. Efficient siRNA complexation

necessitates the use of polymers with a high molecular

weight, high cationic density, and branched morphology,

at a high N/P ratio, increasing the possibility of inducing

toxicity and nonspecific gene silencing.31 Therefore, stimuli-

converting reduction in molecular weight and cationic den-

sity of siRNA carriers, aswell asmorphological changes from

branched to relatively linear forms, not only greatly facil-

itates siRNA release for efficient gene silencing but also

lowers toxicity and nonspecific gene silencing. The optimum

dose of siRNA carriers that are required to achieve a desired

level of gene silencing with minimal toxicity, particularly in

vivo, heavily depends on the molecular characterizations of

each carrier.

5. Ketalized Polymers as Stimuli-Converting
siRNA Carriers
Acetals/ketals are one of the most acid-cleavable linkages

and have been popularly employed in stimuli-responsive

gene and drug delivery.49,50 For example, the half-life of

dimethyl ketal linkage at an endosomal pH is as fast as few

minutes.23 Theproton-catalyzedhydrolysis kinetics of acetal/

ketal linkages is tunable depending on side groups aswell as

hydrophilicity of the polymer backbone.51 The regenerated

groups after acetal/ketal hydrolysis are hydroxyls that are

neutral and more hydrophilic than the unhydrolyzed link-

ages. It needs to be noted that hydrolysis of acetals gen-

erates aldehydes that can react with amines of proteins,

potentially causing adverse effects, while ketones are the

hydrolysis products of ketals. Efficient acid-triggered, con-

verting interactions between siRNA/polymer canbeachieved

by incoporating the polymers with branches carrying

an amine group at the terminus linked via acetal/ketal

(amino acetal/ketal branches), internal acetal/ketal link-

ages, or both into the polymeric siRNA carrier. Upon acid-

hydrolysis, amino acetal/ketal branches convert to neutral

hydroxyl overhangs and siRNA is readily released due to

weakened interactions with its carrier. Simultaneously,

endosomal escape contributed by proton buffering is sup-

plemented by the dramatic swelling of polyplexes due

to weakened siRNA/polymer interactions and increased

osmotic pressure in the endosome by acid-hydrolyzed



Vol. 45, No. 7 ’ 2012 ’ 1077–1088 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 1083

Stimuli-Converting siRNA/Polymer Interactions Kwon

byproducts of acetal/ketal linkages. The reduced cationic

density of acid-hydrolyzed cationic polymers limits the inter-

actions with endogenous genes, lowering cytotoxicity,52

and, more notably, prevents recomplexation of siRNA in

the cytoplasm. Fragmentation of cationic polymers with

internal acetal/ketal linkages significantly weakens siRNA

complexation and the fragmented polymers are rapidly

cleared from the body, enhancing biocompatibility of the

carriers.

5.1. Improved Complexation, Biocompatibility, and

Molecularly Tunable Intracellular Localization of siRNA

by Ketalized Branched PEI (K-BPEI). PEI is the most com-

monly used cationic polymer in the field of nucleic acid

delivery, due to its strong interactions with nucleic acids and

efficient proton-buffering capacity, attributed to its high

cationic density. Branched PEI (BPEI) has primary amine-

bearing branches as well as secondary and tertiary amines

in the backbone, buffering protons at various endosomal

acidification stages. Primary amine-bearing short branches

of lowmolecular weight (LMW, 0.8 kDa) and highmolecular

weight (HMW, 25 kDa) BPEI were conjugated with amino

ketals at varying ratios (>96%), resulting in LMW and HMW

ketalized PEI (K-PEI) (Figure 3a). It was clear that moderate

ketalization slightly reduced the gene silencing capability of

LMW BPEI (Figure 3b) despite the efficient complexation of

siRNA by LMW K-BPEI, as supported by small siRNA/LMW

K-BPEI polyplex sizes.16 Confocal fluorescence microscopy

demonstrated exclusive nuclear localization of siRNA/LMW

K-BPEI polyplexes (Figure 3c), accounting for the low gene

silencing efficiency. On the other hand, moderately keta-

lized (23 and 37%) HMW B-PEI showed substantially en-

hanced gene silencing efficiency (Figure 3b). It was also

FIGURE 3. Molecular weight-dependent gene silencing efficiency of ketalized branched PEI (K-BPEI) due to differential intracellular localizations of
siRNA/K-BPEI polyplexes. (a) Primary amine-bearing branches of low molecular weight (LMW, 800 Da) and high molecular weight (HMW, 25 kDa)
BPEI were ketalized.16 (b) Distinct effects by LMW and HMW K-BPEI on gene silencing in NIH 3T3 cells were observed.18 Moderate ketalization
(23�37%) of HMWBPEI resulted in dramatically enhanced gene silencing efficiency, while evenminimal ketalization (17%) of LMWBPEI reduced its
gene silencing capability. High ketalization (>60%) did not improve the gene silencing capability of both LMW and HMW BPEI. (c and d) Confocal
fluorescence microscopy demonstrated that siRNA/LMW K-BPEI polyplexes were mainly localized in the nucleus and were not able to encounter
mRNA,while siRNA/HMWK-BPEI polyplexeswereexclusively found in the cytoplasm.18 Thepolyplexes preparedwith siRNAandminimally ketalized
(17%) LMWK-BPEI andmaximally ketalized (96%) HMWK-BPEI were not efficiently internalized by the cells, due to poor complexation. Figures were
modified with permission from the American Chemical Society (a) and Elsevier (b�d).
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observed that most siRNA/HMW K-BPEI polyplexes were loca-

lized in the cytoplasm where target mRNA resides (Figure 3d).

High ketalization (>60%) interfered with cellular uptake of

siRNA/HMW K-BPEI polyplexes, resulting in low gene silencing

efficiency (Figure3d). In addition, ketalization completely dimin-

ished the unacceptably high cytotoxicity of HMW BPEI.

The result shown in Figure 3 demonstrates the roles of

acid-converting, molecularly tunable interactions between

FIGURE 4. Ketalized linear PEI (K-LPEI) for efficient endosomal escape and siRNA release into the cytoplasm. (a) Secondary amines (22%) in the low
molecularweight (LMW,3.4 kDa) LPEI backbonewere ketalizedwith primary amine-bearingbranches.31 The resulting LMWK-LPEI resemblesB-PEI in
structure as well as proton buffering capability over a broad pH range by primary, secondary, and tertiary amines. Upon acid-hydrolysis in the
endosome, all primary amine-bearing branches convert to neutral hydroxyl overhangs and siRNA is efficiently dissociated from hydrolyzed LMW
K-LPEI without being recomplexed in the cytoplasm. (b) siRNA/LMW K-LPEI polyplexes in differentially acidifying buffers to an endosomal pH of 5.0
were observed by in situ AFM.17 The polyplexes were efficiently disassembled after 90 min of incubation under an endosomal condition. An
expanded view of the AFM images is also shown in Figure S1 in the Supporting Information. (c) siRNA (labeled with Cy3, red) was efficiently released
from LMWK-LPEI (labeledwith Alexa Fluor 488, green), represented by distinct red dots fromgreen oneswithminimal overlapping of the two signals,
after selective localization in the cytoplasmofNIH3T3 cells.31 Polyplexes of siRNA/unketalized LPEIwere found in the cytoplasmandnucleuswithout
noticeable dissociation.31 (d) C57BL/6 mice carrying an E.G7-OVA/GFP subcutaneous tumor were intravenously injected with free anti-GFP siRNA or
siRNA/LMW K-LPEI polyplexes (10 μg siRNA per mouse). After 3�5 days, tumors were harvested from euthanized animals and sliced sections were
observed under a fluorescencemicroscope (left, DRAQ5 (blue)-stained nuclei; right, GFP-expressing cells). siRNA complexedwith LMWK-LPEI silenced
GFP expressionmore efficiently than free siRNA. Figures were modified with permission from the American Chemical Society (a and c) andWiley (b).
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siRNA and its cationic polymeric carriers in intrcellular traf-

ficking of siRNA and overall gene silencing efficiency. It was

confirmed that cytosolic localization of siRNA after endoso-

mal escape, which was achieved by employing moderately

ketalized HMW BPEI, is a key requirement in designing

efficient siRNA carriers.

5.2. Ketalized Linear PEI (K-LPEI) for Maximized siRNA

Release with Minimized Recomplexation in the Cyto-

plasm for Efficient Gene Silencing in Vitro and in Vivo.

Linear PEI (LPEI) is less toxic andmore potent in in vivo gene

delivery than BPEI.53 However, lacking cationic branches

limit the siRNA complexation by LPEI.37,54 About a quarter of

the secondary amines in the LPEI backbonewere ketalizedwith

amine-bearing branches. The resulting K-LPEI resembles BPEI

in structure as well as extended buffering capacity over a

broad pH range by primary, secondary, and tertiary amines

(Figure 4a). siRNA/LMW (3.4 kDa) K-LPEI polyplexes were

rapidly disassembled under a mildly acidic condition (pH

5.0), which was confirmed by in situ AFM in differentially

acidifying buffers (Figure 4b). This observation was further

correlated with improved intracellular trafficking of siRNA

delivered by LMW K-LPEI. It was shown that siRNA/LMW

K-LPEI polyplexes were selectively localized in the cyto-

plasm, followed by efficient siRNA release (Figure 4c). Inter-

estingly, no obvious differencewas observed between LMW

and HMW (45.5 kDa) K-LPEI at the same ketalization ratio.31

This probably indicates that ratio of acid-cleavable cationic

branches conjugated to the L-PEI plays more crucial roles

FIGURE5. Efficient gene silencingbypoly(spermine ketal ester) (PSKE).45 (a) Small bio-oriented cation, spermine,waspolymerizedwith two cleavable
linkers: acid-cleavable ketals andhydrolytic (stimuli-independent) esters. Amildly acidic pH in the endosomedegrades PSKE to spermine ester glycols.
Further hydrolysis of esters generates spermine acids, offsetting the cationic charge of spermine, and ethoxy ethylene glycols. (b) The smallmolecular
weight of hydrolyzed PSKE and reduced net charge induced rapid and efficient siRNA dissociation in the cytoplasm, which was confirmed by clear
separation of siRNA (Cy3-labeled, red) from hydrolyzed PSKE (Alexa Fluor 488-labeled, green) in NIH 3T3 cells. (c) In vivo gene silencing efficiency of
siRNA/PSKEpolyplexeswas investigated as described for the in vivo experiment in Figure 4. The results demonstrated higher gene silencing by siRNA
PSKE polyplexes than free siRNA (three mice per group). All figures are modified with permission from Elsevier.
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than its molecular weights, unlike K-BPEI (Figure 3). In addi-

tion, K-LPEI showed high resistant to inactivation by serum

proteins, while the gene silencing efficiency by B-PEI was

significantly reduced in the presence of serum, despites their

structural similarity. Based on the efficient in vitro gene

silencing efficiency and high biocompatibility, siRNA/LMW

K-LPEI polyplexes were injected into the mice carrying a

GFP-expressing subcutaneous tumor. The tumors harvested

after 3�5 days showed significantly reducedGFP expression

(Figure 4d).

The result summarized in Figure 4 indicates that polymers

with cationic branches efficiently complex siRNA and rapid loss

of attractive interactions with siRNA via cleavage of cationic

branches greatly enhances gene silencing efficiency.

5.3. Poly(spermine ketal ester) (PSKE): Polymerized

Bio-Originated Cation for Efficient and Biocompatible

siRNA Delivery via Stimuli-Responsive and Stimuli-Inde-

pendent, Two Step-Degradations. Spermine involved in

the eukaryoticmetabolism is a small cationwith four amines

separated by 3�4 carbon atoms. Although the maximum

interaction of siRNA with cations consisting of four carbon-

bridges was anticipated,55 the small molecular weight of

spermine limits its siRNA complexation capability. This sug-

gests that polymerized spermine via stimuli-cleavable link-

ages is capable of complexing siRNA and converting its

interactions with siRNA to disassembly in the presence of

target stimuli. Spermine was polymerized via acid-cleavable

ketals and hydrolytic (stimuli-independent) esters, resulting

in poly(spermine ketal ester) (PSKE) (Figure 5a). In the mildly

acidic endosome, ketal linkages degrade and siRNA com-

plexation becomes weakened by the reduced molecular

weight of PSKE. In the cytoplasm, ester hydrolysis further

counters the cationic charge of spermine by producing two

carboxylic groups, hence, ensuring efficient siRNA release

without being recomplexed. This was supported with the

observation that most siRNA was dissociated from PSKE in

the cytoplasm (Figure 5b). In vitro studies also demonstrated

the efficient gene silencing by synergistic degradation of

ketals and esters.45 Mice injected with siRNA/PSKE poly-

plexes showed higher gene silencing than those injected

with saline, free siRNA, and scrambled siRNA (Scr-siRNA)/

PSKE polyplexes (Figure 5c).

The result shown in Figure 5 proves that converting

siRNA/polymer interactions via stimuli-responsive degrada-

tions of cationic polymers is a valuable design parameter for

efficient siRNA carriers. This approach can be highly desir-

able particularly in developing safe siRNA carriers that are

rapidly removed from the body, avoiding adverse side

effects for long-term and repeated administrations.

6. Concluding Remarks
The promise of utilizing RNAi technology in basic research

and disease treatments in clinical settings requires efficient

and safe delivery/administration methods. Among the

many hurdles involved in successfully silencing genes,

two key dilemmatic steps, complexation and disassembly

of siRNA/polymer poyplexes before and after endosomal

escape, were reviewed. It is clear that the siRNA/polymer

interactions need to be converted by biological stimuli

provided at temporally and spatially appropriate steps.

There are robust and proven chemistries to meet this critical

requirement for designing suitable siRNA carriers. Manipu-

lating the physicochemical properties of siRNA, such as

mulitimerization,56 in order to achieve stimuli-converting

interactions with its carrier is also a promising avenue to be

continuously explored. Nonetheless, there is still a tremen-

dous need for new and innovative synthetic strategies to

better design the stimuli-responsive, converting interactions

between siRNA and its carrier.

Reliable and realistic computational models would also

greatly help quantitatively characterize siRNA/polymer in-

teractions at a molecular level toward the design of novel

siRNA carriers. A foreseeable challenge in the near future is

whether it is possible to design siRNA carriers for differen-

tially controlled gene silencing, which is desirable for perso-

nalized RNAi-based medical treatments.
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