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SiRNA is the trigger of RNA interference, a mechanism discovered in the late 1990s. To release the therapeutic
potential of this versatile but large and fragile molecule, excipients are used which either interact by electro-
static interaction, passively encapsulate siRNA or are covalently attached to enable specific and safe delivery
of the drug substance. Controlling the delicate balance between protective complexation and release of siRNA
at the right point and time is done by understanding excipients–siRNA interactions. These can be lipids, poly-
mers such as PEI, PLGA, Chitosans, Cyclodextrins, as well as aptamers and peptides. This review describes the
mechanisms of interaction of the most commonly used siRNA delivery vehicles, and looks at the results of
their clinical and preclinical studies.
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Fig. 1. Chemical modifications for stabilization of siRNA: a: phosphodiester (unmodi-
fied RNA), b: phosphorothioate RNA, c: 2′-deoxy-RNA d: 2′-deoxy-2′-fluoro (2′F-)
RNA, e: 2′-O-methyl (2′-O-Me) RNA.
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1. Introduction

Since its discovery in the late 1990s, RNA interference (RNAi) has
not only been established as an invaluable tool in basic research, but
has also raised hopes in medicine to find novel therapies for previous-
ly “undrugable” targets and diseases.

The finding that RNA, in addition to its classical role as messenger
from DNA encoded genetic information for protein production, can
also function as regulator of gene expression, has led to a quantum
leap in understanding gene regulation. RNA molecules can inhibit
protein translation either by binding to complementary messenger
RNA (mRNA) and thereby blocking the ribosomal action (antisense
RNA or microRNA) or by triggering degradation of the mRNA molecule
in a catalytic fashion (RNAi). This phenomenon was first described in
1998 in Caenorhabditis elegans using double-stranded (ds) RNA to de-
grade its complementary mRNA [1]. This discovery led to the Nobel
Prize in Physiology or Medicine in 2006 for Fire and Mello. Until then,
state of the art of gene silencing in vitro, in vivo and even in patients
was via single-stranded antisense oligodeoxynucleotides (ODNs) [2].
Research in this area goes back over 30 years [3, 4]. These two classes of
molecules are similar in size range, charge and structure, and some of
the lessons learnt formulating them are also valid for siRNA formulation.

RNA interference, however, is mediated by small interfering, double-
stranded RNAs (“siRNA”). It silences specific target genes by associating
with a multi-component nuclease called RNA-induced silencing com-
plex (RISC). It guides the enzyme for sequence-specific degradation of
its complementary mRNA [5]. This mechanism was demonstrated first
in 2001 in a range of mammalian cells in vitro, and showed that siRNAs
are effective at concentrations several orders of magnitude lower than
antisense or ribozyme RNAs [6]. This advantage over antisense technol-
ogy, a mechanism discovered and utilized some 10 years earlier than
siRNA (1998 FDA approval for Vitravene, an antisense based ophthalmic
drug), is known as catalytic cleavage of mRNA. The siRNA is not
destroyed during this process and one siRNAmolecule can lead to cleav-
age of multiple target mRNAs.

The introduction of ds RNA longer than 30 base-pairs (bp), the en-
dogenous precursor of siRNA, into mammalian cells, induces a strong
interferon response. siRNAs on the other hand are ds RNAs of general-
ly 21–27 bp in length and bind their target with high degree of speci-
ficity. Therefore, the potential use against any transcribed mRNA of an
organism's genome has triggered excitement in the drug development
field not only as research tool but also as a potential new class of drug
molecule with versatility comparable to antibodies.

siRNAs can also be endogenously expressed following transfection
of plasmid or viral vectors [7, 8]. Viral delivery of siRNAs has also been
demonstrated in vivo [9]. However, concerns about competition with
the native micro-RNA pathway as well as interferon response of in-
nate immunity towards longer ds RNA limit their applicability in
human [10]. Furthermore, the potential immunogenicity and oncoge-
nicity as well as the high cost of production of viral vectors make this
technology unlikely to be applied for clinical use. These will therefore
not be covered in this review. Adeno-associated viral vectors (AAV)
on the other hand have been shown to induce less immunogenic re-
sponse and are currently under evaluation for gene therapy in several
clinical trials and might have a potential as a siRNA delivery vehicle
[11]. However, the toxicity issues remain to be resolved before mov-
ing this drug forward [12].

Plasmid DNA, antisense RNA and siRNA molecules have some phys-
icochemical properties such as charge density in common. There are
also fundamental differences, most importantly the size, which is why
the mechanisms of transfection are not always compatible. siRNA
needs to be transported to the cytosol, the location of RNAi machinery,
whereas plasmids expressing shRNA (small hairpin RNA) or siRNAneed
to be transported to the nucleus. Therefore numerous non-viral delivery
methods are under investigation for their transfection efficacy aswell as
toxicity properties. The specific molecular nature of nucleic acids
demands special formulation strategies to utilize its therapeutic poten-
tial. RNAmolecules are very labile in acidic environments such as in the
stomach or in endosomes and lysosomes in cells. It can be destroyed by
enzymatic degradation in the gastrointestinal tract or in the blood circu-
lation. The large size (~13 kDa) and the negative charge of their phos-
phodiester backbone (~40 negative phosphate charges), leading to
electrostatic repulsion from the anionic cell membrane surface, limit
their permeability into cells and release from endosomes.

This article sheds light on the most promising formulation efforts
of the last decade which led to the first RNA interference based clini-
cal trials, and summarizes the mechanisms used in pursuit of turning
this class of fragile molecules into a therapy.
2. Delivery of naked siRNA

Despite its properties, naked siRNA has been shown to be deliv-
ered efficiently in vivo, although in many cases its uptake mechanism
remains unknown.

The first successful in vivo demonstration of siRNA triggered gene si-
lencingwas reported in 2002. Naked synthetic siRNAs aswell as endog-
enously transcribed hairpin RNAs were delivered to the liver [13] and
other organs ofmice, and inhibited co-delivered reporter-genes for sev-
eral days [14]. Subsequently, treatment of hepatitis as potential thera-
peutic application was described [15]. However, in these experiments
the unmodified siRNA or shRNA expressing plasmid was delivered by
quickly injecting large volumes via the tail vein (hydrodynamic tail
vein injection). This technique is restricted to rodents and not applica-
ble for higher animals or humans.

Delivery of unmodified siRNA via the portal vein, a potentially clini-
cally more relevant method, was demonstrated as equally efficient as
hydrodynamic tail vein injection in vivo and protected mice against
virus induced liver failure [16]. Low-pressure intravenous (i.v.) delivery
of naked siRNA reaches the well-perfused organs liver and kidney [17].
This report also showed that chemically stabilizing the siRNA by intro-
ducing phosphorothioate instead of phosphodiester bonds (see Fig. 1)
did not alter biodistribution but increased stability both in vitro and
in vivo. However, the subcellular location was not described, and the
cell uptake remained unproven.
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Naked and chemically unmodified siRNA has a very short half-life
(t½) in blood or serum, even though being more stable than single
stranded RNA [18]. Chemical modifications of siRNA such as 2′-F, 2′-
O-Me or 2′-deoxy residues (see Fig. 1) and 5′ end capping with 3 ribo-
nucleotides prolonged t½ in serum from few minutes for unmodified
siRNA to 2–3 days, and in circulation from about 2 min to 49 min. In ad-
dition, the chemical modification also reduced the significant immune
stimulation otherwise induced by unmodified siRNA [19].

Similarly, 2′-O-Me backbone modification at specific positions
within the siRNA seed region abrogated some unspecific off target ef-
fects [20] and cytokine production [21], without significantly affect-
ing silencing of the intended targets.

Not allmodifications are toleratedwith the same efficacy and specific-
ity [22]. The effect of chemicalmodification on stability andhalf life is syn-
ergistically enhanced upon further encapsulation. The most commonly
used chemical modifications have been reviewed recently [23].

Naked, unmodified siRNA can also be transported to the cyto-
plasm via electroporation, a method, which has been developed for
plasmid DNA in the 1960s. It is regularly used for transfection of
siRNA in vitro [24], but has also been described for in vivo transfection.
Naked siRNAs were delivered using slow injection into the muscle tis-
sue of mice followed by 8×20 ms pulses of 120 V and 1 Hz frequency.
These settings proved to be mild and safe, resulting in complete re-
pression of gene expression for up to 11 days [25].

Tumor necrosis factor (TNF)-α siRNA injected into joints followed
by electroporationwith 2 pulses of 200 V/cm reduced collagen-induced
arthritis [26]. With specially modified “plate and fork” type of elec-
trodes, the conditions for delivery of chemically stabilized VEGF
(Vascular Endothelial Growth Factor) siRNA have been optimized
Table 1
Clinical trials using siRNA as active ingredient.

Product owner Technology
originator

Clinical phase Clinical outcome D
te

Alnylam
Pharma Inc.
(Cubist Pharma)

PhII (2007–2009) Well tolerated,
antiviral activity

N
si

Alnylam Pharma Inc. Tekmira PhI (2009–2011)
well tolerated,
antitumor
activity

Well tolerated,
antitumor activity

SN

Alnylam Pharma Inc. Tekmira PhI (2010–2012) SN
Alnylam Pharma Inc./
Tekmira

PhI (2009–2010) Terminated due to
immune stimulation

SN

Tekmira/Alnylam Pharma
Inc.

PhI (2010–2012) SN

Merck, Allergan Inc. Sirna
Therapeutics

PhII (2004–2007) Well tolerated,
potentially
unspecific clinical
effects

N
si

Opko Health Inc. Acuity
Pharmaceutics

PhIII (2007–2009) Well tolerated,
clinical endpoint not
met

N
si

Quark Pharma Inc./Atugen
AG/Pfizer

PhII (2009–2011) Well tolerated,
improved vision

N
si

Quark Pharma Inc./Silence
Therapeutics

Atugen AG PhII (2008–2012) N
si

Quark Pharma Inc., PhI (2010–2013) N
si

Alnylam/Calando PhI (2008–2011) Well tolerated,
accumulation in
tumor, reduction of
mRNA level

R

Silence Therapeutics Atugen AG PhI (2009–2011) Well tolerated,
stabilization of
disease

at
to 91 V/cm without observation of any gross adverse events such as
loss of body weight [27]. A correlation between the endogenous con-
ductivity of the tumor tissue and the efficacy of delivery has also
been observed. The conductivity itself was correlated with the mi-
crovascular density, and therefore with the VEGF concentration in
the tumor. With this method, VEGF expression, microvascularization
and tumor weight could be significantly reduced in a xenograft
mouse tumor model. When electroporating the tumor after systemic
siRNA administration instead of directly injecting into the tumor, a
40-fold higher VEGF-siRNA concentration was required to reach
the same effect.

Due to the challenges associated with naked siRNA stability, most
naked siRNA applications are focused on local administration such as
to mucosal tissue or the eye. In 2004, only six years after the discov-
ery of RNAi, the first siRNA for human therapy Sirna-027 (treatment
for wet age related macular degeneration or AMD, Sirna Therapeutics
Inc,) entered PhI clinical trials (see Table 1 for a summary of ongoing
clinical trials). This chemically modified siRNA was injected intravi-
treal as a naked entity at concentrations up 1.5 mg/eye without se-
vere adverse events. Although low amounts (100–200 μg) showed
the anticipated clinical outcome of improvement of foveal thickness
and visual acuity, a dose–response effect was not observed. This
was thought to be due to sequence-unspecific reactions such as
with TLR3 (Toll-like receptor 3) [28, 29]. Another clinical trial starting
in 2004 also used free siRNA (Cand5) silencing VEGF to treat AMD as
intravitreal injection up to 3 mg/eye. In 2009 this study was terminat-
ed early because the preliminary data indicated that the primary end-
point was unlikely to be met. However, other dosing regimen or
delivery vehicles to improve the outcome are being considered.
elivery
chnology

Administration Indication Product Target

aked
RNA

Nasal,
inhalation

Respiratory
syncytial
infection

ALN-RSV01 Respiratory
syncytial virus

ALP I.v. Infusion Liver cancer ALN-VSP02 Vascular
endothelial
growth factor,
Kinesin spindle
protein

ALP I.v. infusion Amyloidosis ALN-TTR01 Transthyretin
ALP I.v. infusion Lipid disorders TKM-ApoB Apolipoprotein B

ALP I.v. infusion Cancer TKM-PLK1-001
(TKM-080301)

Polo-like kinase-1

aked
RNA

Intravitreal Wet AMD Sirna-027 (AGN-
211745)

Vascular
endothelial
growth factor

aked
RNA

Intravitreal AMD Bevasiranib
(Cand5)Vascular
endothelial
growth factor

aked
RNA

Intravitreal Wet AMD PF-655
(REDD14NP,
RTP801i)

Hypoxia-inducible
gene RTP801

aked
RNA

I.v. injection Acute renal
failure after
kidney
transplantation

AKII-5 (I-5NP,
QPI-1002)

p53

aked
RNA

Intravitreal Eye diseases QPI-1007 Caspase 2

ondel I.v. infusion Cancer CALAA01 M2 subunit of
ribonucleotide
reductase

uPLEX I.v. infusion Cancer Atu027 Protein kinase N3
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The fact that naked siRNA is rapidly cleared via the kidney, can be uti-
lized for kidney targeting [30]. 1 h after lowpressure i.v. administration of
unmodified, naked, radiolabeled siRNA in rats, the concentration in the
kidneys was 40-fold increased compared to other organs. A selective
downregulation of its target was also observed. Although not yet identi-
fied, several receptors have been suggested to be responsible for uptake
of oligonucleotides in the kidney. This effect is also used inQuark Pharma-
ceuticals AKII-5 siRNA against p53, which is currently in PhI clinical trials
for acute renal failure after kidney transplantation.

Local delivery of naked, unmodified siRNA and target gene knock-
down has also been successful in vivo in lung after intranasal delivery
[31]. This delivery route can result in a certain systemic exposure, as dem-
onstrated for siRNA administered with the natural calf lung surfactant
Infasurf [32]. Infasurf is a pulmonary surfactant composed of phospho-
lipids and proteins with the ability to spread and line the alveoli. One sin-
gle intranasal administration lead to an approximate 50% knockdown of
the housekeeping protein GAPDH in lung, heart and kidney for up to
7 days, and did not alter liver protein levels. Other reports compared in-
tranasal co-delivery of unmodified siRNAs with plasmid in D5W (5%
(w/v) D-glucose in water) with Infasurf solution to treat SCV (SARS coro-
navirus) inducedSARS (severe acute respiratory syndrome) inmouse and
Rhesus macaque [33, 34]. In mice, the delivery with D5Wwas more effi-
cient than with Infasurf. Subsequent non-human primate studies of SCV
infection and siRNA-mediated knockdown were conducted with D5W
only. Theydemonstrated the therapeutic efficacy of siRNA to relieve infec-
tion induced symptoms. Naked siRNA administered in saline has been
shown effective in treatment of respiratory syncytial virus (RSV) infec-
tion, as demonstrated in Alnylams anti-viral ALN-RSV01 PhII studies
[35, 36]. Although nasal administration in healthy volunteers as well as
nebulized drug in lung transplant patients prevented from RSV infection,
the systemic bioavailability was reported to be minimal. A PhIIb study is
currently recruiting patients and is expected to conclude in 2012.

3. Excipient-siRNA interactions to tailor delivery

For indications which require systemic exposure, a formulation
helping to overcome the stability and uptake challenges of siRNA is re-
quired. Which delivery system is indicated, depends on the biological
environment of the targeted application sites (e. g. local/systemic).
The excipient has to protect the siRNA from chemical or enzymatic
degradation and exposure to TLR3 while releasing it upon arrival at
the target site. If systemic administration is required, rapid renal clear-
ance can be avoided by ensuring a particle size of N10 nm. On the
other hand, the size of the nanoparticles should not exceed 150 nm,
to enable extravasation and adequate tissue penetration. The charge
should be high enough to prohibit self-aggregation but should not
trigger nonspecific interactions with cell membranes and plasma pro-
teins and uptake by the RES (reticuloendothelial system) [37]. Many
excipients have the potential to non-covalently complex siRNAmostly
due to charge-interaction, which has the advantage of using this deliv-
ery technology as modular tool, without chemically altering the drug
substance, thereby maintaining biodegradability of the components
and ease of production. On the other hand, these interactions are not
as stable as covalently bound excipients, which may have a better
chance to deliver cargo safely to its target tissue. However, covalent
modifications create new chemical entities, which have to be thor-
oughly toxicologically characterized each time the formulation is
changed. In this light, the formulation can be considered part of the
drug, not just an excipient. There is a vast variety of excipient classes
which provide some of these properties and are in various stages of
preclinical or clinical exploration.

3.1. Lipids

The intrinsic properties of phospholipids such as their ability to
self-assemble to fluid, flexible vesicles are used by nature to traffic
biomolecules within as well as between cells. Lipidic systems for
siRNA delivery have many advantageous features: the cell membrane
consists predominantly of phospholipids (e.g. phosphatidylcholine)
and cholesterol; therefore these natural lipids are biocompatible.
They can interact with the cell membrane and deliver the payload ef-
ficiently into the cell and can be purified or synthesized in large quan-
tities. Generally, two lipidic delivery vehicles can be considered:
neutral or positively charged liposomes or lipoplexes, which have
specific differences in interaction with the drug substance as well as
interaction with the cell membranes.
3.1.1. Neutral liposomes
Liposomes composed of neutral lipids encapsulate siRNA in their

aqueous core. They have comparably low entrapment efficiency for
nucleic acids and low drug to lipid ratio as compared to cationic lipo-
somes. These on the other hand have been shown to be more toxic
in vivo e.g. after pulmonary application [38]. These toxic effects were
induced by reactive oxygen intermediates (ROI) and correlated with
the valency of the cationic lipid species.

An elegant compromise between the two has been described for
the encapsulation of antisense-oligonucleotides (ODNs) using the
ionizable lipid DODAP (see Table 2 for chemical structure of the
most common lipids) [39]. This approach allowed efficient entrap-
ment of ODNs during formulation at low pH thanks to electrostatic in-
teraction and subsequent adjustment of pH to neutral. This avoided
some of the unfavorable biological effects of intravenously adminis-
tered nanoparticles containing positively charged amino lipids such
as DODAC. Increasing the amount of nucleic acid per lipid increased
the lamellarity of the particles, indicating that the charge interaction
was the driving force for encapsulation. A covering of polyethylene
glycol (PEG) increased stability in both DODAC and DODAP liposomes
and the t½ of the phosphorothioate ODNs in vivo. A more stable lipid
anchor (C20 instead of C14) for PEG enhanced this effect.

A correlation between ethanol concentration used in the liposome
preparation and entrapment efficiency has been described elsewhere
[40]. High ethanol concentrations (up to 40% (v/v)), are ideal to
achieve high entrapment efficiency of nucleic acids. The lipids are
able to flip-flop across membranes, and regions enriched with the
nucleic acid and depleted of PEG-ceramide were suggested to be the
focal point of electrostatic interaction between drug substance and
excipient. Subsequent rearrangement to multilamellar structures
traps the nucleic acid between the lamellae. Increase of PEGylation
stabilizes the liposome, resulting in an increase of ethanol required
to achieve entrapment. It also increased the final entrapment efficien-
cy. However, a large portion of the PEG gets displaced during formu-
lation and can be separated as free PEG-ceramide and micelles. The
lipid DODAP, which is cationic at the formulation pH 4, becomes neu-
tral after buffer exchange to pH 7, where it releases all surface bound,
un-entrapped nucleic acids. This method results in nucleic acid to
lipid ratio of about 1:6 (mass), which is about 3 orders of magnitudes
higher than with passive encapsulation.

An alternative to the low encapsulation efficiency of siRNA in neu-
tral liposomes is to “lipophilize” the siRNAmolecules by covalent con-
jugation to lipid molecules. Covalent conjugation of derivatives of
lauric acid, lithocholic acids or cholesterol to the 5′-end of unmodified
siRNA enabled siRNA delivery and knockdown in vitro [41].

Cholesterol modified and chemically stabilized siRNA have been
shown to bind to human serum albumin (HSA) in circulation with
an estimated dissociation constant of 1 μM [42]. It showed improved
in vivo pharmacokinetic properties with a t½ of 95 min compared to
t½=6 min for unconjugated siRNAs in mice. Unlike unconjugated
siRNA, the cholesterol-conjugate was detected after 24 h in a variety
of tissues (liver, heart, and kidney) and silenced apoB mRNA in liver
and jejunum, resulting in decreased plasma levels of apoB protein
and cholesterol.



Table 2
Lipids used for siRNA encapsulation and delivery.

DODAP 1,2-dioleoyl-3-dimethylammonium propane

DODAC Dioleoyldimethylammonium chloride

DSPC 1,2-Distearoyl-sn-glycero-3-phosphocholine

RPR209120 2-{3-[Bis-(3-amino-propyl)-amino]-propylamino}-N-ditetradecyl carbamoyl methyl-
acetamide

DOPE Dioleoyl-L-R-phosphatidylethanolamine

DOTAP N-[1-(2,3-Dioleoyloxy)propyl]-N,N,N-trimethylammonium

DOTMA N-[1-(2,3-dioleyloxy)propyl]-N,N,N-trimethylammonium

DOSPER 1,3-Di-Oleoyloxy-2-(6-Carboxy-spermyl)-propylamid

DMRIE 1,2-Dimyristyloxypropyl-3-dimethylhydroxy ethyl ammonium

CDAN N1-Cholesteryloxycarbonyl-3,7-diazanonane-1,9-diamine

DDAB Dimethyldioctadecylammonium bromide

POPC 1-Palmitoyl-2-oleoyl-sn-glycerol-3-phosphocholine

DLinDMA 1,2-Dilinoleyloxy-3-dimethylaminopropane

AtuFECT01 b-L-Arginyl-2,3-L-diaminopropionic acid-N-palmityl-N-oleyl-amide trihydrochloride

DPhyPE 1,2-Diphytanoyl-sn-glycero-3-phosphoethanolamine
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The transport and uptake mechanism of a variety of lipophilized,
chemically stabilized siRNA conjugates with cholesterol, fatty acids
or bile acids were studied in vivo in several rodent species [43]. The
conjugates interact with high-density lipoprotein (HDL) followed by
uptake via HDL-receptors in the liver, gut and kidney. Binding to
low density lipoprotein (LDL) targets the complexes mainly to the
LDL-receptors in the liver. The ability to bind to HDL is higher for lon-
ger fatty acid chains (C18–C22), whereas short- to medium fatty acids
(C12, C14) tend to bind to albumin. Furthermore, pre-assembly of
chol-siRNA to HDL results in 8-15-fold higher silencing efficacy in
vivo than cholesterol-siRNA alone.
3.1.2. Cationic lipids
Cationic lipid transfection has been described for DNA already al-

most 25 years ago [44]. Although siRNA or antisense oligonucleotides
have similar physicochemical properties as plasmid DNA, they lack
the capacity to condensate to nanoparticles upon neutralization
with cationic lipids. One pDNA molecule can collapse to form a nano-
particle, whereas it takes multiple siRNAs to form a similar struc-
ture [45]. A molecule of at least 800 bp is required to trigger this
condensation effect, leading to a 10,000-fold reduction in size and
resulting in the favorable size range for long in vivo circulation time
and transfection efficiency. The minimum persistence length
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(measure for polymer stiffness) for ds nucleic acids is 60 nm or 26 bp.
Consequently, the 21 bp siRNAs are essentially rigid rods.

DNA co-complexationwith siRNAenhances the delivery of lipoplexes,
although no significant structural difference between the particles with
or without DNA was observed, except from the requirement of more
lipid per nucleic acid to form complexes in the case of siRNA only [46].
In this study, the cationic lipidRPR209120 containing a globular spermine
headgroup was used in combination with DOPE. Also other transfection
reagents such as micellar RPR120535, Lipofectamine liposomes and to a
lesser extend polyethylenimine (PEI) polymer nanoplexes showed in-
creased efficacy, if co-formulated with plasmid DNA. Below the efficient
ratio of cationic lipid to nucleic acid of 2–8 nmol/μg, the efficacy is dimin-
ished and above this ratio toxicity is observed. The presence of serumde-
creases the transfection efficiency of these lipoplexes. When the zeta
potential of the complexes approaches zero and the net charge of the sur-
face is neutral, the repulsive electrostatic forces otherwise preventing ag-
gregation, are absent and the particle size increases. An explanation for
the higher transfection efficiencymaybe the poorer entrapment and sub-
sequent facilitated release of siRNA in the presence of pDNA.

The polycationic liposomal transfection reagent DOSPER (Roche)
has been shown to trigger RNAi in vitro after co-transfection of plas-
mid DNA and synthetic oligonucleotide duplexes [47]. Similarly, i.v.
co-injection of DOTAP-complexed, unmodified siRNA with a reporter
plasmid DNA lead to efficient silencing in the target organs of liver
and spleen. Intraperitoneal injection of siRNA complexes targeting
TNF-α reduced TNF-α expression after lipopolysaccharide (LPS) chal-
lenge without increasing the pro-inflammatory cytokine Interleukin
(IL)1-α, suggesting a therapeutic potential [48].

Another difference between siRNA and pDNA [49] or antisense
RNA [50] is that synthetic siRNA usually does not enter the nucleus
after transfection, but rather remains in the perinuclear region [51].
This shows that conclusions drawn from transfection experiments
with plasmid or antisense DNA are not necessarily transferable to
siRNA transfection, also termed “siFection” [52]. Recent studies
suggest that using cationic lipids to transfect cells with unmodified
siRNA leads to uptake via endocytosis. A small fraction of the siRNA
lipoplexes may also be delivered via another, cholesterol-dependent
route directly to the cytoplasm andmay be responsible for themajority
of mRNA degradation. These results may indicate that endosomal es-
cape is a major bottleneck to functional siRNA delivery [53].
Fig. 2. Schematic representation of the structural states of siRNA–lipid complexes: mult
Gray: siRNA, black: lipids.
Complexes of nucleic acids and lipids can employ different states,
which depend on the lipid composition, the shape of the single lipidmol-
ecules (rod or cone shaped) and their phase transition temperature. In the
inverted hexagonal liquid-crystalline state (HII), the nucleic acid is sur-
rounded by lipid molecules in a rod-like fashion which are stacked in a
hexagonal lattice. In the multilamellar structure (Lα), the nucleic acid is
sandwiched between flat lipidmonolayers [54] (see Fig. 2). The structural
differences between DNA and siRNA encapsulation in cationic lipid com-
plexes have been thoroughly investigated using X-ray diffraction and
showed onlyminimal differences, although HII-siRNA polyplexes showed
higher toxicity and lower in vitro efficacy than HII-DNA complexes [55].
Higher cationic lipid/nucleic acid molar charge ratios are required for
siRNA transfection than for DNA. Furthermore, multivalent cationic lipids
are more efficient siRNA transfection reagents than monovalent lipids.
NMR analysis of nucleic-acid-lipid nanoparticles revealed that helper-
lipids such as DOPE or cholesterol, which promote adoption of the HII

phase rather than lipid bilayers, enhance cationic lipid-mediated transfec-
tion of cells [56]. The ability to adopt a non-bilayer structure correlates di-
rectly with the un-saturation of the cationic lipid and a decrease of the
bilayer-to-HII transition temperature (TBH). Consequently, a low TBH indi-
cates good transfection efficiency. Ions ormolecules such as Ca2+ or poly-
lysinemay facilitate this transition and therefore enhance the transfection
efficiency of cationic lipid nanoplexes.

Lipofectin is one of the earliest cationic lipid transfection reagents
for nucleic acid transfer comprised of an equimolar mixture of the
cationic lipid DOTMA and the co-lipid DOPE. It was first described
for the use of antisense RNA transfection in the early 90s [57].

DMRIE-C is a 1:1 (molar ratio) liposome formulation of the cationic
lipid DMRIE and cholesterol [58]. In these particles, nucleic acids asso-
ciate on the outside of these preformed liposomes of about 400–
500 nm through electrostatic interaction.

Numerous other proprietary lipid-based compositions of transfec-
tion agents are commercially available, mostly designed for in vitro
cell culture. TransIT TKO (Mirus) is based on lipids and polymers,
forms lipoplexes with nucleic acids and is endocytosed and efficiently
released in the cell.

Lipofectamine has been launched 1993 for DNA transfection and
has been further optimized for siRNA transfection (Oligofectamine,
Lipofectamine RNAiMAX). Lipofectamine transfected, unmodified
anti-TNF-α siRNA prevented experimental colitis after rectal
ilamellar structure (Lα, left), inverted hexagonal liquid-crystalline state (HII, right).
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administration in mice [59]. Similarly, Oligofectamine has been
shown to enhance mucosal uptake of unmodified siRNA in vivo in vagi-
nal tissue, protecting mice from HSV-2 (herpes simplex virus) infection
[60]. Both reagents did not show toxicity in these experiments, demon-
strating their feasibility of local mucosal delivery of siRNA. Oligofecta-
mine has been efficient in reducing mouse tumors after intraperitoneal
injection with unmodified β-catenin siRNA [61]. However, these trans-
fection reagents are recommended to be used in medium without
serum and no systemic administration has been described to date.
Some of these commercially available transfection systems have been
described to show unspecific total cell protein knockdown and toxicity
in vitro.

Optimal specific knockdown with low toxicity was achieved using
the cationic cholesterol-based polyamine lipid CDAN and the neutral
helper lipid DOPE for transfection of unmodified siRNA [62]. This
study underlines the differences in formulation and uptake mecha-
nism between plasmid DNA- and siRNA-lipoplexes, as well as the for-
mulation conditions such as salt concentration.

While it is evident, that cationic lipids have a higher affinity to
nucleic acid and therefore higher loading capacity than neutral lipids,
a net cationic charge of intravenously administered lipid-antisense
RNA nanoparticles have been linked to rapid plasma clearance due to
opsonization by the RES, distribution into lung, liver and spleen, [63].
Cationic lipids alone often exhibit liver and hemodynamic toxicities
[64], and prolonged clotting times as shownwith antisense oligonucle-
otide lipid vesicles [39]. Unmodified siRNA transfected with cationic
lipid DOTAP was shown to trigger unspecific knockdown and off-
target effects in vitro due to activation of innate immune response
in a sequence- and concentration-dependent manner [65]. It appears
to be dependent on TLR interaction and signaling (TLR8), since electro-
poration, delivering siRNA directly into the cytoplasm did not show
these effects. This effect was shown for both single- and double stranded
unmodified oligonucleotides just in the combination with the lipid,
which on its own did not trigger immune response. Some of the immune
stimulatory effects can be traced back to specific GU-rich sequences
within the siRNAor other specific formats of themolecule [66]. This sub-
stantial, dose-dependent activation of the innate immune system
as detected by upregulation of interferon-α (IFN-α), inflammatory
cytokines including IL-6 and TNF-α was demonstrated in several
mouse strains and also required the combination of vehicle and
siRNA.

Meanwhile the quest for the optimal lipidic delivery vehicle for
siRNA has become more systematic and a large combinatorial library
of over 1200 lipid-like delivery molecules, termed lipidoids, has been
generated and evaluated in vitro for chemically stabilized siRNA as
well as antisense delivery. Several of these candidates have been
shown to be safe and efficacious and proceeded to in vivo trials in ro-
dents and non-human primates [67]. Unlike most other lipidic trans-
fection agents, the best performers of this screening contained
secondary amines and had more than two aliphatic chains, shorter
than those of the typical C18-lipids. These lipidoids were more effec-
tive than Lipofectamine 2000 in delivering siRNA into typically hard
to transfect cells such as macrophages at low siRNA concentrations.
However, they displayed varying efficiency in different cell lines. In
order to provide a neutral, hydrophilic shell and reduce opsonization
and macrophage uptake in vivo, these particles contained also choles-
terol and PEG-conjugates. The efficacy of the formulation was shown
for liver targeting after i.v. administration as well as for pulmonary
and peritoneal administration.

Liposomes also allow attachment of targeting ligands such as anti-
bodies. Anti-DEC-205 antibodies were used to generate immunolipo-
somes targeted against dendritic cells to deliver unmodified CD40
siRNA in vitro and in vivo in dendritic cell rich organs, and to silence
the target mRNA [68]. In the same report, the positive effect of incor-
poration of the positively charged lipid DDAB in an otherwise neutral
liposome based on POPC on the siRNA encapsulation efficiency was
demonstrated. In another report, a nanoparticle composed of the cat-
ionic lipid DOTAP, cholesterol, DSPE-PEG2000 and the polycationic
peptide protamine sulfate modified with anisamide as targeting li-
gand delivered unmodified siRNA to sigma receptor expressing
B16F10 tumor cells 4 times more efficiently than the corresponding
untargeted nanoparticle [69]. In vivo administration of a single i.v.
dose of 150 μg siRNA/kg resulted in up to 80% gene silencing with lit-
tle reported immunotoxicity.

The membrane destabilizing effect of ethanol on encapsulation
in conjunction with the stabilizing effect of PEG-lipids was used
to generate stabilized nucleic acid-lipid nanoparticles termed
SNALPs. These consist of a lipid bilayer containing a mixture of cat-
ionic and fusogenic lipids enabling cellular uptake and endosomal
release of the particles payload. Due to the short lipid anchor of
the PEG molecule, it can be shed after injection into circulation,
resulting in a transfection-competent particle. Thereby, the t½ of
the chemically stabilized siRNA in circulation was increased from
49 min to 6.5 h. When encapsulated in SNALPs, in vivo toxicity
and interferon response of siRNA was decreased, without
compromising its activity [18, 19]. In non-human primates, SNALPs
based on the lipids DLinDMA, DSPC and cholesterol proved to be ef-
ficient to deliver chemically stabilized ApoB-siRNA and silence the
target protein. Lower serum cholesterol and low-density lipopro-
tein levels were detected as early as 24 h after administration, last-
ing up to 11 days. It triggered even less changes in clinically
relevant chemical and hematological parameters in blood than
the previously published SNALP particles [70]. The preparation of
the nanoparticles was adapted from a plasmid-formulation method
[71]. In this ethanol dilution method, lipids, dissolved in ethanol
were rapidly mixed with the aqueous siRNA solution in a T-shaped
mixing chamber, which instantaneously diluted the ethanol concen-
tration below the concentration required to support lipid solubility,
resulting in a particle population of narrow size distribution. The anti-
tumor effect of SNALP-delivered, chemically stabilized siRNA has been
confirmed not only in hepatic but also in subcutaneous tumor models
in vivo with polo-like kinase 1 (PLK1) and kinesin spindle protein
(KSP) siRNA [72]. SNALP nanoparticles also proved to be more efficient
than polyethylenimine (PEI) nanoparticles in protecting guinea pigs
from Ebola virus infection, using the same, unmodified siRNA [73].
Table 1 gives an overview over the currently ongoing clinical trials
using SNALP technology.

A new potent, liposomal system for siRNA delivery, termed Atu-
PLEX, has been developed at Atugen AG (Silence Therapeutics),
based on the cationic lipid AtuFECT01, the neutral helper lipid
DPhyPE, and 1 mol% DSPE-PEG. In these particles the 2′-O-methyl
modified siRNAs sit on the outside of positively charged, PEGylated
liposomes instead of being encapsulated such as in SNALP particles.
They showed efficient siRNA delivery, endosomal siRNA escape and
knockdown in vitro and in vivo [74]. This novel lipid's highly
charged head group allows a stronger interaction with siRNA com-
pared to DOTAP or DOTMA. In this study also the effect of various
degrees of PEGylation was studied. While 5 mol% abolished
in vitro transfection efficiency, 1–2 mol% PEGylation maintained
RNAi and the particles could be detected in small, uniform vesicles
inside the cell. In vivo 1 mol% PEGylation prevented unspecific
toxic side-effects which were otherwise observed with un-PEGylated
polyplexes. This demonstrates the delicate balance between transfec-
tion efficiency and toxicity in terms of PEGylation of siRNA nanoplexes.
Based on this composition, the drug Atu027, a PKN-3 siRNA, was devel-
oped and showed antitumor-efficacy in rodents and non-human pri-
mates after systemic administration [75]. The downregulation of the
siRNA target protein kinase 3 (PKN3) was most robust in lung
and liver tissue due to their high vascularization. Due to the 2′-O-
methyl-modification of the siRNA, no sequence-unrelated unspeci-
fic cytokine activation was detected. This formulation is currently
evaluated in a PhI clinical trial for the treatment of advanced
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solid tumors. Preliminary results show that the drug is well toler-
ated; nine of the 24 patients treated with Atu027 achieved stable
disease after repeated treatment, out of which two experienced
slight regression in tumor metastases.

3.2. Polymers

3.2.1. Polyethyleneimine (PEI)
A class of polymers widely used for nucleic acid delivery is the syn-

thetic polymer polyethylenimine, an organic linear or branched poly-
mer with molecular weights ranging from 1 to over 1000 kDa [76].

The capacity of PEI to bind nucleic acids and form self-assembled
nanoplexes is similar to cationic lipids due to its positive charge.
However, only one sixth of the protonable amino nitrogen atoms
are protonated at physiologic pH, resulting in a high buffering capac-
ity and in release of its cargo in the acidic environment of the endo-
some; this is referred to as proton sponge effect. The unprotonated
amines in the polymer show different acid dissociation constant
(pKa) values due to crowding of the amines, and display a buffering
effect over a wide range of pH [77]. The buffering may protect the
siRNA from degradation in the endosomal compartment during the
maturation of the early endosomes into late endosomes, and their
subsequent fusion with the lysosomes. The buffering capacity of PEI
causes an influx of protons, chloride ions and water into the endo-
somes, which eventually leads to swelling and burst of the endosome
due to increased osmotic pressure. This, together with the protective
effect against nucleases in circulation and a relatively low in vitro tox-
icity has led to PEI being tested as nucleic acid delivery agent for plas-
mids and oligonucleotides already in 1995 [78]. Optimization of this
drug delivery system for siRNA revealed a lower optimal ratio of Ni-
trogen to Phosphate (N/P ratio) for siRNA than for pDNA (5 vs. 10),
when using linear PEI. This led to an in vitro target downregulation
comparable to the lipidic transfection agent Oligofectamine [79].

Comparing PEIs of different degrees of branching, molecular sizes
at N/P ratios showed that the transfection efficiency highly depends
on the biophysical and structural characteristics of the particles.
25 kDa branched PEI (bPEI) at the N/P ratio of 6 or 8 showed specific
knockdown without unspecific toxic effects in vitro [80]. The low effi-
cacy of other complexes with N:P ratios of 1 was traced back to bigger
particle size and overall negative zeta potential. Complexes of siRNA
and 25 kDa PEI at an N/P ratio of 10 showed significant silencing effi-
cacy in lung after i.v. injection into mice, and could prevent and also
treat an already established influenza infection [81].

Toxicity of polycations can be due to interaction with the nega-
tively charged cell or mitochondrial membranes, leading to mem-
brane damage and charge dependent activation of the complement
system. BPEI with a molecular weight (MW) of 25 kDa or higher is
generally believed to have both a higher efficiency and cytotoxicity
as compared to lower MW or linear PEI. Polyplexes with PEGylated
PEI are generally better tolerated than those with PEI alone. One de-
tailed in vitro toxicity study comparing 25 kDa PEI and PEG/PEI (poly-
ethlylenglycol-grafted PEI) using a variety of in vitro assays such as
cell viability, LDH release and expression of apoptosis-markers, not
only confirmed the better tolerability of PEGylated PEI, but also
showed that the diblock-co-polymer stimulates other pathways
than PEI in various cell lines. This demonstrates the significance of
assay conditions when comparing and interpreting toxicity of nano-
plexes [82]. VEGF-siRNA covalently coupled via a disulfide linkage
to PEG formed micelles through electrostatic interaction with a
branched PEI core. The protective PEG corona is cleaved off in the re-
ductive endosomal environment, resulting in sequence-specific gene
silencing in vitro [83].

Intratracheal delivery of unmodified siRNA via unmodified or
fatty-acid modified PEI-based nanocomplexes into mice lungs
showed cytotoxicity despite efficient knockdown efficacy. PEGylation
of PEI reduced the cytotoxic effect, but on the other hand increased
immune response and inflammation [84]. This study demonstrated
the delicate balance between the hydrophilic PEG and the hydropho-
bic modification with respect to cytotoxicity, immunostimulation and
efficient siRNA delivery.

Water soluble lipopolymer (WSLP) based on 1.8 kD bPEI showed
improved delivery and efficacy of anti-VEGF siRNA when compared
to conventional bPEI in vitro and in vivo [85]. The polymer neutralized
and condensed the siRNA at a w/w ratio of 1:1 (WSLP/siRNA), result-
ing in a zeta potential of 10 mV, reduced cell toxicity in vitro and effi-
cient protection from serum degradation. Intratumoral injection of
the PEI/siRNA complexes in mice resulted in reduced tumor growth
compared to controls.

Substitution of 6–9 mol% of primary amines of branched 25 kDa
PEI with carboxyalkyl chains of various lengths resulted in signifi-
cantly reduced cytotoxicity and improved silencing efficacy in vitro,
due to reduced surface charge and increased hydrophobic interaction
[86]. Unmodified PEI showed cytotoxic effects at w/w ratios above
1:1, which is not efficient in terms of silencing, however modified
PEI was tolerated and efficient at ratios up to 3:1. Excess of modifica-
tion not only decreased the toxicity, but also the neutralization capac-
ity and thereby the efficacy.

Among a variety of derivates of bPEI, including ethyl acrylate modi-
fied, acetylated or negatively charged propionic acid substituted
amines, succinylation appeared to be themodification resulting in low-
est toxicity and sequence specific knockdown of up to 90% in vitro [87].
Excess of modification led to less toxic, but also ineffective polymers.

Modification of PEI with disulfide bonds and increased degree of
branching can enhance the cell-uptake, intracellular endosomal re-
lease and silencing efficiency [88]. These modified polymers com-
plexed and neutralized siRNA at N/P ratios of 4 or higher. The
hydrodynamic diameter of the polyplexes correlated directly with
N/P ratio and reached a maximum of 400–500 nm at N/P ratios higher
than 20. Cellular uptake as well as the toxic effect increased with
higher polymer concentration. The dose dependent silencing effect
however leveled off at only 45% silencing compared to 90% for the
cationic transfection reagent Lipofectamine RNAiMAX.

A ketalized version of PEI showed increased cytoplasmic localiza-
tion of the polyplexes followed by efficient release of siRNA by acid-
hydrolysis of the amino ketal linkages in vitro, while unmodified PEI
targeted siRNA partly to the nucleus [89]. In addition, this modified
polymer also had a lower cytotoxicity and serum dependency than
unmodified PEI. The complexation efficiency decreased with increasing
MW and with ketalization of PEI evidenced by particle size, ethidium
bromide exclusion assay and transmission electron microscopy (TEM).
This was possibly a result of to the steric hindrance of interaction due
to the bulky ketal side chains. However the additional primary amines
from the ketal branches allowed closer interaction with siRNA and
therefore better retardation on the gel at lower N/P ratios that unmodi-
fied PEI.

Branched 25 kDa PEI was used to target unmodified VEGF siRNA via
integrin targeting RGD peptide to tumors [90]. The modified PEI con-
densed siRNA atN/P ratios as low as 2. PEGylation decreased the surface
charge from 35 to about 5 mV, suggesting the localization of the RGD-
modified PEG chains on the surface of the particle and preventing ag-
gregation, which otherwise occurred with un-PEGylated PEI nano-
plexes. In vitro only RGD-targeted or un-PEGylated siRNA/PEI
nanoparticles were able to enter the cells and inhibit endogenous lucif-
erase expression. PEGylated untargeted nanoparticles showed no effect,
demonstrating the decreased interaction of the hydrophilic surface and
the cells. These particles also specifically decreased tumor angiogenesis
and growth after injection into tumor bearing mice.

In a similar active targeting approach, folate was employed to tar-
get PEI/siRNA nanoparticles to folate-receptor overexpressing cells
in vitro [91]. Covalent PEGylation decreased both the zeta potential
as well as the particles size due to the charge shielding effect of PEG
for 43 kDa bPEI.
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Covalent attachment of 5000 kDa PEG to the unstabilized siRNA
via disulfate linkage has been combined with 25 kDa bPEI at a N/P
ratio of 16, leading to formation of micelles of about 100 nm size.
They significantly inhibited VEGF expression and tumor growth
after i.v. as well as intratumoral administration in a tumor mouse
model without detectable inflammatory response [92]. The disulfide
linkage is efficiently cleaved by the endogenous intracellular concen-
tration of 10 mM glutathione, releasing functional siRNA.

PEI encapsulated in yeast derived glucan allowed to target siRNA
to macrophages in several organs such as lung, liver and spleen
after oral administration in mice [93]. The macrophages of the intes-
tinals Peyer's patches transported the 2–4 μm particles across the in-
testine to the lymphatic tissue.

Intraperitoneal injection of unmodified HER-2 siRNA complexed
with linear low molecular weight PEI (JetPEI, commercially avail-
able from Polyplus transfection) led to delivery of intact siRNA to
subcutaneous tumor and reduction in tumor growth in a mouse xe-
nograft model. In comparison to DNA/PEI particles, siRNA/PEI
nanoplexes were detected exclusively in the cytoplasm and not in
the nucleus [94]. In another study, positively charged JetPEI/siRNA
nanoparticles were efficient in delivering the unmodified siRNA to
xenograft tumors resulting in knockdown of its target growth fac-
tor pleiotrophin, and tumor growth regression after subcutaneous
or intraperitoneal administration without any measurable stimula-
tion of the immune system [95]. These complexes were also
injected directly into the central nervous system of a glioblastoma
model and showed antitumoral effects. Atomic force microscopy
(AFM) analysis of the complexes revealed that the PEI–siRNA com-
plexes had a more spherical shape and somewhat smaller size
when compared to PEI–DNA particles. The lack of free fiber-like
structures sticking out of the round complexes indicated that the
siRNA was completely covered by polymer. This polymeric nucleic
acid delivery agent has been shown safe in clinical trials after deliv-
ery of pDNA via intravesical infusion [96] as well as for dermal ap-
plication [97]. However, safe systemic administration in man
remains to be proven.

3.2.2. Poly(lactic-co-glycolic acid) (PLGA)
PLGA is a water insoluble, biodegradable and biocompatible poly-

mer, which is used for biopharmaceuticals due to its controlled release
characteristics. However, swelling of the particles after introduction
into an aqueous medium can lead to a release of encapsulated drug
near the surface in a burst release fashion.

Its use has been described first in 2006 for siRNA encapsulation
and delivery, efficiently silencing its GFP target in vitro [98]. The cor-
relation between process parameters, loading efficiency and release
of siRNA from PLGA nanoparticles has been investigated in a design
of experiment [99]. PLGA concentration is the most important factor
and increases the viscosity of the oil phase in the primary emulsion,
resulting in a decrease of the leakage of siRNA into the outer water
phase, resulting in encapsulation efficiencies as high as 70%. A burst
release of surface-localized siRNA was observed followed by a tripha-
sic sustained release over 2 months.

PLGA has been used also as ~40 μm microspheres in combination
with 25 kDa bPEI and polyarginine to achieve sustained release of
unmodified anti-VEGF siRNA. The study over 1 month in vivo evi-
denced a reduction of tumor growth after intratumoral injection in
mice [100]. The interaction between the terminal carboxylic anions
of PLGA and the basic amino or imino groups of arginine and PEI pro-
moted high encapsulation efficiency and reduced burst release.

Topical administration of unmodified siRNA to mucosal tissue
PLGA nanoparticles has been demonstrated as efficacious [101].
These nanoparticles of less than 200 nm encapsulated over 1000
siRNA molecules, penetrated the mucosal tissue, released siRNA in a
sustained fashion over 14 days after a single topical administration
to vaginal mucosa and led to 50–60% reduction of target expression
with less inflammatory responses than lipoplexes. Complexation of
siRNA with spermidine at an N/P ratio of 8:1 before encapsulation
into PLGA nanoparticles increased the loading efficiency over 40-
fold. The particles did not show any cytotoxic effects in vitro in con-
centrations up to 10 mg/ml, whereas the silencing efficiency was
comparable to Lipofectamine RNAiMAX.

In summary, this polymer may not be the first choice as excipient
for systemic siRNA delivery agent on its own, but could improve a for-
mulation in combination with other excipients due to its sustained
release properties.

3.2.3. Dendrimers
Cationic dendrimers such as the extensively studied poly(amidoa-

mine) (PAMAM) dendrimer are polymers composed of multiple co-
valently attached branched monomers emanating from a central
core. The number of branching points can be precisely controlled dur-
ing synthesis and defines the generation G. A higher G will result in an
increase in surface groups, a closer packing and higher charge density.
Dendrimers have been used for DNA delivery due to their beneficial
properties such as the defined molecular size, structural homogeneity
or the high density of functional groups.

The first efficacious PAMAM dendrimer-siRNA nanoparticles have
been described in 2006 [102]. Their primary amine groups facilitated
nucleic acid binding, neutralized siRNA at N/P ratios as low as 2.5 and
triggered a proton sponge endosomal burst similar to other polymers
such as PEI. The nanosized particles of about 100 nm protected unmodi-
fied siRNA from RNase degradation and delivered siRNA into cells in
vitro. The interaction stability also directly correlatedwith the generation
of the dendrimer. The thermodynamics of the self-assembly process
have been characterized using dynamic light scattering (DLS), small-
angle X-ray scattering (SAXS), isothermal titration calorimetry (ITC)
and in silicomodelingmore recently [103]. It was shown, that increasing
the N/P ratio results in a decreased size with higher polydispersity, but
siRNA binding did not alter the size of the PAMAM monomers of
3.3 nm. Calorimetric analysis suggested an exothermic, biphasic binding
of siRNA to dendrimer and a binding enthalpyΔHbind of -870 kcal/mol at
a 1:1 molar ratio. Further studies, investigating the interaction between
these polymers and siRNA in detail both in silico and in NMR and gel re-
tardation assays revealed that with an increasing G, the dendrimers be-
come more rigid resulting in lower binding affinity, which is
furthermore highly pH dependent [104, 105]. This effect was most pro-
nounced for the generation G5, which therefore might be ideal for bind-
ing as well as endosomal release of its cargo. Activated PAMAM-
dendrimers, commercialized by QIAGEN (Superfect and Polyfect), have
been used mainly for plasmid transfection [106] and with siRNA in co-
complexation with plasmid DNA [107].

Due to the toxicity of higher generation dendrimers, only few
in vivo studies have been carried out. PEGylation has been shown to
not only decrease the toxicity of dendrimer particles, but also to im-
prove the stability of unmodified siRNA in plasma while maintaining
their transfection efficacy [108]. Polypropylenimine dendrimers of
the generation 5 were complexed with unmodified siRNA, stabilized
by a dithiol crosslinker and shielded by PEG. This encapsulation
method substantially decreased the otherwise fast release and degra-
dation of the unmodified siRNA from the dendrimer-nanoplexes in
serum [109]. Due to PEGylation, the unspecific interaction with the
cell surface was decreased, while a targeting peptide triggered specif-
ic cell uptake and gene silencing both in tumor cell lines and in mouse
tumor models.

In another in vivo study, nanoparticles based on polymerized poly-
glycerol dendrimers were able to stabilize unmodified siRNA and in-
duced silencing without detecting toxic effects [110]. A dendrimer-
based, lysine-containing nanoparticle with surface bound lipid chains
termed iNOP stabilized ApoB siRNA and silenced its target in vitro
[111]. After low pressure tail vein injection the particles were deliv-
ered to the liver and spleen and to a lesser extend to the lungs and
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silenced ApoB in vivo without toxic effects. The maximum silencing
effect was reached at a dose of 1 mg/kg, resulting in about 50%
knockdown.

3.2.4. Cyclodextrin
Cyclodextrins are water soluble cyclic oligosaccharides, which are

used in pharmaceutical formulations due to their solubilization prop-
erties, biocompatibility, and their low toxicity and immune stimula-
tion [112, 113].

Cyclodextrin-containing polymer (CDP) based siRNA nanoparti-
cles have been developed and biophysically characterized in vitro
[114] [115]. The cyclodextrin was pre-mixed with an adamantane-
PEG5000 conjugate at equimolar ratios, before adding nucleic acid
in the appropriate ratio to reach the desired tunable charge of
these self-assembled nanoparticles. Adamantane formed an inclu-
sion complex with β-cyclodextrin with a high association constant
of up to 105/M. The PEG-molecules were modified with transferrin
to enable active targeting. The small size of the building blocks en-
sures renal clearance once disassembled, although no enzymatic degra-
dation in human takes place. Imidazole groups attached on the
backbone of the cyclodextrin group assisted in the endosomal release
of the siRNA due to their buffering effect. The particles required a slight-
ly positive charge ratio of 1 to 1.5 for complete complexation and pro-
tection of siRNA from serum enzymes. PEGylation significantly
reduced the size compared to un-PEGylated particles, as evidenced by
light scattering, AFM and TEM. Using isothermal titration calorimetry,
a negative ΔH was observed, indicating release of energy upon binding
of the hydrophobic adamantane and the cyclodextrin. Centrifugal filtra-
tion in combination with multiangle light scattering allowed to calcu-
late the stoichiometry of these complex particles, and revealed a ratio
of about 10,000 CDP chains, 2000 siRNA molecules, 4000 adaman-
tane-PEG molecules and 100 transferrin-PEG molecules. The uptake in
cell culture in dependence of transferrin-conjugation was confirmed
by confocalmicroscopy and FACS analysis. In vitro results usingdifferent
transferrin-densities on the nanoparticle surface evidenced that the
multivalency of the transferrin-decorated particles increased affinity
to transferrin-receptor expressing cells due to avidity effects, and led
to release of functional siRNA and gene silencing. This delivery strategy
has been shown to slow down tumor growth in a mouse model of met-
astatic Ewing's sarcoma after delivery of 8×2.5 mg/kg over 4 weeks
unmodified anti-EWS-FL11 siRNA in cyclodextrin particles in D5W via
low volume tail-vein injection [116]. Furthermore, no increase in in-
flammation markers was detected. The observation that brain metasta-
ses were not affected suggests that these particles did not cross the
blood brain barrier (BBB).

In another example of in vivo use of this cyclodextrin based siRNA
delivery vehicle in a xenograft tumor mouse model, the accumulation
of the labeled, but not stabilized luciferase siRNA in the tumor,
showed no significant difference, whether the transferrin was at-
tached to the nanoparticles or not. The luciferase activity reduction
in the tumor was significantly higher in the transferrin-targeted
siRNA nanoparticles, suggesting a more efficient endocytosis of the
actively targeted nanoparticles [117]. A dose-escalating non-human
primate study using this delivery vehicle showed mild and reversible
toxic effects in kidney and liver only at a dose of 27 mg/kg of unmo-
dified siRNA. The lower doses up to 9 mg/kg were well tolerated, sug-
gesting the potential safe use of these formulations in human use
[118]. The relatively rapid clearance of the nanoparticles from plasma
was ascribed to the intended tissue targeting. Based on this multi-
component delivery vehicle, a clinical dosage form (“RONDEL”) ulti-
mately entered as first formulated and actively targeted siRNA PhI
clinical trials in 2008 as CALAA-01, containing a nonmodified siRNA
targeting ribonucleotide reductase subunit 2 [37]. This promising for-
mulation can be produced under scalable cGMP conditions in a 2-vial
dosage form, where the complexes are formed spontaneously upon
mixing of siRNA with the excipients. It was shown, that the
nanoparticles were well tolerated in 15 cancer patients at the highest
dose of 0.6 mg/kg, accumulated in the tumor of the 3 melanoma pa-
tients investigated and specific and cleavage of mRNA took place for
over 1 month [119].

3.2.5. Chitosan
Chitosan is a positively charged, biodegradable, linear polysac-

charide composed of β-(1–4)-linked D-glucosamine and N-acetyl-
D-glucosamine with low toxicity and immunogenicity [120]. In phar-
maceutics it has been used as dietary supplement andwound healing
biomaterial [121, 122]. The muco-adhesive and -disruptive proper-
ties of chitosan suggest applications for mucosal delivery. The poten-
tial for chitosan to serve as excipient for nasal delivery of high
molecular weight compounds is reflected in the studies on insulin
delivery [123].

The primary amines, generated by alkaline deacetylation of the
natural source chitin become protonated at pHb5.5, allowing binding
to nucleic acids and facilitating endosomal release through the pro-
ton-sponge effect, as described above for other positively charged
polymers. The zeta potential of nucleic acid-chitosan nanoparticles
is directly linked to the deacetylation degree (DD) [124]. The thermo-
dynamic interaction between chitosan and nucleic acids has been de-
scribed using isothermal titration calorimetry [125]. The enthalpies
for the formation of these nanoplexes are 2–3 orders of magnitude
higher than for liposomal or peptide/nucleic acid interactions [126],
which may contribute to the lower biological activity of these com-
plexes due to their high stability preventing nucleic acid release.

Chitosan for siRNA delivery has been introduced in 2006, demonstrat-
ing self-assembled nanoplexes of 40–600 nm composed of 114 kDa chit-
osan (84% DD) with unmodified siRNA, efficiently protecting siRNA from
nuclease degradation and silencing EGFP in vitro in several cell lines at
similar levels as the TransIT-TKO siRNA transfection reagent control
[127]. In contrast to DNA, siRNA has been reported to require higher
MW chitosans for efficient complexation and knockdown, possibly in
order to compensate the shorter size of siRNA [128]. Studying the correla-
tion between size and DD, a higher knockdown efficacy in vitro was
shown for higher MW chitosans and higher DD [129]. The optimal N/P
ratio was determined to be 150 using 114 or 170 kDa chitosan with 84%
DD, also using unmodified siRNA. Lower and higher MW chitosans de-
creased the cell viability. In contrast to the study discussed previously, a
lower N/P ratio (50) also reduced cell viability of the cells. These conflict-
ing results may be due to different cell lines as well as chitosan batches
from different suppliers, which may react differently.

The conclusion of a study comparing different 85% deacetylated
chitosan salt forms for siRNA delivery revealed that complexing ca-
pacity mainly depended on the weight ratio rather than the salt
form or MW of the chitosan, whereas transfection and silencing effi-
cacy in vitro was influenced by both weight ratio and MW [130]. Op-
timal silencing was achieved with low MW chitosan of 20 kDa at a
weight ratio of 32 (excess to siRNA), demonstrating the importance
of the balance of siRNA binding and release at the site of action.
When compared to pDNA complexation, siRNA showed a rather
weak binding with only slightly positive zeta potential, due to the
rigid, exposed structure of siRNA neutralizing the positive charges,
unlike supercoiled pDNA, which already forms stable complexes at a
weight ratio higher than 1.

SiRNA complexed with 75–85% deacetylated chitosan of 200–
300 kDa at a 50-fold mass excess of chitosan resulted in 70% reduction
of FHL2 gene expression in vitro, similar to Lipofectamine [131]. The
resulting nanoparticles of about 125 nm and a positive zeta potential
of 60 mV exhibited irregular, lamellar and dendritic structures in scan-
ning electron microscopy (SEM) and mainly spherical particles when
using AFM.When comparing simple ionic complexation to the ionic ge-
lationmethod, using the crosslinker tripolyphosphate to produce nano-
sized chitosan siRNA particles, covalently crosslinked particles showed
better in vitro silencing efficacy [132]. The particle size correlated with
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the MW of the chitosans, and complete complexation could only be
achieved at high weight ratios of chitosan to siRNA of 100:1. In the
case of TTP-crosslinking, the ratio of TTP to chitosan as well as the reac-
tion pH affected the particle size.

A very low N:P ratio of only 4–8 resulted in transfection competent
siRNA-nanoparticles using 4 different chitosans of fungal origin with var-
ious DD with no significant proinflammatory effect in vitro [133]. ITC
revealed nanomolar dissociation constants. Particles of chitosan with
lower molecular weight exhibited more regular shaped particles and fas-
ter cellular uptake than those with higher molecular weight chitosan, as
evidenced by TEM, SAXS and confocal microscopy. This study points out
that different origins (fungus vs. shrimp) and purification methods for
chitosan may have a significant influence on the polyplex formation,
and could be one of the reasons for inconsistent results throughout liter-
ature concerning efficient N:P ratios and toxicity.

Due to the instability of the complex at neutral pH, only a few
in vivo studies using chitosan as siRNA delivery vehicle have been
reported. However, intraperitoneal administration of siRNA/Chitosan
nanoparticles as an alternative delivery method to avoid plasma re-
lated protein interaction and reach a macrophage-rich environment,
has been described for the knockdown of TNF-α in macrophages
[134], resulting in reduction of 44% of target gene expression. These
nanoparticles were prepared using chemically stabilized siRNA,
114 kDa 84% DD chitosan and an N/P ratio of 63.

Further limitations of the use of chitosan in vivo are its poor solu-
bility above pH 6.5, low buffering at endosomal and physiological pH
(5.5–7.4), and poor cytoplasmic dissociation kinetics. Imidazole mod-
ification of the primary amines of 130 kDa and 86% DD chitosan in-
creased transfection efficacy, buffering capacity and solubility [135].
In this report, PEGylated chitosan/GAPDH siRNA nanoparticles at an
N/P ratio of 40–50 resulted in significant knockdown of its target
gene in lung and liver after i.v. administration, as well as in lung
after intranasal administration in mice without adverse events. The
PEGylation of these 150–300 nm particles decreased their charge
from 40 mV to 20 mV.

In order to enhance the in vivo transfection efficacy of chitosan,
complexes composed of polyisohexylcyanoacrylate (PIHCA) and
unmodified siRNA were coated with chitosan. These complexes effi-
ciently delivered siRNA to subcutaneously implanted breast cancer
cells after i.v. administration showing no toxic effects [136].

3.2.6. Atelocollagen
Atelocollagen is a highly purified protein derived from calf dermis

by pepsin digestion removing potentially antigenic telopeptides at-
tached on both ends of the polymer. Due to its low toxicity and low
immunogenicity, it is used in medicine for applications such as
wound healing or cartilage substitution. Its special physical property
of phase change with temperature (liquid at 4 °C and gel at 37 °C) al-
lows local targeting.

Its positive charge lends it to be used for plasmid DNA or antisense
RNA delivery. It has been shown to stabilize siRNA when co-injected
into the tumor in vivo in a xenograft mouse tumor model, where it fa-
cilitated transfection of the unmodified siRNA with no apparent tox-
icity [137]. The size of the nucleic acid-atelocollagen particles could
be controlled between b200 nm and 10 μm.

Another study looked at the self assembly of 10–300 nm 300 kDa
atelocollagen nanoparticles with siRNA. It protected siRNA from nu-
clease degradation in a reverse transfection protocol in vitro. It in-
creased cellular uptake and silencing efficacy as efficient as for
liposome transfection. In vivo, these particles enabled prolonged re-
lease of unmodified siRNA and silencing efficacy after intratesticular
delivery in an orthotopic testis tumor model [138].

Systemic delivery by i.v. injection of atelocollagen/siRNA nanopar-
ticles resulted in delivery of siRNA and gene silencing in organs such
as liver, spleen, kidney and predominantly tumor in a xenograft
tumor model [139]. Another report showed that after i.v. injection
of atelocollagen-complexed, but otherwise nonmodified siRNA, the
drug was delivered to tumors, including metastatic bone tumor, with-
out induction of IL-12 or IFN-α associated toxicity [140]. Atelocolla-
gen-siRNA nanoparticles delivered to mice into skeletal muscle, as
well as intravenously, resulted in silencing of its target myostatin in
increased skeletal muscle growth [141]. This demonstrates that atelo-
collagen nanoparticles may be of therapeutic use not only by utilizing
the enhanced permeation and retention (EPR) effect to target tumors
but also against diseases of other tissues.

3.2.7. Hyaluronic acid
Hyaluronic acid (HA) is a negatively charged, nonsulfated glycosa-

minogluycan polysaccharide composed of alternating disaccharide
units of N-acetyl-D-glucosamine and D-glucuronic acid, naturally oc-
curring in extracellular matrix. Its biocompatibility and biodegrad-
ability led to its use in tissue engineering and drug delivery devices
[142]. HA receptors such as CD44, expressed on tumor cells, can be
utilized as port of entry of nanoscaled formulations [143]. Since its
negative charge prohibits electrostatic interaction with nucleic acid
as particle-forming force, different strategies have to be employed
to physically entrap or covalently bind siRNA.

Disulfide-crosslinked HA nanogels prepared by inverse emulsion
method resulted in ~200 nm particles which released siRNA upon
glutathione treatment, simulating the reductive cytoplasmatic envi-
ronment. These nanoparticles were taken up by HA-receptor overex-
pressing cells without inducing any cytotoxicity and showed similar
in vitro gene silencing efficacy as PEI/siRNA complexes. Due to their
slightly negative charge they also showed less protein binding and
better in vitro silencing efficacy in the presence of serum compared
to PEI delivered siRNA [144]. The negative charge of HA is also used
in conjunction with other excipients in order to reduce toxicity and
shield the charge of positively charged liposomes [145]. Using cova-
lently HA-modified DOTAP/DOPE lipids in the ethanol-injection
method, particles of smaller than 170 nm could be prepared, with im-
proved binding, protection properties and stability of the particles
compared to non HA-modified liposomes. Cytotoxicity was reduced
and HA-receptor dependent uptake was improved in vitro.

A conjugate of branched 25 kDa PEI and 130 kDa HA self-assembled
with siRNA to 21 nm nanoparticles at a weight ratio of siRNA to PEI/HA
of 1:5. It was taken up via HA-receptor mediated endocytosis and
displayed in vitro silencing efficacy with a lower toxicity profile
than PEI alone [146].

A complex of PEGylated chitosan andHAwaspreparedby the ionotro-
pic gelation technique, where HA is cross-linked using tripolyphosphate
in the presence of PEG-chitosan followed by complexation with siRNA
[147]. The resulting particles of less than 200 nm protected siRNA from
serum degradation and delivered siRNA in cells in vitro, with a silencing
efficiency comparable to Lipofectamine 2000 with low toxicity. This
study also highlighted the differences in complexation and condensation
of pDNA compared to siRNA, resulting in a lower siRNA encapsulation ef-
ficiency of the nanoparticles compared to pDNA.

There are also several examples of the efficient and safe use of HA
in combinationwith other excipients for local or systemic siRNA deliv-
ery in vivo [148, 149, 150]. As for PLGA, the most likely application for
HA in siRNA delivery in vivo is in combination with other excipients.

3.3. Cell penetrating peptides

Besides cationic lipids and cationic polymers, cell penetrating pep-
tides (CPPs) as a third class of positively charged molecules have been
evaluated as non-viral siRNA delivery vehicle. Like for the other posi-
tively charged polymers, the charge of these short peptides not only al-
lows the spontaneous interaction and encapsulation with siRNA but
also facilitates interaction with the negatively charged cell membranes.
The idea of using peptides as carrier for drugs dates back over 20 years.
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MPG was the first peptide to been shown to form non-covalent,
electrostatically stabilized complexes with siRNA and deliver its
cargo into cells. It is a recombinant amphipathic peptide composed
of a hydrophobic fusion sequence of the HIV protein gp41 and a hy-
drophilic domain from the nuclear localization sequence of SV40
large T antigen [151]. MPG was initially used for pDNA delivery and
therefore contains a nuclear localization signal (NLS), which was mu-
tated to adapt this nanocarrier for the cytoplasmatic delivery of
siRNA. Inhibition studies indicated that the uptake follows a receptor-
independent pathway, as proposed also for other CPPs such as penetratin
(from the insect Antennapedia homeoprotein), transportan (from the
neuropeptides galanin and mastoparan) and TAT-peptide (derived from
HIV-1 trans-activator protein).

A CPP derived from the same sequence, termedMPGα, differs from
theMPG peptide described above by amutation resulting in a partially
helical conformation [152]. In this study, no difference in uptake
mechanism or silencing efficacy was observed for MPGα, whether or
not the NLS was mutated. Neither of the variants delivered siRNA to
the nucleus, but to endosome-like cytosolic vesicles. Because the up-
take was inhibited at low temperature and upon addition of several
endocytosis inhibitors, it was suggested that it was driven by an endo-
cytotic process. The amount of siRNA to achieve half-maximal inhibi-
tion of its target was 10,000 siRNA molecules per cell in case of
peptide delivery, compared to only 300 molecules for Lipofectamine
2000 delivery, suggesting a 30-fold lower bioavailability for the pep-
tide-bound siRNA. This might be due to a less efficient endosomal re-
lease of peptide delivered siRNA.

The MPG peptide has been further optimized by deleting 6 amino
acids to improve its interaction with both siRNA as well as the lipidic
cell membrane. In contrast to the previous studies, the resulting par-
ticles have also been studied in terms of size and charge, as well as the
toxic effects on cells [153]. The so called MPG-8 peptide complexed
unmodified siRNA at a 20-fold molar excess of peptide, resulting in
particles of 120 nm with a zeta potential of +16 mV, and an in vitro
silencing efficacy 30 to 60-fold higher than MPG. No cell toxicity
was observed up to 20 μM, whereas 100 μM reduced cell viability by
10–15%. Intratumoral injection of the self-assembled cyclin B1
siRNA nanoparticles completely stopped tumor growth at a
0.25 mg/kg dose as a result of reduction of cyclin B1 mRNA level. In
order to improve the stability of the particles in the circulation, the
peptide was conjugated to cholesterol. I.v. injection of the cholester-
ol-modified siRNA particles resulted in 70% survival of mice vs. 20%
for cholesterol-free siRNA formulation.

Polyarginin (POA) is based on the amino acid sequence of the
protein transduction domain (PTD) of various viral proteins and
has been used for delivery of dsRNA to plant cells in 2004 [154].
An optimal weight ratio of 1:2 for siRNA:POA was found to
completely complex siRNA. POA has also been used conjugated to
PEG and in combination with cationic lipids to encapsulate siRNA
at a molar excess of 30, resulting in particles below 200 nm and
with a charge between 20 and 40 mV. The downregulation of GFP
protein expression in vitro was higher as with un-PEGylated or
PEGylated liposomes without POA [155]. Cell viability after incuba-
tion with 40 nM siRNA complexes was also increased to N80% upon
addition of POA compared to formulation with PEG alone. In anoth-
er approach, modification of polyarginine with a 14-carbon myris-
tic acid moiety (MPAP) increased the affinity for lipid bilayer
membranes, thereby enhancing peptide entry [156]. MPAP also
has the ability to cross the blood brain barrier, which can be uti-
lized for neurological applications. A molar ratio of siRNA to
MPAP of 1:5 was able to complex siRNA, protect it partially from
serum degradation and deliver it into neuron cells, resulting in tar-
get knockdown in vitro without cytotoxicity.

Hydrophobic modification by N-terminal conjugation of cholesterol
to oligo-D-arginine (Chol-R9) peptide has been utilized to synergistically
increase cellular uptake of siRNA [157]. Complete complexation of siRNA
was reached at an N/P ratio of 40 as compared to only 8 for pDNA. Over
90% cell viability remained at incubation with Chol-R9/DNA complexes
with N/P ratios of 8 to 48 in HEK293 cells, while a higher ratio drastically
increased toxicity.

The multifunctional envelope-type nanodevice MEND composed
of stearyl octaarginine (STR-R8) covered by a DOPE-CHEMS (9:2
molar ratio) lipid membrane condensed siRNA to nanoscaled parti-
cles below 100 nm and transfected cells in vitro via macropinocytosis
[158]. The N/P ratio of the complexes was 2.9. Particles containing
60 nM siRNA did not show any significant effect on HeLa cell viability.
Poly-L-lysine (PLL) and protamine were also tested, but failed to con-
dense siRNA into particles smaller than 100 nm. The condensed STR-
R8/siRNA nanoparticles alone could not transfect cells, but depended
on the lipid envelope, in contrast to another report achieving an RNAi
effect using siRNA-STR-R8 [159].

Liposomes bearing R8 molecules attached to the liposome surface
delivered unmodified siRNA in vitro into lung tumor cells [160]. The
particles self-assembled by mixing egg PC, DOTAP, cholesterol, PE-
PEG2000 and siRNA at a ratio resulting in neutralization of the posi-
tive and negative charges. Subsequent addition of R8-PEG-PE resulted
in particles in the range from 50 to 200 nm composed of smaller
spherical particles of about 20 nm. Reversing the order of mixing by
adding siRNA after preformation of R8-PEG-PE particles resulted in
weaker binding, supporting the hypothesis, that upon heating of the
preformed lipid-siRNA nanoparticles, lipid molecules rearranged to
small inverted hexagonal micelles incorporating one single siRNA
molecule each, and subsequently arranged to form a bigger particle
covered by a second layer of lipids. These particles efficiently pro-
tected siRNA from serum degradation, and delivered siRNA in various
cell lines in vitro in a R8-dependent fashion with less toxicity than
Lipofectamine 2000. Concentrations up to 10 μg/ml lipid did not affect
cell viability.

HAhas been used to shield some of the toxic effects of poly-L-arginine
[161]. The complexes with unmodified siRNA were positively charged
and b200 nm. Theywere taken up and led to sequence-specific silencing
independent of the presence of serum. Intratumoral injection of these
HA-nanoparticles also resulted in target silencing in mice, however pos-
sible toxic effects were not investigated in vivo.

The CPPs Penetratin and Transportan were linked via C-terminal
cysteine residue to the thiol containing sense strand of siRNA [162].
It was shown, that a 5′-modification of the siRNA sense strand abro-
gated the silencing efficacy, whereas 3′-functionalization maintained
silencing efficacy. However, very high doses had to be used to reach
knockdown comparable to lipofection. Another technical complica-
tion appeared to be annealing of the two siRNA strands, after modifi-
cation of the sense strand with these highly cationic lipids. In
contrast, covalent conjugation of siRNA to penetratin and transportan
via an acid labile disulfide bond resulted in better delivery character-
istics than with cationic liposomes. These peptides delivered siRNA
without endocytosis directly to the cytoplasm, where the disulfide
bond was cleaved.

Another CPP used for siRNA delivery is derived from protamine, a
small, arginine rich protein, endogenously involved in DNA packaging.
Use of an antibody-protamine fusion protein is an elegant solution to
non-covalently complex siRNA, and target it to the diseased cells or tissue
[163]. A Fab fragment targeting an HIV-1 envelope antigen delivered the
unmodified siRNA specifically to cells expressing the antigen in vitro
and in vivo without triggering interferon response or other obvious
toxic effects. Meanwhile, this strategy has been employed for several
other targets such as the human integrin lymphocyte function-associated
antigen-1 (LFA-1) in vitro and in vivo in a SCID mouse xenograft tumor
model, where the particles specifically delivered unmodified siRNA to
the target expressing cells after systemic administration [164]. In a similar
approach 2.5 mg/kg protamine-condensed siRNA entrapped in a lipo-
some decorated with Fab-modified HA reversed colitis after systemic ad-
ministration in mice [165]. The condensation of unmodified siRNA with
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protamine allowed a high drug load per nanoparticle (~4000 siRNAmol-
ecules), protection of the liposome against interferon production in re-
sponse to the siRNA, and the active targeted uptake mechanism of the
coupled Fab-fragment.

Not only electrostatic interaction, but also dsRNA binding domains
have been employed to bind siRNAs, resulting in more efficient trans-
fection in vitro as Lipofectamine 2000 in several cell lines including
T cells and primary cells [166]. These TAT-PTD (Protein transduction
domain) fusion proteins did not induce significant toxic effects on
the investigated cell lines, and reduced target gene expression in a lu-
ciferase mouse model after nasal administration of 750 pmol com-
plexed luc siRNA.

Despite some promising reports of in vivo applications, most stud-
ies investigate toxicity in vitro, which does not predict potential im-
mune response after repeated doses of the CPPs. Appropriate in vivo
models need to be considered, since immunodeficient mice are often
used for xenograft models. Induction of unspecific toxicity and immune
stimulation by peptidesmay limit their in vivo use, as evidenced for TAT
and penetratin for siRNA delivery in mouse lung [167]. Although conju-
gates of siRNA covalently attached to TAT or penetratin peptide via di-
sulfide enabled siRNA delivery and siRNA-specific knockdown in cell
culture, intratracheal administration of the TAT-peptide reduced target
mRNA expression, suggesting toxic effects of the peptide, while pene-
tratin-siRNA conjugate activated innate immune response, indicating
a different uptake mechanism as for TAT-mediated delivery.

Endosomal release of siRNA is another difficulty for siRNA delivery
to the cytosol [168]. A new, synthetic cell penetrating peptide called
PepFect6 promises potential for efficient siRNA transfection in several
cell lines in vitro, as well as in a variety of organs in mouse in vivo
[169]. The potent proton acceptor trifluoromethylquinoline was at-
tached to the TP10 peptide and after mixing with unmodified siRNA
spontaneously formed nanoparticles of approx. 100 nm and −10 mV.
This acted as a proton sponge in the endosome, facilitating endosomal
release. A stearic acid moiety covalently attached to the CPP increased
its serum stability. Unlike other CPP based nanoparticles, these particles
remained stable over several weeks. Over 50% knockdown was
achieved in kidney, lung and liver with no apparent toxic and immuno-
genic side-effects.

3.4. Aptamers

Aptamers are synthetic nucleic acids, selected from random se-
quence libraries and optimized for their ability to bind to a specific
target molecule at nano- to pico-molar dissociation constants. Syn-
thesis of siRNA as an aptamer chimera allows active targeting using
RNA instead of antibodies. This principle has the same versatility as
antibodies, while having low immunogenicity. They can be synthe-
sized in large quantities at relatively low cost and can be modified
to increase resistance to degradation and improved pharmacokinetics
in vivo. Their smaller size compared to antibodies (15 vs. 150 kDa)
improves tissue penetration. They have been shown to target siRNAs
to the cell surface receptor PSMA, which is overexpressed in prostate
cancer cells, and reduce tumor size upon intratumoral injection of
these therapeutic siRNA-chimeras [170].

The fact that these constructs are actually Dicer substrates may be a
reason for the more efficient incorporation of the resulting siRNAs into
the RISC complex. These fusion constructs have been optimized to in-
crease their efficiency, the ease of production and pharmacokinetic prop-
erties for in vivo use, resulting in molecules that are capable of reducing
tumor growth in mice even after systemic administration.

For instance, coupling of a 20 kDa PEG group increased circulation
t½ from b35 min to over 30 h, decreasing the required dose to reach
the therapeutic effect in vivo [171]. The same target PSMA has been
used in another report to deliver siRNA to cancer cells using a biotin-
streptavidin linker with or without cleavable disulfide linker [172].
27mer Dicer-substrate siRNA was used and the aptamer induced
sequence specific knockdown was comparable to Oligofectamine facili-
tated silencing without interferon response. Although the tetramer
streptavidin provides 4 binding sites and therefore would enable bind-
ing of four different siRNAs, the immunogenicity of the biotin-streptavi-
din components still poses a hurdle for further pharmaceutical
utilization of this coupling chemistry.

Another study targeting the HIV-1 glycoprotein gp120 allowed si-
lencing tat/rev and inhibiting HIV replication in vitro [173]. A 27mer
Dicer-substrate siRNA was linked to the aptamer, which on its own
already has the potency to decrease HIV-infectivity and therefore
serves as targeting device and therapeutic agent. The chimera was
synthesized in vitro by bacteriophage transcriptions and annealed
with the antisense strand RNA and did not induce any IFN response
in cell culture.

4. Conclusion

SiRNAs comprise a class of therapeutic molecules which have been
discovered about one decade ago, and since then have triggered a lot
of excitement in the pharmaceutical area due to their intrinsic versa-
tility and specificity.

The initial enthusiasm led many pharma-companies to start
their own siRNA program. But the development of siRNA based
therapies turned out to be more challenging than expected, leading
to termination of some of these programs such as during the
restructuring of Roche in 2010. Their specific physicochemical
properties in many cases demand formulations protecting these
molecules in the biological environment and facilitating delivery
to the target site.

This review discussed the most common delivery siRNA strategies.
Whether a specific encapsulation strategy can be applied for a partic-
ular therapy depends on whether the indication, anticipated adminis-
tration and dose regimen allows the use of certain substances such as
ethanol, cholesterol or fatty acids.

The list of currently ongoing clinical trials suggests that a high
unmet medical need for cure of diseases, such as cancer, convinces
the increasingly conservative health authorities more easily to ap-
prove novel excipients, which might not be approved for other indi-
cations. Although a number of excipients have been investigated for
their potential to overcome the most challenging siRNA delivery hur-
dles in vivo, only few proceeded to human trials. Naked siRNA formu-
lations are obviously the simplest and cheapest formats, they are
however limited to local administration in the lung, eye, and also to
the kidneys after systemic administration.

Lipidic formulation systems for systemic drug delivery on the
other hand have a head start over some other excipients, as lipo-
some research has been going on for many decades and their
in vivo fate is well understood, leading to formulations such as
SNALP or AtuPLEX.

The exceptional example of the cyclodextrin based Rondel for-
mulation shows that novel and very complex formulations are le-
gitimate options provided a certain unmet medical demand is
addressed. Many other novel excipients would still have to undergo
expensive and time-consuming toxicological studies to proceed to
clinics.

Numerous in vitro and in vivo studies are trying to shed light on
the toxicological profile of those innovative delivery systems, howev-
er in absence of systematic comparison and due to different protocols,
cell lines, assays and in vivo models, the results are often inconsistent
and controversial. Furthermore, upscaling and GMP requirements for
excipients as well as manufacturing protocols are rarely taken into
consideration when novel delivery technologies are being investigat-
ed. Consequently, the future of RNAi therapies will depend on the
willingness of Pharma companies to invest long term, and the health-
care systems to pay the resulting price for these therapies. However,
since the field of RNAi is still relatively young, the number of ongoing



1223K. Bruno / Advanced Drug Delivery Reviews 63 (2011) 1210–1226
clinical trials and also successful preclinical in vivo studies neverthe-
less promises a therapeutic as well as commercial potential for
these molecules.
References

[1] A. Fire, S.Q. Xu, M.K. Montgomery, S.A. Kostas, S.E. Driver, C.C. Mello, Potent and
specific genetic interference by double-stranded RNA in Caenorhabditis elegans,
Nature 391 (1998) 806–811.

[2] D.A. Braasch, D.R. Corey, Novel antisense and peptide nucleic acid strategies for
controlling gene expression, Biochemistry 41 (2002) 4503–4510.

[3] P.C. Zamecnik, M.L. Stephenson, Inhibition of Rous-sarcoma virus-replication
and cell transformation by a specific oligodeoxynucleotide, Proc. Natl. Acad.
Sci. U. S. A. 75 (1978) 280–284.

[4] J. Goodchild, Oligonucleotide therapeutics: 25 years agrowing, Curr. Opin. Mol.
Ther. 6 (2004) 120–128.

[5] E. Bernstein, A.A. Caudy, S.M. Hammond, G.J. Hannon, Role for a bidentate ribo-
nuclease in the initiation step of RNA interference, Nature 409 (2001) 363–366.

[6] S.M. Elbashir, J. Harborth, W. Lendeckel, A. Yalcin, K. Weber, T. Tuschl, Duplexes
of 21-nucleotide RNAs mediate RNA interference in cultured mammalian cells,
Nature 411 (2001) 494–498.

[7] K. Sliva, B.S. Schnierle, Selective gene silencing by viral delivery of short hairpin
RNA, Virol. J. (2010) 7.

[8] L.B. Couto, K.A. High, Viral vector-mediated RNA interference, Curr. Opin. Phar-
macol. 10 (2010) 534–542.

[9] H.B. Xia, Q.W. Mao, H.L. Paulson, B.L. Davidson, siRNA-mediated gene silencing
in vitro and in vivo, Nat. Biotechnol. 20 (2002) 1006–1010.

[10] D. Grimm, K.L. Streetz, C.L. Jopling, T.A. Storm, K. Pandey, C.R. Davis, P. Marion,
F. Salazar, M.A. Kay, Fatality in mice due to oversaturation of cellular
microRNA/short hairpin RNA pathways, Nature 441 (2006) 537–541.

[11] W.M. Siders, J. Shields, J. Kaplan, M. Lukason, L. Woodworth, S. Wadsworth,
A. Scaria, Cytotoxic T lymphocyte responses to transgene product, not
adeno-associated viral capsid protein, limit transgene expression in mice,
Hum. Gene Ther. 20 (2009) 11–20.

[12] J.L. McBride, R.L. Boudreau, S.Q. Harper, P.D. Staber, A.M. Monteys, I. Martins, B.L.
Gilmore, H. Burstein, R.W. Peluso, B. Polisky, B.J. Carter, B.L. Davidson, Artificial
miRNAs mitigate shRNA-mediated toxicity in the brain: implications for the
therapeutic development of RNAi, Proc. Natl. Acad. Sci. U. S. A. 105 (2008)
5868–5873.

[13] A.P. McCaffrey, L. Meuse, T.T.T. Pham, D.S. Conklin, G.J. Hannon, M.A. Kay, Gene
expression — RNA interference in adult mice, Nature 418 (2002) 38–39.

[14] D.L. Lewis, J.E. Hagstrom, A.G. Loomis, J.A. Wolff, H. Herweijer, Efficient delivery
of siRNA for inhibition of gene expression in postnatal mice, Nat. Genet. 32
(2002) 107–108.

[15] E.W. Song, S.K. Lee, J. Wang, N. Ince, N. Ouyang, J. Min, J.S. Chen, P. Shankar, J.
Lieberman, RNA interference targeting Fas protects mice from fulminant
hepatitis, Nat. Med. 9 (2003) 347–351.

[16] L. Zender, S. Hutker, C. Liedtke, H.L. Tillmann, S. Zender, B. Mundt, M. Waltemathe,
T. Gosling, P. Flemming, N.P.Malek, C. Trautwein,M.P.Manns, F. Kuhnel, S. Kubicka,
Caspase 8 small interfering RNA prevents acute liver failure in mice, Proc. Natl.
Acad. Sci. U. S. A. 100 (2003) 7797–7802.

[17] D.A. Braasch, Z. Paroo, A. Constantinescu, G. Ren, O.K. Oz, R.P. Mason, D.R. Corey,
Biodistribution of phosphodiester and phosphorothioate siRNA, Bioorg. Med.
Chem. Lett. 14 (2004) 1139–1143.

[18] D.V. Morrissey, K. Blanchard, L. Shaw, K. Jensen, J.A. Lockridge, B. Dickinson, J.A.
McSwiggen, C. Vargeese, K. Bowman, C.S. Shaffer, B.A. Polisky, S. Zinnen, Activity
of stabilized short interfering RNA in a mouse model of hepatitis B virus replica-
tion, Hepatology 41 (2005) 1349–1356.

[19] D.V.Morrissey, J.A. Lockridge, L. Shaw, K. Blanchard, K. Jensen,W. Breen, K.Hartsough,
L. Machemer, S. Radka, V. Jadhav, N. Vaish, S. Zinnen, C. Vargeese, K. Bowman, C.S.
Shaffer, L.B. Jeffs, A. Judge, I. MacLachlan, B. Polisky, Potent and persistent in vivo
anti-HBV activity of chemically modified siRNAs, Nat. Biotechnol. 23 (2005)
1002–1007.

[20] A.L. Jackson, J. Burchard, D. Leake, A. Reynolds, J. Schelter, J. Guo, J.M. Johnson, L.
Lim, J. Karpilow, K. Nichols, W. Marshall, A. Khvorova, P.S. Linsley, Position-specific
chemical modification of siRNAs reduces “off-target” transcript silencing, Rna-A
Publ. Rna Soc. 12 (2006) 1197–1205.

[21] M. Robbins, A. Judge, L. Liang, K. McClintock, E. Yaworski, I. MacLachlan, 2′-O-methyl-
modified RNAs act as TLR7 antagonists, Mol. Ther. 15 (2007) 1663–1669.

[22] M. Amarzguioui, T. Holen, E. Babaie, H. Prydz, Tolerance for mutations and
chemical modifications in a siRNA, Nucleic Acids Res. 31 (2003) 589–595.

[23] D. De Paula, M.V.L.B. Bentley, R.I. Mahato, Hydrophobization and bioconjugation for
enhanced siRNA delivery and targeting, Rna-A Publ. Rna Soc. 13 (2007) 431–456.

[24] M.T. McManus, B.B. Haines, C.P. Dillon, C.E. Whitehurst, L. van Parijs, J.Z. Chen,
P.A. Sharp, Small interfering RNA-mediated gene silencing in T lymphocytes,
J. Immunol. 169 (2002) 5754–5760.

[25] M. Golzio, L. Mazzolini, P. Moller, M.P. Rols, J. Teissie, Inhibition of gene expres-
sion in mice muscle by in vivo electrically mediated siRNA delivery, Gene Ther.
12 (2005) 246–251.

[26] R.M. Schiffelers, J. Xu, G. Storm, M.C. Woodle, P.V. Scaria, Effects of treatment
with small interfering RNA on joint inflammation in mice with collagen-induced
arthritis, Arthritis Rheum. 52 (2005) 1314–1318.

[27] Y. Takei, T. Nemoto, P. Mu, T. Fujishima, T. Ishimoto, Y. Hayakawa, Y. Yuzawa, S.
Matsuo, T. Muramatsu, K. Kadomatsu, In vivo silencing of a molecular target by
short interfering RNA electroporation: tumor vascularization correlates to deliv-
ery efficiency, Mol. Cancer Ther. 7 (2008) 211–221.

[28] P.K. Kaiser, R.C.A. Symons, S.M. Shah, E.J. Quinlan, H. Tabandeh,D.V. Do, G. Reisen, J.A.
Lockridge, B. Short, R. Guerciolini, Q.D. Nguyen, RNAi-based treatment for neo-
vascular age-related macular degeneration by Sirna-027, Am. J. Ophthalmol.
150 (2010) 33–39.

[29] M.E. Kleinman, K. Yamada, A. Takeda, V. Chandrasekaran, M. Nozaki, J.Z. Baffi, R.J.C.
Albuquerque, S. Yamasaki, M. Itaya, Y.Z. Pan, B. Appukuttan, D. Gibbs, Z.L. Yang, K.
Kariko, B.K. Ambati, T.A. Wilgus, L.A. DiPietro, E. Sakurai, K. Zhang, J.R. Smith, E.W.
Taylor, J. Ambati, Sequence- and target-independent angiogenesis suppression by
siRNA via TLR3, Nature 452 (2008) 591-5U1.

[30] F.M. van de Water, O.C. Boerman, A.C. Wouterse, J.G.P. Peters, F.G.M. Russel, R.
Masereeuw, Intravenously administered short interfering RNA accumulates in
the kidney and selectively suppresses gene function in renal proximal tubules,
Drug Metab. Dispos 34 (2006) 1393–1397.

[31] X.C. Zhang, P.Y. Shan, D.H. Jiang, P.W. Noble, N.G. Abraham, A. Kappas, P.J. Lee,
Small interfering RNA targeting heme oxygenase-1 enhances ischemia-
reperfusion-induced lung apoptosis, J. Biol. Chem. 279 (2004) 10677–10684.

[32] D. Massaro, G.D. Massaro, L.B. Clerch, Noninvasive delivery of small inhibitory
RNA and other reagents to pulmonary alveoli in mice, Am. J. Physiol. Lung Cell
Mol. Physiol. 287 (2004) L1066–L1070.

[33] Q. Tang, B. Li, M. Woodle, P.M. Lu, Application of siRNA against SARS in the rhe-
sus macaque model, Methods Mol. Biol. 442 (2008) 139–158.

[34] B.J. Li, Q.Q. Tang, D. Cheng, C. Qin, F.Y. Xie, Q. Wei, J. Xu, Y.J. Liu, B.J. Zheng, M.C.
Woodle, N.S. Zhong, P.Y. Lu, Using siRNA in prophylactic and therapeutic regi-
mens against SARS coronavirus in rhesus macaque, Nat. Med. 11 (2005)
944–951.

[35] J. DeVincenzo, R. Lambkin-Williams, T. Wilkinson, J. Cehelsky, S. Nochur, E.
Walsh, R. Meyers, J. Gollob, A. Vaishnaw, A randomized, double-blind, placebo-
controlled study of an RNAi-based therapy directed against respiratory syncytial
virus, Proc. Natl. Acad. Sci. U. S. A. 107 (2010) 8800–8805.

[36] M.R. Zamora,M. Budev,M. Rolfe, J. Gottlieb, A.Humar, J. DeVincenzo, A. Vaishnaw, J.
Cehelsky, G. Albert, S. Nochur, J.A. Gollob, A.R. Glanville, RNA interference therapy
in lung transplant patients infected with respiratory syncytial virus, Am. J. Respir.
Crit. Care Med. 183 (2011) 531–538.

[37] M.E. Davis, The first targeted delivery of siRNA in humans via a self-assembling,
cyclodextrin polymer-based nanoparticle: from concept to clinic, Mol. Pharm. 6
(2009) 659–668.

[38] S.Dokka, D. Toledo, X.G. Shi, V. Castranova, Y. Rojanasakul, Oxygen radical-mediated
pulmonary toxicity induced by some cationic liposomes, Pharm. Res. 17 (2000)
521–525.

[39] S.C. Semple, S.K. Klimuk, T.O. Harasym, N. Dos Santos, S.M. Ansell, K.F. Wong, N.
Maurer, H. Stark, P.R. Cullis, M.J. Hope, P. Scherrer, Efficient encapsulation of an-
tisense oligonucleotides in lipid vesicles using ionizable aminolipids: formation
of novel small multilamellar vesicle structures, Biochim. Biophys. Acta, Biomem-
branes 1510 (2001) 152–166.

[40] N. Maurer, K.F. Wong, H. Stark, L. Louie, D. McIntosh, T. Wong, P. Scherrer, S.C.
Semple, P.R. Cullis, Spontaneous entrapment of polynucleotides upon electro-
static interaction with ethanol-destabilized cationic liposomes, Biophys. J. 80
(2001) 2310–2326.

[41] C. Lorenz, P. Hadwiger, M. John, H.P. Vornlocher, C. Unverzagt, Steroid and lipid
conjugates of siRNAs to enhance cellular uptake and gene silencing in liver cells,
Bioorg. Med. Chem. Lett. 14 (2004) 4975–4977.

[42] J. Soutschek, A. Akinc, B. Bramlage, K. Charisse, R. Constien,M. Donoghue, S. Elbashir,
A. Geick, P. Hadwiger, J. Harborth, M. John, V. Kesavan, G. Lavine, R.K. Pandey, T.
Racie, K.G. Rajeev, I. Rohl, I. Toudjarska, G. Wang, S. Wuschko, D. Bumcrot, V.
Koteliansky, S. Limmer, M. Manoharan, H.P. Vornlocher, Therapeutic silencing
of an endogenous gene by systemic administration of modified siRNAs, Nature
432 (2004) 173–178.

[43] C. Wolfrum, S. Shi, K.N. Jayaprakash, M. Jayaraman, G. Wang, R.K. Pandey, K.G.
Rajeev, T. Nakayama, K. Charrise, E.M. Ndungo, T. Zimmermann, V. Koteliansky,
M. Manoharan, M. Stoffel, Mechanisms and optimization of in vivo delivery of li-
pophilic siRNAs, Nat. Biotechnol. 25 (2007) 1149–1157.

[44] P.L. Felgner, T.R. Gadek, M. Holm, R. Roman, H.W. Chan, M. Wenz, J.P. Northrop,
G.M. Ringold, M. Danielsen, Lipofection — a highly efficient, lipid-mediated
DNA-transfection procedure, Proc. Natl. Acad. Sci. U. S. A. 84 (1987) 7413–7417.

[45] P. Tam,M.Monck, D. Lee, O. Ludkovski, E.C. Leng, K. Clow, H. Stark, P. Scherrer, R.W.
Graham, P.R. Cullis, Stabilized plasmid-lipid particles for systemic gene therapy,
Gene Ther. 7 (2000) 1867–1874.

[46] H. Rhinn, C. Largeau, P. Bigey, R.L. Kuen, M. Richard, D. Scherman, V. Escriou,
How to make siRNA lipoplexes efficient? Add a DNA cargo, Biochim. Biophys.
Acta, Gen. Subj. 1790 (2009) 219–230.

[47] H. Hohjoh, RNA interference (RNAi) induction with various types of synthetic
oligonucleotide duplexes in cultured human cells, FEBS Lett. 521 (2002)
195–199.

[48] D.R. Sorensen, M. Leirdal, M. Sioud, Gene silencing by systemic delivery of syn-
thetic siRNAs in adult mice, J. Mol. Biol. 327 (2003) 761–766.

[49] M. Keller, R.P. Harbottle, E. Perouzel, M. Colin, L. Shah, A. Rahim, L. Vaysse, A.
Bergau, S. Moritz, C. Brahimi-Horn, C. Coutelle, A.D. Miller, Nuclear localisation
sequence templated nonviral gene delivery vectors: Investigation of intracellu-
lar trafficking events, of LMD and LD vector systems, ChemBioChem 4 (2003)
286–298.

[50] F.X. Shi, L. Wasungu, A. Nomden, M.C.A. Stuart, E. Polushkin, J.B.F.N. Engberts, D.
Hoekstra, Interference of poly(ethylene glycol)-lipid analogues with cationic-
lipid-mediated delivery of oligonucleotides; role of lipid exchangeability and
non-lamellar transitions, Biochem. J. 366 (2002) 333–341.



1224 K. Bruno / Advanced Drug Delivery Reviews 63 (2011) 1210–1226
[51] Y.L. Chiu, A. Ali, C.Y. Chu, H. Cao, T.M. Rana, Visualizing a correlation between
siRNA localization, cellular uptake, and RNAi in living cells, Chem. Biol. 11
(2004) 1165–1175.

[52] M. Keller, Lipidic carriers of RNA/DNA oligonucleotides and polynucleotides:
what a difference a formulation makes! J. Controlled Release 103 (2005)
537–540.

[53] J.J. Lu, R. Langer, J.Z. Chen, A novelmechanism is involved in cationic lipid-mediated
functional siRNA delivery, Mol. Pharm. 6 (2009) 763–771.

[54] I. Koltover, T. Salditt, J.O. Radler, C.R. Safinya, An inverted hexagonal phase of
cationic liposome-DNA complexes related to DNA release and delivery, Science
281 (1998) 78–81.

[55] N.F. Bouxsein, C.S. McAllister, K.K. Ewert, C.E. Samuel, C.R. Safinya, Structure and
gene silencing activities of monovalent and pentavalent cationic lipid vectors
complexed with siRNA, Biochemistry 46 (2007) 4785–4792.

[56] I.M. Hafez, N. Maurer, P.R. Cullis, On the mechanism whereby cationic lipids pro-
mote intracellular delivery of polynucleic acids, Gene Ther. 8 (2001) 1188–1196.

[57] M.Y. Chiang, H. Chan, M.A. Zounes, S.M. Freier, W.F. Lima, C.F. Bennett, Antisense
oligonucleotides inhibit intercellular-adhesion molecule-1 expression by 2 dis-
tinct mechanisms, J. Biol. Chem. 266 (1991) 18162–18171.

[58] Y.W. Len, F. Rahmatpanah, H.D. Shi, S.H. Wei, J.C. Liu, P.S. Yan, T.H.M. Huang,
Double RNA interference of DNMT3b and DNMT1 enhances DNA demethylation
and gene reactivation, Cancer Res. 63 (2003) 6110–6115.

[59] Y.J. Zhang, P. Cristofaro, R. Silbermann, O. Pusch, D. Boden, T. Konkin, V.Hovanesian,
P.R. Monfils, M. Resnick, S.F. Moss, B. Ramratnam, Engineering mucosal RNA inter-
ference in vivo, Mol. Ther. 14 (2006) 336–342.

[60] D. Palliser, D. Chowdhury, Q.Y.Wang, S.J. Lee, R.T. Bronson, D.M. Knipe, J. Lieberman,
An siRNA-basedmicrobicide protectsmice from lethal herpes simplex virus 2 infec-
tion, Nature 439 (2006) 89–94.

[61] U.N. Verma, R.M. Surabhi, A. Schmaltieg, C. Becerra, R.B. Gaynor, Small interfer-
ing RNAs directed against beta-catenin inhibit the in vitro and in vivo growth of
colon cancer cells, Clin. Cancer Res. 9 (2003) 1291–1300.

[62] S. Spagnou, A.D. Miller, M. Keller, Lipidic carriers of siRNA: differences in the for-
mulation, cellular uptake, and delivery with plasmid DNA, Biochemistry 43
(2004) 13348–13356.

[63] C.F. Bennett, J.E. Zuckerman, D. Kornbrust, H. Sasmor, J.M. Leeds, S.T. Crooke,
Pharmacokinetics in mice of a [3H]-labeled phosphorothioate oligonucleotide
formulated in the presence and absence of a cationic lipid, J. Controlled Release
41 (1996) 121–130.

[64] D.V. Devine, K. Wong, K. Serrano, A. Chonn, P.R. Cullis, Liposome-complement
interactions in rat serum — implications for liposome survival studies, Biochim.
Biophys. Acta, Biomembranes 1191 (1994) 43–51.

[65] M. Sioud, Induction of inflammatory cytokines and interferon responses by
double-stranded and single-stranded siRNAs is sequence-dependent and
requires endosomal localization, J. Mol. Biol. 348 (2005) 1079–1090.

[66] A.D. Judge, V. Sood, J.R. Shaw, D. Fang, K. McClintock, I. MacLachlan, Sequence-
dependent stimulation of the mammalian innate immune response by synthetic
siRNA, Nat. Biotechnol. 23 (2005) 457–462.

[67] A. Akinc, A. Zumbuehl, M. Goldberg, E.S. Leshchiner, V. Busini, N. Hossain, S.A.
Bacallado, D.N. Nguyen, J. Fuller, R. Alvarez, A. Borodovsky, T. Borland, R. Con-
stien, A. de Fougerolles, J.R. Dorkin, K.N. Jayaprakash, M. Jayaraman, M. John,
V. Koteliansky, M. Manoharan, L. Nechev, J. Qin, T. Racie, D. Raitcheva, K.G.
Rajeev, D.W.Y. Sah, J. Soutschek, I. Toudjarska, H.P. Vornlocher, T.S. Zimmermann,
R. Langer, D.G. Anderson, A combinatorial library of lipid-like materials for delivery
of RNAi therapeutics, Nat. Biotechnol. 26 (2008) 561–569.

[68] X.F. Zheng, C. Vladau, X.S. Zhang,M. Suzuki, T.E. Ichim, Z.X. Zhang,M. Li, E. Carrier, B.
Garcia, A.M. Jevnikar, W.P. Min, A novel in vivo siRNA delivery system specifically
targeting dendritic cells and silencing CD40 genes for immunomodulation, Blood
113 (2009) 2646–2654.

[69] S.D. Li, S. Chono, L. Huang, Efficient gene silencing in metastatic tumor by siRNA
formulated in surface-modified nanoparticles, J. Controlled Release 126 (2008)
77–84.

[70] T.S. Zimmermann, A.C.H. Lee, A. Akinc, B. Bramlage, D. Bumcrot, M.N. Fedoruk, J.
Harborth, J.A. Heyes, L.B. Jeffs, M. John, A.D. Judge, K. Lam, K. McClintock, L.V.
Nechev, L.R. Palmer, T. Racie, I. Rohl, S. Seiffert, S. Shanmugam, V. Sood, J.
Soutschek, I. Toudjarska, A.J. Wheat, E. Yaworski, W. Zedalis, V. Koteliansky, M.
Manoharan, H.P. Vornlocher, I. MacLachlan, RNAi-mediated gene silencing in
non-human primates, Nature 441 (2006) 111–114.

[71] L.B. Jeffs, L.R. Palmer, E.G. Ambegia, C. Giesbrecht, S. Ewanick, I. MacLachlan, A
scalable, extrusion-free method for efficient liposomal encapsulation of plasmid
DNA, Pharm. Res. 22 (2005) 362–372.

[72] A.D. Judge, M. Robbins, I. Tavakoli, J. Levi, L. Hu, A. Fronda, E. Ambegia, K. Mc-
Clintock, I. MacLachlan, Confirming the RNAi-mediated mechanism of action
of siRNA-based cancer therapeutics in mice, J. Clin. Investig. 119 (2009)
661–673.

[73] T.W. Geisbert, L.E. Hensley, E. Kagan, E.Y.Z. Yu, J.B. Geisbert, K. Daddario-DiCaprio,
E.A. Fritz, P.B. Jahrling, K. McClintock, J.R. Phelps, A.C.H. Lee, A. Judge, L.B. Jeffs, I.
MacLachlan, Postexposure protection of guinea pigs against a lethal Ebola
virus challenge is conferred by RNA interference, J. Infect. Dis. 193 (2006)
1650–1657.

[74] A. Santel, M. Aleku, O. Keil, J. Endruschat, V. Esche, G. Fisch, S. Dames, K. Loffler,
M. Fechtner, W. Arnold, K. Giese, A. Klippel, J. Kaufmann, A novel siRNA-lipoplex
technology for RNA interference in the mouse vascular endothelium, Gene Ther.
13 (2006) 1222–1234.

[75] M. Aleku, P. Schulz, O. Keil, A. Santel, U. Schaeper, B. Dieckhoff, O. Janke, J.
Endruschat, B. Durieux, N. Roder, K. Loffler, C. Lange, M. Fechtner, K. Mopert,
G. Fisch, S. Dames, W. Arnold, K. Jochims, K. Giese, B. Wiedenmann, A.
Scholz, J. Kaufmann, Atu027, a liposomal small interfering RNA formulation
targeting protein kinase N3, inhibits cancer progression, Cancer Res. 68
(2008) 9788–9798.

[76] M. Neu, D. Fischer, T. Kissel, Recent advances in rational gene transfer vector de-
sign based on poly(ethylene imine) and its derivatives, J. Gene Med. 7 (2005)
992–1009.

[77] Y.C. Tseng, S. Mozumdar, L. Huang, Lipid-based systemic delivery of siRNA, Adv.
Drug Delivery Rev. 61 (2009) 721–731.

[78] O. Boussif, F. Lezoualch, M.A. Zanta, M.D. Mergny, D. Scherman, B. Demeneix, J.P.
Behr, A versatile vector for gene and oligonucleotide transfer into cells in culture
and in-vivo — polyethylenimine, Proc. Natl. Acad. Sci. U. S. A. 92 (1995)
7297–7301.

[79] J.C. Bologna, G. Dorn, F. Natt, J. Weiler, Linear polyethylenimine as a tool for
comparative studies of antisense and short double-stranded RNA oligonucleo-
tides, Nucleosides Nucleotides Nucleic Acids 22 (2003) 1729–1731.

[80] A.C.R. Grayson, A.M. Doody, D. Putnam, Biophysical and structural characteriza-
tion of polyethylenimine-mediated siRNA delivery in vitro, Pharm. Res. 23
(2006) 1868–1876.

[81] Q. Ge, L. Filip, A.L. Bai, T. Nguyen, H.N. Eisen, J. Chen, Inhibition of influenza virus
production in virus-infected mice by RNA interference, Proc.Natl. Acad. Sci. U. S. A.
101 (2004) 8676–8681.

[82] O.M. Merkel, A. Beyerle, B.M. Beckmann, M. Zheng, R.K. Hartmann, T. Stoger, T.H.
Kissel, Polymer-related off-target effects in non-viral siRNA delivery, Biomate-
rials 32 (2011) 2388–2398.

[83] S.H. Kim, J.H. Jeong, S.H. Lee, S.W. Kim, T.G. Park, PEG conjugated VEGF siRNA for
anti-angiogenic gene therapy, J. Controlled Release 116 (2006) 123–129.

[84] A. Beyerle, A. Braun, O. Merkel, F. Koch, T. Kissel, T. Stoeger, Comparative in vivo
study of poly(ethylene imine)/siRNA complexes for pulmonary delivery in mice,
J. Controlled Release 151 (2011) 51–56.

[85] W.J. Kim, C.W. Chang, M. Lee, S.W. Kim, Efficient siRNA delivery using water sol-
uble lipopolymer for anti-anglogenic gene therapy, J. Controlled Release 118
(2007) 357–363.

[86] R.K. Oskuee, A. Philipp, A. Dehshahri, E. Wagner, M. Ramezani, The impact of car-
boxyalkylation of branched polyethylenimine on effectiveness in small interfer-
ing RNA delivery, J. Gene Med. 12 (2010) 729–738.

[87] A. Zintchenko, A. Philipp, A. Dehshahri, E. Wagner, Simple modifications of
branched PEI lead to highly efficient siRNA carriers with low toxicity, Bioconju-
gate Chem. 19 (2008) 1448–1455.

[88] M. Breunig, C. Hozsa, U. Lungwitz, K. Watanabe, I. Umeda, H. Kato, A. Goepferich,
Mechanistic investigation of poly(ethylene imine)-based siRNA delivery: disul-
fide bonds boost intracellular release of the cargo, J. Controlled Release 130
(2008) 57–63.

[89] M.S. Shim, Y.J. Kwon, Acid-responsive linear polyethylenimine for efficient, spe-
cific, and biocompatible siRNA delivery, Bioconjugate Chem. 20 (2009) 488–499.

[90] R.M. Schiffelers, A. Ansari, J. Xu, Q. Zhou, Q.Q. Tang, G. Storm, G. Molema, P.Y.
Lu, P.V. Scaria, M.C. Woodle, Cancer siRNA therapy by tumor selective delivery
with ligand-targeted sterically stabilized nanoparticle, Nucleic Acids Res. 32
(2004).

[91] S.H. Kim, H. Mok, J.H. Jeong, S.W. Kim, T.G. Park, Comparative evaluation of target-
specific GFP gene silencing efficiencies for antisense ODN, synthetic siRNA, and
siRNA plasmid complexed with PEI-PEG-FOL conjugate, Bioconjugate Chem. 17
(2006) 241–244.

[92] S.H. Kim, J.H. Jeong, S.H. Lee, S.W. Kim, T.G. Park, Local and systemic delivery of
VEGF siRNA using polyelectrolyte complex micelles for effective treatment of
cancer, J. Controlled Release 129 (2008) 107–116.

[93] M. Aouadi, G.J. Tesz, S.M. Nicoloro, M.X. Wang, M. Chouinard, E. Soto, G.R. Ostroff,
M.P. Czech, Orally delivered siRNA targeting macrophage Map4k4 suppresses sys-
temic inflammation, Nature 458 (2009) 1180-U116.

[94] B. Urban-Klein, S. Werth, S. Abuharbeid, F. Czubayko, A. Aigner, RNAi-mediat-
ed gene-targeting through systemic application of polyethylenimine (PEI)-
complexed siRNA in vivo, Gene Ther. 12 (2005) 461–466.

[95] M. Grzelinski, B. Urban-Klein, T. Martens, K. Lamszus, U. Bakowsky, S. Hobel, F.
Czubayko, A. Aigner, RNA interference-mediated gene silencing of pleiotrophin
through polyethylenimine-complexed small interfering RNAs in vivo exerts
antitumoral effects in glioblastoma xenografts, Hum. Gene Ther. 17 (2006)
751–766.

[96] A.A. Sidi, P. Ohana, S. Benjamin, M. Shalev, J.H. Ransom, D. Lamm, A. Hochberg, I.
Leibovitch, Phase I/II marker lesion study of intravesical BC-819 DNA plasmid in
H19 over expressing superficial bladder cancer refractory to bacillus calmette-
guerin, J. Urol. 180 (2008) 2379–2383.

[97] J. Lisziewicz, J. Trocio, L. Whitman, G. Varga, J.Q. Xu, N. Bakare, P. Erbacher, C.
Fox, R. Woodward, P. Markham, S. Arya, J.P. Behr, F. Lori, DermaVir: a novel top-
ical vaccine for HIV/AIDS, J. Investig. Dermatol. 124 (2005) 160–169.

[98] X.D. Yuan, L. Li, A. Rathinavelu, J.S. Hao, M. Narasimhan, M. He, V. Heitlage, L.
Tam, S. Viqar, M. Salehi, siRNA drug delivery by biodegradable polymeric nano-
particles, J. Nanosci. Nanotechnol. 6 (2006) 2821–2828.

[99] D.M. Cun, D.K. Jensen, M.J. Maltesen, M. Bunker, P. Whiteside, D. Scurr, C. Foged,
H.M. Nielsen, High loading efficiency and sustained release of siRNA encapsulat-
ed in PLGA nanoparticles: quality by design optimization and characterization,
Eur. J. Pharm. Biopharm. 77 (2011) 26–35.

[100] N. Murata, Y. Takashima, K. Toyoshima, M. Yamamoto, H. Okada, Anti-tumor ef-
fects of anti-VEGF siRNA encapsulated with PLGA microspheres in mice, J. Con-
trolled Release 126 (2008) 246–254.

[101] K.A. Woodrow, Y. Cu, C.J. Booth, J.K. Saucier-Sawyer, M.J. Wood, W.M. Saltzman,
Intravaginal gene silencing using biodegradable polymer nanoparticles densely
loaded with small-interfering RNA, Nat. Mater. 8 (2009) 526–533.



1225K. Bruno / Advanced Drug Delivery Reviews 63 (2011) 1210–1226
[102] J.H. Zhou, J.Y. Wu, N. Hafdi, J.P. Behr, P. Erbacher, L. Peng, PAMAM dendrimers for
efficient siRNA delivery and potent gene silencing, Chem. Commun. (2006)
2362–2364.

[103] L.B. Jensen, K. Mortensen, G.M. Pavan, M.R. Kasimova, D.K. Jensen, V. Gadzhyeva,
H.M. Nielsen, C. Foged, Molecular characterization of the interaction between
siRNA and PAMAM G7 dendrimers by SAXS, ITC, and molecular dynamics simu-
lations, Biomacromolecules 11 (2010) 3571–3577.

[104] G.M. Pavan, L. Albertazzi, A. Danani, Ability to adapt: different generations of
PAMAM dendrimers show different behaviors in binding siRNA, J. Phys. Chem.
B 114 (2010) 2667–2675.

[105] G.M. Pavan, P. Posocco, A. Tagliabue, M. Maly, A. Malek, A. Danani, E. Ragg, C.V.
Catapano, S. Pricl, PAMAM dendrimers for siRNA delivery: computational and
experimental insights, Chem. Eur. J. 16 (2010) 7781–7795.

[106] A. Tsubouchi, J. Sakakura, R. Yagi, Y. Mazaki, E. Schaefer, H. Yano, H. Sabe, Local-
ized suppression of RhoA activity by Tyr31/118-phosphorylated paxillin in cell
adhesion and migration, J. Cell Biol. 159 (2002) 673–683.

[107] Y.Z. Huang, M.W. Zang, W.C. Xiong, Z.J. Luo, L. Mei, Erbin suppresses the MAP ki-
nase pathway, J. Biol. Chem. 278 (2003) 1108–1114.

[108] M.L. Patil, M. Zhang, T. Minko, Multifunctional triblock nanocarrier (PAMAM-
PEG-PLL) for the efficient intracellular siRNA delivery and gene silencing, ACS
Nano 5 (2011) 1877–1887.

[109] O. Taratula, O.B. Garbuzenko, P. Kirkpatrick, I. Pandya, R. Savla, V.P. Pozharov,
H.X. He, T. Minko, Surface-engineered targeted PPI dendrimer for efficient in-
tracellular and intratumoral siRNA delivery, J. Controlled Release 140 (2009)
284–293.

[110] P. Ofek, W. Fischer, M. Calderon, R. Haag, R. Satchi-Fainaro, In vivo delivery of
small interfering RNA to tumors and their vasculature by novel dendritic nano-
carriers, FASEB J. 24 (2010) 3122–3134.

[111] H. Baigude, J. McCarroll, C.S. Yang, P.M. Swain, T.M. Rana, Design and creation of
new nanomaterials for therapeutic RNAi, ACS Chem. Biol. 2 (2007) 237–241.

[112] T. Loftsson, M.E. Brewster, Pharmaceutical applications of cyclodextrins: basic
science and product development, J. Pharm. Pharmacol. 62 (2010) 1607–1621.

[113] M.E. Davis, M.E. Brewster, Cyclodextrin-based pharmaceutics: past, present and
future, Nat. Rev. Drug Discovery 3 (2004) 1023–1035.

[114] M.E. Davis, S.H. Pun, N.C. Bellocq, T.M. Reineke, S.R. Popielarski, S. Mishra, J.D.
Heidel, Self-assembling nucleic acid delivery vehicles via linear, water-soluble,
cyclodextrin-containing polymers, Curr. Med. Chem. 11 (2004) 179–197.

[115] D.W. Bartlett, M.E. Davis, Physicochemical and biological characterization of tar-
geted, nucleic acid-containing nanoparticles, Bioconjugate Chem. 18 (2007)
456–468.

[116] S. Hu-Lieskovan, J.D. Heidel, D.W. Bartlett, M.E. Davis, T.J. Triche, Sequence-specific
knockdown of EWS-FLI1 by targeted, nonviral delivery of small interfering RNA
inhibits tumor growth in a murine model of metastatic Ewing's sarcoma,
Cancer Res. 65 (2005) 8984–8992.

[117] D.W. Bartlett, H. Su, I.J. Hildebrandt, W.A. Weber, M.E. Davis, Impact of tumor-
specific targeting on the biodistribution and efficacy of siRNA nanoparticles
measured by multimodality in vivo imaging, Proc. Natl. Acad. Sci. U. S. A. 104
(2007) 15549–15554.

[118] J.D. Heidel, Z.P. Yu, J.Y.C. Liu, S.M. Rele, Y.C. Liang, R.K. Zeidan, D.J. Kornbrust, M.E.
Davis, Administration in non-human primates of escalating intravenous doses of
targeted nanoparticles containing ribonucleotide reductase subunit M2 siRNA,
Proc. Natl. Acad. Sci. U. S. A. 104 (2007) 5715–5721.

[119] M.E. Davis, J.E. Zuckerman, C.H.J. Choi, D. Seligson, A. Tolcher, C.A. Alabi, Y. Yen, J.D.
Heidel, A. Ribas, Evidence of RNAi inhumans fromsystemically administered siRNA
via targeted nanoparticles, Nature 464 (2010) 1067-U140.

[120] T. Frohlich, E. Wagner, Peptide- and polymer-based delivery of therapeutic RNA,
Soft Matter 6 (2010) 226–234.

[121] J.H. Park, G. Saravanakumar, K. Kim, I.C. Kwon, Targeted delivery of low molec-
ular drugs using chitosan and its derivatives, Adv. Drug Delivery Rev. 62
(2010) 28–41.

[122] T. Kean, M. Thanou, Biodegradation, biodistribution and toxicity of chitosan,
Adv. Drug Delivery Rev. 62 (2010) 3–11.

[123] T.W. Wong, Chitosan and its use in design of insulin delivery system, Recent Pat.
Drug Deliv. Formul. 3 (1) (2009) 8–25 Ref Type: Generic.

[124] T. Kiang, H.Wen, H.W. Lim, K.W. Leong, The effect of the degree of chitosan deace-
tylation on the efficiency of gene transfection, Biomaterials 25 (2004) 5293–5301.

[125] P.L. Ma, M. Lavertu, F.M. Winnik, M.D. Buschmann, New insights into chitosan–
DNA interactions using isothermal titration microcalorimetry, Biomacromole-
cules 10 (2009) 1490–1499.

[126] M. Keller, M.R. Jorgensen, E. Perouzel, A.D. Miller, Thermodynamic aspects and
biological profile of CDAN/DOPE and DC-Chol/DOPE LipoplexesΓÇá, Biochemis-
try 42 (2003) 6067–6077.

[127] K.A. Howard, U.L. Rahbek, X.D. Liu, C.K. Damgaard, S.Z. Glud, M.O. Andersen, M.B.
Hovgaard, A. Schmitz, J.R. Nyengaard, F. Besenbacher, J. Kjems, RNA interference
in vitro and in vivo using a chitosan/siRNA nanoparticle system, Mol. Ther. 14
(2006) 476–484.

[128] S.R. Mao, W. Sun, T. Kissel, Chitosan-based formulations for delivery of DNA and
siRNA, Adv. Drug Delivery Rev. 62 (2010) 12–27.

[129] X.D. Liu, K.A. Howard, M.D. Dong, M.O. Andersen, U.L. Rahbek, M.G. Johnsen, O.C.
Hansen, F. Besenbacher, J. Kjems, The influence of polymeric properties on
chitosan/siRNA nanoparticle formulation and gene silencing, Biomaterials 28
(2007) 1280–1288.

[130] S. Techaarpornkul, S. Wongkupasert, P. Opanasopit, A. Apirakaramwong, J.
Nunthanid, U. Ruktanonchai, Chitosan-mediated siRNA delivery in vitro: effect
of polymer molecular weight, concentration and salt forms, AAPS PharmSciTech
11 (2010) 64–72.
[131] A.M. Ji, D. Su, O. Che, W.S. Li, L. Sun, Z.Y. Zhang, B. Yang, F. Xu, Functional gene
silencing mediated by chitosan/siRNA nanocomplexes, Nanotechnology (2009)
20.

[132] H. Katas, H.O. Alpar, Development and characterisation of chitosan nanoparti-
cles for siRNA delivery, J. Controlled Release 115 (2006) 216–225.

[133] P. Holzerny, M. Keller, B. Ajdini, W. Heusermann, K. Bruno, M. Schuleit, and M.
Lorenz, Biophysical properties of chitosan/siRNA polyplexes: Profiling the poly-
mer/siRNA interactions and bioactivity, J. Controlled Release, (in press).

[134] K.A. Howard, S.R. Paludan, M.A. Behlke, F. Besenbacher, B. Deleuran, J. Kjems,
Chitosan/siRNA nanoparticle-mediated TNF-alpha knockdown in peritoneal
macrophages for anti-inflammatory treatment in a murine arthritis model,
Mol. Ther. 17 (2009) 162–168.

[135] B. Ghosn, A. Singh, M. Li, A.V. Vlassov, C. Burnett, N. Puri, K. Roy, Efficient gene
silencing in lungs and liver using imidazole-modified chitosan as a nanocarrier
for small interfering RNA, Oligonucleotides 20 (2010) 163–172.

[136] J.Y. Pille, H. Li, E. Blot, J.R. Bertrand, L.L. Pritchard, P. Opolon, A.Maksimenko, H. Lu, J.P.
Vannier, J. Soria, C. Malvy, C. Soria, Intravenous delivery of anti-RhoA small interfer-
ing RNA loaded in nanoparticles of chitosan in mice: Safety and efficacy in xeno-
grafted aggressive breast cancer, Hum. Gene Ther. 17 (2006) 1019–1026.

[137] Y. Takei, K. Kadomatsu, Y. Yuzawa, S. Matsuo, T. Muramatsu, A small interfering
RNA targeting vascular endothelial growth factor as cancer therapeutics, Cancer
Res. 64 (2004) 3365–3370.

[138] Y.Minakuchi, F. Takeshita, N. Kosaka, H. Sasaki, Y. Yamamoto,M. Kouno, K. Honma,
S. Nagahara, K. Hanai, A. Sano, T. Kato,M. Terada, T. Ochiya, Atelocollagen-mediated
synthetic small interfering RNA delivery for effective gene silencing in vitro and in
vivo, Nucleic Acids Res. 32 (2004).

[139] K. Hanai, T. Kurokawa, Y. Minakuchi, M. Maeda, S. Nagahara, T. Miyata, T. Ochiya,
A. Sano, Potential of atelocollagen-mediated systemic antisense therapeutics for
inflammatory disease, Hum. Gene Ther. 15 (2004) 263–272.

[140] F. Takeshita, Y. Minakuchi, S. Nagahara, K. Honma, H. Sasaki, K. Hirai, T. Teratani,
N. Namatame, Y. Yamamoto, K. Hanai, T. Kato, A. Sano, T. Ochiya, Efficient deliv-
ery of small interfering RNA to bone-metastatic tumors by using atelocollagen in
vivo, Proc. Natl. Acad. Sci. U. S. A. 102 (2005) 12177–12182.

[141] N. Kinouchi, Y. Ohsawa, N. Ishimaru, H. Ohuchi, Y. Sunada, Y. Hayashi, Y. Tanimoto,
K. Moriyama, S. Noji, Atelocollagen-mediated local and systemic applications of
myostatin-targeting siRNA increase skeletal muscle mass, Gene Ther. 15 (2008)
1126–1130.

[142] Y.H. Liao, S.A. Jones, B. Forbes, G.P. Martin, M.B. Brown, Hyaluronan: pharmaceu-
tical characterization and drug delivery, Drug Delivery 12 (2005) 327–342.

[143] J. Gaffney, S. Matou-Nasri, M. Grau-Olivares, M. Slevin, Therapeutic applications
of hyaluronan, Mol. Biosyst. 6 (2010) 437–443.

[144] H. Lee, H. Mok, S. Lee, Y.K. Oh, T.G. Park, Target-specific intracellular delivery of
siRNA using degradable hyaluronic acid nanogels, J. Controlled Release 119
(2007) 245–252.

[145] S. Taetz, A. Bochot, C. Surace, S. Arpicco, J.M. Renoir, U.F. Schaefer, V. Marsaud, S.
Kerdine-Roemer, C.M. Lehr, E. Fattal, Hyaluronic acid-modified DOTAP/DOPE li-
posomes for the targeted delivery of anti-telomerase siRNA to CD44-expressing
lung cancer cells, Oligonucleotides 19 (2009) 103–115.

[146] G. Jiang, K. Park, J. Kim, K.S. Kim, E.J. Oh, H.G. Kang, S.E. Han, Y.K. Oh, T.G. Park, S.K.
Hahn, Hyaluronic acid-polyethyleneimine conjugate for target specific intracellular
delivery of siRNA, Biopolymers 89 (2008) 635–642.

[147] M. Ravina, E. Cubillo, D. Olmeda, R. Novoa-Carballal, E. Fernandez-Megia, R.
Riguera, A. Sanchez, A. Cano, M.J. Alonso, Hyaluronic acid/chitosan-g-poly(eth-
ylene glycol) nanoparticles for gene therapy: an application for pDNA and
siRNA delivery, Pharm. Res. 27 (2010) 2544–2555.

[148] M.Y. Lee, S.J. Park, K. Park, K.S. Kim, H. Lee, S.K. Hahn, Target-specific gene silenc-
ing of layer-by-layer assembled gold-cysteamine/siRNA/PEI/HA nanocomplex,
ACS Nano (2011).

[149] H.A. Liu, Y.L. Liu, Z.Z. Ma, J.C. Wang, Q. Zhang, A lipid nanoparticle system im-
proves siRNA efficacy in RPE Cells and a laser-induced murine CNV model,
Investig. Ophthalmol. Vis. Sci. 52 (2011) 4789–4794.

[150] K. Park, S. Hong, W. Hur, M. Lee, J. Yang, S. Kim, S. Yoon, Target specific systemic
delivery of TGF-ß siRNA/(PEI-SS)-g-HA complex for the treatment of liver cir-
rhosis, Biomaterials 32 (2011) 4951–4958.

[151] F. Simeoni, M.C. Morris, F. Heitz, G. Divita, Insight into the mechanism of the
peptide-based gene delivery system MPG: implications for delivery of siRNA
into mammalian cells, Nucleic Acids Res. 31 (2003) 2717–2724.

[152] S. Veldhoen, S.D. Laufer, A. Trampe, T. Restle, Cellular delivery of small inter-
fering RNA by a non-covalently attached cell-penetrating peptide: quantita-
tive analysis of uptake and biological effect, Nucleic Acids Res. 34 (2006)
6561–6573.

[153] L. Crombez, M.C. Morris, S. Dufort, G. Aldrian-Herrada, Q. Nguyen, G. Mc Master,
J.L. Coll, F. Heitz, G. Divita, Targeting cyclin B1 through peptide-based delivery of
siRNA prevents tumour growth, Nucleic Acids Res. 37 (2009) 4559–4569.

[154] N. Unnamalai, B.G. Kang, W.S. Lee, Cationic oligopeptide-mediated delivery of
dsRNA for post-transcriptional gene silencing in plant cells, FEBS Lett. 566
(2004) 307–310.

[155] H.K. Kim, E. Davaa, C.S. Myung, J.S. Park, Enhanced siRNA delivery using cationic
liposomes with new polyarginine-conjugated PEG-lipid, Int. J. Pharm. 392
(2010) 141–147.

[156] M.A. Ifediba, Z. Medarova, S.W. Ng, J.Z. Yang, A. Moore, siRNA delivery to CNS cells
using a membrane translocation peptide, Bioconjugate Chem. 21 (2010) 803–806.

[157] W.L. Kim, L.V. Christensen, S. Jo, J.W. Yockman, J.H. Jeong, Y.H. Kim, S.W. Kim,
Cholesteryl oligoarginine delivering vascular endothelial growth factor siRNA
effectively inhibits tumor growth in colon adenocarcinoma, Mol. Ther. 14
(2006) 343–350.



1226 K. Bruno / Advanced Drug Delivery Reviews 63 (2011) 1210–1226
[158] Y. Nakamura, K. Kogure, S. Futaki, H. Harashima, Octaarginine-modified multi-
functional envelope-type nano device for siRNA, J. Controlled Release 119
(2007) 360–367.

[159] L. Tonges, P. Lingor, R. Egle, G.P.H. Dietz, A. Fahr, M. Bahr, Stearylated octaargi-
nine and artificial virus-like particles for transfection of siRNA into primary rat
neurons, Rna-A Publ. Rna Soc. 12 (2006) 1431–1438.

[160] C.L. Zhang, N. Tang, X.J. Liu, W. Liang, W. Xu, V.P. Torchilin, siRNA-containing
liposomes modified with polyarginine effectively silence the targeted gene,
J. Controlled Release 112 (2006) 229–239.

[161] E.J. Kim, G. Shim, K. Kim, I.C. Kwon, Y.K. Oh, C.K. Shim, Hyaluronic acid complexed
to biodegradable poly L-arginine for targeted delivery of siRNAs, J. Gene Med. 11
(2009) 791–803.

[162] A. Muratovska, M.R. Eccles, Conjugate for efficient delivery of short interfering
RNA (siRNA) into mammalian cells, FEBS Lett. 558 (2004) 63–68.

[163] E.W. Song, P.C. Zhu, S.K. Lee, D. Chowdhury, S. Kussman, D.M. Dykxhoorn, Y.
Feng, D. Palliser, D.B. Weiner, P. Shankar, W.A. Marasco, J. Lieberman, Antibody
mediated in vivo delivery of small interfering RNAs via cell-surface receptors,
Nat. Biotechnol. 23 (2005) 709–717.

[164] D. Peer, P.C. Zhu, C.V. Carman, J. Lieberman, M. Shimaoka, Selective gene silencing
in activated leukocytes by targeting siRNAs to the integrin lymphocyte function-
associated antigen-1, Proc. Natl. Acad. Sci. U. S. A. 104 (2007) 4095–4100.

[165] D. Peer, E.J. Park, Y. Morishita, C.V. Carman, M. Shimaoka, Systemic leukocyte-
directed siRNA delivery revealing cyclin D1 as an anti-inflammatory target, Sci-
ence 319 (2008) 627–630.

[166] A. Eguchi, B.R. Meade, Y.C. Chang, C.T. Fredrickson, K. Willert, N. Puri, S.F. Dowdy,
Efficient siRNA delivery into primary cells by a peptide transduction domain-
dsRNA binding domain fusion protein, Nat. Biotechnol. 27 (2009) 567-U110.
[167] S.A. Moschos, S.W. Jones, M.M. Perry, A.E. Williams, J.S. Erjefalt, J.J. Turner, P.J.
Barnes, B.S. Sproat, M.J. Gait, M.A. Lindsay, Lung delivery studies using siRNA
conjugated to TAT(48–60) and penetratin reveal peptide induced reduction in
gene expression and induction of innate immunity, Bioconjugate Chem. 18
(2007) 1450–1459.

[168] B.R. Meade, S.F. Dowdy, Enhancing the cellular uptake of siRNA duplexes follow-
ing noncovalent packaging with protein transduction domain peptides, Adv.
Drug Delivery Rev. 60 (2008) 530–536.

[169] S.E.L. Andaloussi, T. Lehto, I. Mager, K. Rosenthal-Aizman, I.I. Oprea, O.E. Simonson,
H. Sork, K. Ezzat, D.M. Copolovici, K. Kurrikoff, J.R. Viola, E.M. Zaghloul, R. Sillard, H.J.
Johansson, F.S. Hassane, P. Guterstam, J. Suhorutsenko, P.M.D.Moreno, N. Oskolkov,
J. Halldin, U. Tedebark, A. Metspalu, B. Lebleu, J. Lehtio, C.I.E. Smith, U. Langel,
Design of a peptide-based vector, PepFect6, for efficient delivery of siRNA in
cell culture and systemically in vivo, Nucleic Acids Res. 39 (2011) 3972–3987.

[170] J.O. McNamara, E.R. Andrechek, Y. Wang, D. Viles, R.E. Rempel, E. Gilboa, B.A.
Sullenger, P.H. Giangrande, Cell type-specific delivery of siRNAs with
aptamer-siRNA chimeras, Nat. Biotechnol. 24 (2006) 1005–1015.

[171] J.P. Dassie, X.Y. Liu, G.S. Thomas, R.M. Whitaker, K.W. Thiel, K.R. Stockdale, D.K.
Meyerholz, A.P. McCaffrey, J.O. McNamara, P.H. Giangrande, Systemic adminis-
tration of optimized aptamer-siRNA chimeras promotes regression of PSMA-
expressing tumors, Nat. Biotechnol. 27 (2009) 839-U95.

[172] T.C. Chu, K.Y. Twu, A.D. Ellington, M. Levy, Aptamer mediated siRNA delivery,
Nucleic Acids Res. 34 (2006).

[173] J.H. Zhou, H.T. Li, S. Li, J. Zaia, J.J. Rossi, Novel dual inhibitory function aptamer-
siRNA delivery system for HIV-1 therapy, Mol. Ther. 16 (2008) 1481–1489.


	Using drug-excipient interactions for siRNA delivery
	1. Introduction
	2. Delivery of naked siRNA
	3. Excipient-siRNA interactions to tailor delivery
	3.1. Lipids
	3.1.1. Neutral liposomes
	3.1.2. Cationic lipids

	3.2. Polymers
	3.2.1. Polyethyleneimine (PEI)
	3.2.2. Poly(lactic-co-glycolic acid) (PLGA)
	3.2.3. Dendrimers
	3.2.4. Cyclodextrin
	3.2.5. Chitosan
	3.2.6. Atelocollagen
	3.2.7. Hyaluronic acid

	3.3. Cell penetrating peptides
	3.4. Aptamers

	4. Conclusion
	References


