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Current Status of siRNA Delivery Technology and siRNA Drug Develop-
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Abstract: In the past decade, therapeutic potential of RNA interference (RNAI) and its application to human diseases
were widely discussed in the related fields of biology, medical sciences, and pharmaceutical sciences. In course of these
research and developing processes, efficient transduction of small interfering RNA (siRNA) into target cells is one of the
most significant breakthroughs in revealing the feasibility of sSiRNA-mediated therapies. From the aspect of new siRNA
derived drug development, drug delivery system (DDS) holds the key to success. Many studies in the field of DDS have
revealed the principles of administration, distribution, metabolism, and excretion of drug carriers in living bodies. Fur-
thermore, these principles put ideas of the theoretical formulation adapted to use in local and systemic administration of
siRNA. In this review we focused on the current technology of DDS and its importance upon realizing the therapeutic use

of sSiRNA.

INTRODUCTION

Gene medicines have been expected to be either molecu-
lar targeting medicines or personalized drugs. After mapping
of human genome, this aspect becomes more realistic. In the
past, anti-sense oligodeoxynucleotides (ODNs) were widely
investigated, although it required quite a few amounts of the
agents to reduce of target protein expression. Accordingly,
researchers acknowledged the discovery of small interfering
RNA (siRNA) which silenced target genes with only a small
amount as a landmark. siRNAs consisting of shorter than 30
nucleotide double-stranded RNA assemble the RNA-induced
silencing complex (RISC), and lead the cleavage of the tar-
get complementary mRNA. Those could be used as potent
suppressant against sequence-specific gene expression in
mammals [1,2], and expected to be a potential therapeutic
resolution of a variety of diseases [3]. The therapeutic target
of siRNA is extensively obtainable, and assumed to be appli-
cable for wide range of diseases, including viral infection
[4], genetic and non-genetic diseases [5,6]. However, in or-
der to be recognized as a practical application to human dis-
eases, siRNA must meet the criteria of pharmacodynamics,
pharmaco-kinetics and toxicokinetics as therapeutic agents,
like other small-molecule drugs and biological agents. From
the viewpoint of new siRNA-derived drug development,
carrier system of the gene medicine, in other words, drug
delivery system (DDS) is one of the crucial technologies.
This review highlights the current technology of siRNA de-
livery of into the target cells.

DEVELOPMENT OF NUCLEIC ACID-DERIVED
MEDICINE

The effort to develop the nucleic acid medicine such as
antisense ODNSs [7] and ribozymes [8] has been carried on,
before the finding of siRNA. Antisense ODNSs suppress se-
quence-specific gene expression with single chain RNA,
DNA, or chemically modified their analogues, possessing
complimentary base sequence of targeted messenger RNA.
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In 1998, FDA approved the first antisense drug Vitravene®
(Fomivirsen) [9], a product of Isis Pharmaceuticals and No-
vartis Ophthalmics. Vitravene is injected intravitreally for
the treatment of cytomegalovirus retinitis. Currently, a large
number of antisense drugs are on clinical trial [10]. One of
the disadvantages associated with ODNSs as gene medicine is
that a number of ODNs should be introduced in a cell for
obtaining relevant gene silencing.

CHEMICALLY SYNTHESIZED siRNAs AND siRNA
GENERATING VECTORS

In 2001, Tuschl et al. reported that chemically synthe-
sized 21 base-pair double-stranded RNA molecules sup-
pressed the target gene with high specificity [1]. Since then,
chemically synthesized siRNA has been widely used for bio-
logical researches to identify gene functions. Chemically
synthesized siRNA can be modified with functional group by
chemical reaction for improving the stability in vivo and re-
ducing non-specific gene suppression. 2'-OH modifications
on the ribose ring of siRNA increased the persistence of
RNAI as compared with wild-type siRNAs. RNAI was also
induced with chemical modifications that stabilized interac-
tions between A-U based pairs, demonstrating that these
types of modifications may enhance mRNA targeting effi-
ciency in allele-specific RNAI [11,12]. The duration of ef-
fective specific-gene silencing by chemically synthesized
siRNA in cell is a couple of weeks at the longest [13,14].

siRNA encoded on gene expression vector was devel-
oped to cover the insufficiency of chemically synthesized
siRNA. Plasmids that encode DNA templates of two com-
plimentary short RNAs for the synthesis of siRNAs were
reported [15]. Some other groups also reported successful
application of short hairpin-RNA (shRNA) encoding plasmid
DNA. The transcribed shRNAs were effectively silenced the
genes of interest [16-18]. siRNAs coded in plasmid DNA
vector (double-stranded close circular DNA) [19-21] or viral
vector (adenovirus, retrovirus, lentivirus, etc.) [22] are con-
stantly transcribed siRNA in the nucleus of host cells and
transcripts are transported to the cytoplasm.
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Viral vectors may be useful for systemic delivery of
siRNA and could provide tissue-specific and high-efficient
SiRNA expression, but bring a unique set of risks and safety
concerns. In most non-viral carriers, sSiRNA or shRNA in
plasmid DNA forms complexes with carrier components to
improve the stability and transfection efficiency in vivo [23-
25]. Development of gene transfection carriers could deliver
SiRNA to the target site. The first requisite for the success of
non-viral carrier siRNA in the therapeutic the application is
development of siRNA transfection carriers.

BIOLOGICAL BARRIER TO siRNA DELIVERY AND
DDS

In order to develop and perform gene-silencing experi-
ment based on siRNA technology in vivo and further thera-
peutic use of siRNA, DDS is one of the most important is-
sues. In DDS for siRNA, drug carriers actually face many
obstacles to overcome. Basically, double stranded RNA in-
cluding siRNA can be easily suffered from enzymatic degra-
dations by ribonuclease (RNase) and is not stable in blood
circulation. Non-viral carries are known to interact with
many organs including immune system and reticuloendothe-
lial systems.

Of course, the first important step of DDS is to choose
effective administration route; local or systemic for each
therapeutic application. DDS for local administration can

The Open Drug Delivery Journal, 2007, Volume 1 21

reduce problems that might occur in the systemic administra-
tion and is more practical in some cases [3]. However, there
are many diseases that require the systemic administration
and therefore the development of DDS for systemic admini-
stration allows the treatment of disorders with no effective
treatment modality is required.

GLOMERULAR FILTRATION AND CAPTURE IN
ORGAN

Capillary blood vessel is classified in two types by its
structure, fenestrated capillary or non-fenestrated capillary.
Fenestrated capillary possess a number of 70-100 nm pores
in intercellular junction of capillary endothelium [26]. Mo-
lecular weight of siRNA is about 13,000 Da and these mole-
cules are filtrated in glomerulus and immediately excreted
[27]. To avoid the glomerular filtration, molecules should be
larger than 70,000 Da or 5 nm in diameter [28]. Carriers for
siRNA form functional complexes with siRNA and can
avoid the glomerular filtration. The size of siRNA-carrier
complex can be adjusted by the physical and chemical prop-
erties of the carriers (Fig. 1). Hepatic sinusoid has relatively
larger gaps than other organs. Particles smaller than 100 nm
tend to leak out to the interstitial space of sinusoid and
trapped by hepatic parenchyma cells or Kupffer cells [29].
At the same time, particles larger than 200 nm are entrapped
by reticuloendothelial system (RES) such as liver and spleen,
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and rapidly removed from systemic circulation [30]. Bring-
ing together previous reports of liposomes therefore suggests
the suitable size for systemic administration is about 100 nm
in diameter.

The scientific knowledge obtained by the research on
liposomes in comparison with cells in bloodstream, espe-
cially red blood cells (RBC), has developed the biologically
functional modification or the modification to produce aque-
ous fix layers on the surface of nanoparticles for obtaining
long-circulating character-istic. It was shown that reduced
RES trapping was achieved by the modification of liposomes
with polyethyleneglycol (PEG) [31-35], dextran [36], or po-
lyglycerol [37]. We previously reported that the liposomes
modified with a glucuronic acid derivative, palmityl-D-
glucuronide (PGIcUA) [38,39], had a long circulation time in
blood stream of rats and mice. A lot of information from
pharmacokinetics and DDS research could be very useful
and enabled us to design the siRNA nanocarriers adapted to
use in gene therapies.

STABILITY IN BLOODSTREAM

Double-stranded siRNA is relatively unstable in the pres-
ence of serum and in bloodstream; it would be degraded by
RNase within a short period of time. Degradation can be
delayed or avoided by chemical modification of the oligonu-
cleotides [11,12] and/or by the formation of complexes with
carriers [25]. Nucleic acids are negatively charged and elec-
trostatically form complexes with cationic carriers. After
forming of nucleotides and cationic carrier complexes, com-
plexes are still positively charged and act in the bloodstream
as cationic particles do. Cationic nanoparticles react with
negatively charged molecules such as serum proteins, plate-
lets, and RBCs in the bloodstream and form undesirable ag-
gregates [40]. Surface modification of positively charged
lipoplex by PEG can protect siRNA from RNase-mediated
degradation. PEG-modification also protects lipoplex from
aggregation by composing fixed water layer on the outer
surface of poly-cationic lipoplex and these lipoplex acts as
electrostatically neutral nanoparticles [41-43]. PEG-modified
nanoparticles are also expected to solve the problems that
come with the positively charged nanoparticles such as cyto-
toxic effects [41].

CELLULAR UPTAKE OF siRNA AND RNAi EFFECT
IN TARGET CELLS

After the delivery of siRNA to the target organs, there
still remain the barriers to obtain RNAI effects, namely
transmembrane delivery and appropriate intracellular local-
ization. The two significant steps in the delivery of chemi-
cally synthesized siRNA with carriers passing through
plasma membrane and disassembly of nucleotides-carrier
complexes. Plasma membrane is composed of phospholipids
bilayer with membrane proteins and glycolipids. Many spe-
cific modifications on the surface of carriers have been at-
tempted to improve the efficiency of selective-transfection.
Target specific molecules such as small artificial molecules,
carbohydrates, peptides, aptamers, proteins and immune
globulins were reported to improve the cellular uptake of the
lipoplex as planned [44-48]. To achieve efficient cytosolic
delivery of siRNA, liposomes fused with fusogenic viral
envelope, virosomes, are reported [49].
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INTRACELLULAR TRANSPORTATION

siRNA, which is taken up into the target cell cytoplasm,
forms a functional complex called RISC [50-52] and de-
grades mRNAs, consequently suppresses the sequence spe-
cific gene expression. In these processes, siRNA must de-
compose from the siRNA-carrier complex in the cytoplasm
to form the RISC to show RNA:I effects. Chemically synthe-
sized SiRNA acts as a mRNA suppresser which directly
forms RISC in cytoplasm. On the other hand, vector type
SiRNA such as plasmid DNA and siRNA encoded in viral
nucleic acids must be transported into the cell nucleus, and
then transcribed to generate the siRNA precursor RNA. The
nuclear transportation efficiency of siRNA expressing vec-
tors, especially plasmid vectors, is one of the most important
steps to obtain RNAI effect using vector type siRNA. In the
case of non-viral carriers, nucleotides-carrier complex must
be dissociated in cytoplasm, since it is unable to pass the
nuclear membrane as a complex form [53,54].

LIPOSOMES AND OTHER TRANS- FECTION CAR-
RIERS

Many tools for non-viral gene transfection have been
developed all over the world. Gene transfection carriers can
be classified into viral vectors and non-viral carriers, and the
most non-viral carriers fall into the category of nanoparticles
and polyethylenimine-based cationic polymers [55-57].
Nanoparticles consist of various materials and the sizes, var-
ied from a few nanometers to several hundred nanometers.
Each carrier possesses biological and pharmacological char-
acters.

LIPOSOME

Liposomes are small spherical vesicles which consist of
phospholipids bilayer. To utilize liposome for siRNA deliv-
ery, siRNA and liposome form functional complex. Cationic
liposome is broadly used for gene transfection [58]. Nega-
tively-charged nucleotides, namely siRNA, electrostatically
bind with cationic liposome containing positively-charged
amphiphilic molecules and form a stable complex, called
lipoplex. Some articles featured the liposomes, which encap-
sulated nucleotides inside the vesicles [59] or with outer sur-
face modification [60,61]. These liposomes protect siRNA
against ribonuclease degradation [62].

POLYMERIC MICELLE

Amphiphilic block copolymers spontaneously form core-
shell type polymeric micelles in aqueous media [63,64]. Po-
lymeric micelles have a solid-like inner core, which serves as
a potent nanocontainer of hydrophobic compounds. The
chemical structures and properties of the micellar core-
forming blocks significantly affect drug loading efficiency
and drug release rate [65]. Similarly, hydrophilic and cati-
onic copolymers effectively trap siRNA to make core con-
sisting anionic siRNA and cationic blocks. Block copolymer
of polyethyleneglycol and polylysine was used for this pur-
pos [64,66].

OTHER NANOPARTICLES

Nanoparticles which consist of proteinaceous biopolymer
(atelocollagen, gelatin, etc.) are developed for gene transfec-
tion carrier [67,68]. Generally, these materials are used in
pharmaceuticals, cosmetics and foods, and considered as a
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“generally regarded as safe (GRAS)” material by the United
States Food and Drug Administration. Nucleotides for trans-
fection are encapsulated in proteinaceous nanoparticles and
in particles that come with surface modification molecules to
advance the transfection efficiency.

In these non-viral gene transfection carriers, liposomes have
been most commonly used from the early period and its po-
tency has been well understood. We have developed that
liposomes specialize for gene transfection carrier through it
before. Especially, poly-cationic liposomes (PCL) based on
cetyl-polyethylenimine technique have high transfection
efficiency and high stability in the presence of serum in vitro
and in vivo [69-71]. These liposomes also have good results
on siRNA delivery and gene silencing efficiency.

SiRNA-RELATED DRUGS AND DDS

Many siRNA-related drugs have been developed in pre-
clinical and clinical studies. These siRNA-related drugs
could be classified by nucleotides, namely siRNA or siRNA
encoding genes, DDS strategy in the drug form either non-
viral carrier or viral vector, route of administration, and type
of target diseases [72].

LOCAL ADMINISTRATION
1. Ophthalmic Disease

Direct intraocular administration: Age-related macular
degeneration (AMD) is a form of macular degeneration ob-
served among adults over 60 years of age, and is affecting
over 15 million people in the United States alone. About 10-
15% of AMD is classified into wet AMD [73]. In wet AMD,
angiogenesis in and around retina and blood leaking from
destructive vasculature is a causal role of blindness. Vascular
endothelial growth factor (VEGF) and its receptor VEGFR
have found to be directly involved in the vessel [74]. Sirna
Therapeutics is developing Sirna-027, a chemically modified
SiRNA that targets VEGFRL. Sirna-027 was directly injected
intraocular and reported to reduce neovascularization [75].
Bevasiranib is a siRNA designed to silence the gene of
VEGF. Acuity Pharmaceuticals reported the encouraging
Phase Il results for Bevasiranib in wet AMD. Bevasiranib
decreased the CNV lesions dose-dependent manner with no
systemic adverse effects. Intraocular space is highly isolated
environment and well-suited to assure the therapeutic poten-
tial of sSiRNA (Acuity Pharmaceuticals, Press release).

2. Respiratory Disease: Inhalation

Local administration of siRNA by inhalation can be de-
livered directly to pulmonary tissue and respiratory system,
and effectively incorporated in target cells. Respiratory syn-
cytial virus (RSV) infection is a great risk to young children
and other immune compromised populations, such as elderly
population and those who received bone marrow transplanta-
tion [76-78]. Alnylam Pharmaceuticals is developing ALN-
RSVO01, nasal inhaler formulation of chemically modified
SiRNA targeted RSV. Virus specific SiRNA can be used to
inhibit the replication of virus in the host cells. Virus specific
gene is basically believed to avoid the side effects caused by
suppressing endogenously expressed gene in host cell ide-
ally. Phase | study of inhaled formulation of ALN-RSVO01
was prepared via a nebulizer and administered as intranasal
spray. Alnylam reported the safety, tolerability, and pharma-

The Open Drug Delivery Journal, 2007, Volume 1 23

cokinetics, and initiated human experimental infection study
with RSV. The other siRNA targeted to viral infection exam-
ined earlier [79,80]. Developments of anti-influenza virus,
siRNA for H5N1 strain of bird flu and anti-coronavirus
siRNA for severe acute respiratory syndrome (SARS) have
been also reported to prepare for possible epidemic in the
future [81-83].

siRNA for non-infectious respiratory diseases, such as
asthma and is chronic obstructive pulmonary disease
(COPD), are also under development. These diseases are
closely related to the inflammation, and siRNAs targeted to
inflammatory cytokines are focused in some companies [84].
To deliver siRNA drugs in every detail of pulmonary tissue
required for a therapeutic dosage, DDS innovations for pre-
paring desirable size of nanoparticles and devices for ad-
ministration are important.

3. Genetic Neurodegenerative Diseases

Genetic disorders and genetic neurodegenerative diseases
are often caused by a dominant mutation in a single allele,
and therefore RNAI might be a useful therapeutic strategy
[85]. siRNA sequence designed for specific suppression of
mutated allele was reported, but problems in delivery of the
SiRNA to the targeted tissue at a theoretical therapeutic dos-
age and in appropriate duration of RNAI effect have not yet
been solved. Effective siRNA delivery systems must be es-
tablished to develop the application to neuronal diseases.
Firstly, transfection efficiency is a major matter for genetic
disorders. Regardless of the administration route, whether
the systemic administration or the local administration, ad-
ministered siRNA must be incorporated directly into target
cells expressing mutated gene products. Secondly, many of
these neurodegenerative disorders gradually progress over
the years, while the duration of RNAI effect by chemically
synthesized siRNA is about 10 days at the longest. There-
fore, the repeated administration safety of chemically syn-
thesized or vector type siRNA must be examined. Although
siRNA therapy for neurodegenerative disorder is quite chal-
lenging as well as other diseases at this time, aggressive re-
searches have been conducted all over the world. Challenges
to siRNA on intractable diseases (e.g. Huntington’s disease,
cystic fibrosis, Parkinson’s diseases, spinal cord injury,
amyotrophic lateral sclerosis, etc.) were reported by Sirna
Therapeutics, Alnylam Pharmaceuticals Inc., and Cytrx Cor-
poration.

4. Hair Removal: Topical Administration

Sirna Therapeutics reported to develop a topical delivery
drug of siRNA for the application of hair removal. The target
gene is human hairless gene expressed in hair root cells [86].
This cream formulized siRNA drug that penetrates the pores
of the skin and is delivered to the hair follicle directly. From
the view point of DDS, stability and incorporated efficiency
of the siRNA might be improved by the ingredient of base.

EX VIVO siRNA ADMINISTRATION

Acquired Immune Deficiency Syndrome (AIDS): Human
Immunodeficiency Virus (HIV), the causative agent of
AIDS, has infected over 40 million people. AIDS-related
lymphoma is an occurrence of lymphatic cancer in about
10% of AIDS patients [87,88]. Presently, some patients who
have received chemotherapy of AIDS-related lymphoma are
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on the clinical trial of siRNA therapies. In this program, the
haematopoietic stem cells expressing CD34 antigen are col-
lected from the patients’ peripheral circulation prior to the
chemotherapy and amplified by in vitro culturing. Multiple
kinds of siRNA anti-HIV were transduced into haema-
topoietic stem cells with a lentivirus vector coding the anti-
HIV short hairpin RNA (shRNA) gene in vitro, and engi-
neered haematopoietic stem cells were transplanted after
received chemotherapy [89]. In this program, siRNA trans-
duction has been done in vitro and sufficient dose of sSiRNA
was introduced without systemic adverse effect. The knowl-
edge of in vitro siRNA transduction can be applicable in this
case.

SYSTEMIC ADMINISTRATION

Generally, liver is considered as a great barrier against
systemically administered drugs in DDS studies. It is one of
the largest organs and possesses high ability to remove for-
eign substances through phagocytosis by monocytes and
Kupffer cells [90,91]. Hepatic sinusoid structurally differs
from other blood vessels: it has relatively large fenestrae,
which allows molecules and particles smaller than 100 nm to
leak from the vessel to the extravascular cavity. From the
different standpoint, liver is a glamorous organ in drug de-
livery. Based on the characteristics of liver mentioned above,
almost all DDS carriers injected could be accumulated by
systemic administration. Furthermore, surface modification
with specific glycolipids having mannose or galactose termi-
nal enhances the accumulation in liver [92,93]. In the view
of this pharmacological knowledge, siRNA targeting liver
should be the most advanced stage of DDS-based systemic
administration. Systemic administration is also applicable for
diabetes, cancer and so on.

1. Viral Hepatitis

A large number of people around the world is disturbed
by chronic viral hepatitis induced by hepatitis B virus (HBV)
and by hepatitis C virus (HCV), and the number of patients
is increasing [94-97]. Benitec Limited and Sirna Therapeu-
tics are challenging to develop siRNA drug for viral hepatitis
[98]. As mentioned above, liver is an ideal organ for sys-
temic administration, such evidence however mainly estab-
lished and proved in small animal models [98]. Ensuring
safety of high siRNA dose enough to eliminate the entire
virus in liver should be taken carefully into our consideration
when applying it for human therapy.

2. Hyperlipidaemia and Diabetes

Alnylam Pharmaceuticals is developing siRNA drug anti-
apolipoprotein B (ApoB) for the treatment of hyperlipidae-
mia. They reported the RNAi-mediated ApoB gene silencing
in non-human primates cynomolgus monkeys [99,100]. In
this case, they used siRNA-encapsulated liposomes with 77-
83 nm diameters. As a result, ApoB and low-density lipopro-
tein (LDL) in serum were suppressed from 24 h post admini-
stration and the effect was sustained 10 days post administra-
tion. Sirna therapeutics is developing anti-PTP-1B siRNA.
PTP-1B is considered as a therapeutic target molecule for
type Il diabetes and plays an important role in insulin resis-
tance [101]. They prepared chemically modified siRNA tar-
get PTP-1B and encapsulated in PEG modified liposomes.
This drug was administrated to mouse intravenously and
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PTP-1B expression in liver was suppressed 67% (reported in
the corporation website).

3. Cancer

Many candidate genes for therapeutic use of siRNA in
cancer were reported previously [3,102]. There are many
gene mutations in cancer cells: Several single nucleotide
mutant forms of p53 and ras are frequently mutated in hu-
man cancer and chromosomal translocation in leukaemia and
lymphoma are well known [3,103,104]. Many gene products
functionally associated with the growth and malignancy of
cancers in vitro and in vivo, e.g. anti-apoptotic proteins, cy-
toskeleton proteins, signal-transducing proteins, growth fac-
tors, and receptors, have been reported [102,105,106]. Effi-
cient validation of siRNA against cancer, however, is not
achieved especially in human. One of the most serious prob-
lems for the achievement is the lack of efficient delivery
system of siRNA to the targeting genes.

Tumor angiogenesis is a fascinating target of drug deliv-
ery system. We previously developed drug delivery system
targeted tumor angiogenesis by use of liposomes modified
by target specific peptide ligands [107-109]. Intradigm Cor-
poration and Sirna therapeutics are developing siRNA tar-
geted VEGFR. The siRNA carrier of Intradigm is a polym-
eric micelle with positively charged core and PEG chain,
outer surface is modified with peptide which selectively
binds to tumor neovasculature.

PERSPECTIVE

siRNA technology has been rapidly developed since
chemically synthesized siRNA was reported in 2001. There
are a number of glamorous targets in therapeutic use of
siRNA and its derivatives. Different from the conventional
small molecular drugs, siRNA cannot be used without ap-
propriate gene carriers or vectors. We are now developing
real-time in vivo imaging system of gene carriers, such as
liposomes by use of positron-emission tomography (PET).
This technology should support the development of various
SiRNA carriers. Gene delivery system in either local or sys-
temic administration of siRNA should be a key player in
successful siRNA therapy.
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