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Introduction: The discovery of synthetic small interfering RNA (siRNA) has led

to a surge of interest in harnessing RNA interference (RNAi) technology for

biomedical applications and drug development. Even though siRNA can be

a powerful therapeutic drug, its delivery remains a major challenge, due to

the difficulty in its cellular uptake. Naked siRNA has a biological half-life of

less than an hour in human plasma. To increase the lifetime and improve its

therapeutic efficacy, non-viral vectors have been developed. As a natural evo-

lution, cyclodextrins (CDs), which are natural cyclic oligosaccharides, have

recently been applied as delivery vehicles for siRNA, and this in turn, has led

to a surge of interest in this area.

Areas covered: This review discusses the recent advances made in the design

of delivery strategies for siRNA, focusing on CD-based delivery vectors,

because these have demonstrated clinical success. The methods of prepara-

tion of CD-based vectors, their characterization, transfection efficiencies, cel-

lular toxicity, preclinical and clinical trials are also addressed, as well as future

therapeutic applications.

Expert opinion: siRNA-mediated RNAi therapeutics is beginning to transform

healthcare, particularly, for the treatment of solid tumors. For example,

CALAA01, a targeted, self-assembling nanoparticle system based on CD com-

plexed with siRNA has been effective in phase I clinical trials. Although siRNA

therapeutics suffers from problems related to off-target effects and non-

specific gene silencing, these problems can be overcome by reducing the

nanoparticle size, improving the targeting efficiency and by modifying the

primary sequence of the siRNA.
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1. Introduction

Gene silencing by RNA interference (RNAi) technology has recently gained wide-
spread attention in pharmaceutical biotechnology in view of its ability to mitigate
diseases such as cancer, viral diseases and genetic disorders [1]. RNAi is triggered
by siRNA, which is a double-stranded RNA (dsRNA) consisting of two
21 -- 22 base pair complementary strands with special recognizing two-base 3¢ over-
hangs [2]. These are generated from a long dsRNA of either exogenous or endoge-
nous origin that is recognized by a dsRNA-specific endonuclease, called Dicer, an
enzyme, which can cleave long dsRNAs into siRNAs. Once inside the cytoplasm
of a given cell, siRNA gets integrated into a nuclease complex, called RNA-
induced silencing complex (RISC). One of the strands of the siRNA duplex (the
passenger strand) is cleaved and discarded, while the other, the antisense strand
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remains bound to the RISC complex and serves as a ‘guide
strand’ to direct the sequence specificity of RISC. The
single-stranded RNA--RISC complex then detects messenger
RNA (mRNA) sequences inside the cytoplasm and locates
mRNA sequences with a homologous sequence to induce
the cleavage of mRNA, thus inhibiting its translation into
protein [3,4].
siRNAs are more stable to nuclease degradation than the

unmodified antisense oligonucleotides and, therefore, they
can show a more sustained therapeutic effect than that
obtained with antisense therapy and are thus a potent tool
for the therapeutic study of diseases both in vitro and in vivo
[3,5-6]. The therapy can be achieved by specific delivery of
siRNAs using suitable vectors [7]. Naked siRNAs have a bio-
logical half-life of less than an hour and are rapidly excreted
by the kidney without penetrating through the cellular phos-
pholipid membrane [8,9]. Since siRNAs do not readily cross
the cellular membrane because of their negative charge and
size [1], the simple addition of naked, unmodified siRNAs to
the culture medium that overlies a mammalian cell does not
result in an effective knockdown of the target gene [10]. How-
ever, suitable vectors have been developed for the specific
delivery of siRNAs [7] in which the vector encapsulates
siRNAs so that they can reach the cytoplasm of target cells
and induce silencing.
Barriers for siRNA delivery have been elegantly summa-

rized by Li and Szoka [11], but a number of approaches have
been developed to circumvent these barriers [5]. One hurdle
associated with intravenous administration involves the need
to avoid potential interactions with plasma proteins and
uptake by macrophages of the monocyte phagocytic system
(MPS). In order to stabilize siRNA in the serum, chemical
modification of the ribose backbone or diester linkage on
siRNA by substituting a phosphorothioate linkage has been
attempted to enhance the siRNA resistance to nucleases and
increase the plasma half-life [12]. Interactions with plasma pro-
teins are particularly problematic for cationic delivery systems
because these interact to form aggregates that are either
entrapped in the lung endothelial capillary bed or taken up
by the MPS [13]. Another hurdle involves crossing the perme-
able endothelium such as in neovascularized tumors or
inflammation. Here, size is crucial, since only small particles
of 50 -- 200 nm are able to pass through the fenestrated bar-
riers through an enhanced permeability and retention (EPR)
effect [1-3]. Before reaching the cellular level, the delivery sys-
tem also needs to cross the tight network junctions of the
extracellular matrix that contains a variety of polysaccharides
and proteins enveloping the surface of the cells. Finally, hav-
ing reached the surface of the tumor cells, siRNAs then need
to overcome the problems of poor intracellular penetration
and sub-cellular localization. These five barriers need to be
considered when developing new delivery systems.
Despite continuous efforts in the development of novel

delivery vehicles for targeting siRNA to a specific site, a
number of critical parameters have yet to be superceded in

order to attain the optimal activity, improved stability,
increased plasma half-life, tissue or cell specificity and
improved cellular penetration. Several research groups [1-5]

have been working on designing suitable polymeric nanopar-
ticles that can address these critical requirements in order to
achieve optimal delivery of siRNA.

Polymeric nanoparticles often used as siRNA delivery vectors
are normally positively charged at physiological pH such that
they can electrostatically interact with anionic charges (e.g.,
RNA) to form nanocomplexes. As the complexes possess a
global net positive surface charge, these can be easily attached
to the negatively charged cell surface with subsequent endocy-
tosis. However, for full therapeutic availability of siRNA for
gene silencing, such delivery vehicles must also protect siRNA
from degradation and exhibit site specificity for efficient cellu-
lar uptake. Polymer and/or lipid encapsulation strategies
have been attempted to shield the vector against degradation,
clearance and immune response [14].

Polymeric carriers have great versatility, since these can be
modified by changing the molecular weight, the geometry
(linear vs. branched) and introducing a binding ligand
through a covalent linkage. Polymers also have an advantage
over lipid-based systems because they are relatively small, offer
protection against nucleases, can be prepared in a narrow size
distribution (50 -- 200 nm) and with elegant control over a
number of physical factors (e.g., hydrophilicity and charge).
Nevertheless, polymers still have limitations and elicit ques-
tions about their potential toxicity and non-biodegradabil-
ity [15,16]. In addition, siRNA-encapsulated nanoparticles,
because of their net positive charge, tend to aggregate and in
effect, increase their hydrodynamic radius and decrease their
ability to penetrate into cells [16]. Polyethylene glycol (PEG)
or sugar molecules such as cyclodextrin (CD) may be used
to reduce the surface charge and nanoparticle aggregation [17].
In this regard, cyclodextrin-based polycations (CDPs) devel-
oped by the Davis group are an excellent choices as a delivery
system as these have almost reached the clinical success [18-21].
For instance, one of their products based on a CD has already
been tested on primates and has entered clinical trials.
The present review will address the latest developments in
CDP-based carriers for site-specific delivery of siRNA.

2. Nanocarriers for siRNA delivery

The approaches adopted for plasmid DNA (pDNA) delivery
may also be used to enhance siRNA targeting and intracellular
trafficking. However, the selection of a suitable delivery vehicle
should be carefully chosen, since an inappropriate choice of
delivery vector can decrease the gene silencing activity and
increase its off-target effects [22,23]. Parameters controlling the
efficient delivery of siRNA into the cytoplasm of the target
cell have been investigated in order to prevent non-specific
silencing toxicity during systemic treatment of multiple dis-
eases [24]. Even though many polymers have been considered
as ideal candidates in gene therapy [14], yet more recently,
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CDPs have generated a new interest because of their versatility,
ease of manipulation, low toxicity and clinical success [9].

From a perusal of the published literature, one finds con-
flicting reports on the appropriate size of an ideal vector. How-
ever, as stated before, the ideal systemic delivery vector should
be approximately 50 -- 200 nm in size, non-toxic, non-immu-
nogenic, stable and capable of efficient intracellular delivery
with specific targeting ability. Researchers are now beginning
to understand the mechanisms of siRNA transport and
attempting the rational design of effective vectors. In any of
these studies, the factors to consider include: choice of material,
toxicity, systemic immune or cellular response, dynamic pH or
oxidative environment, RNA--protein or RNA--RNA interac-
tion, covalent versus non-covalent bonding and passive versus
active internalization mechanisms. Already, combinations of
PEG, fusogenic and non-fusogenic lipids, dendrimers [25], lip-
osomes, polycations, nucleic acid modifications and targeting
moieties have been developed to improve the pharmacology
of RNA-based therapeutics [26]. Synthetic vectors such as cat-
ionic lipids and/or liposomes, cationic polymers, cationic den-
drimers and cationic cell-penetrating peptides have been
employed as delivery devices [27-33].

A list of typical non-viral polymeric vectors used for siRNA
delivery is given in Table 1. It appears that almost 100%
knockdown efficiency of siRNA has been achieved by
CDPs [20]. Of the other devices, even though polyamidoamine
(PAMAM) dendrimer and polyethylenimine (PEI) can con-
dense siRNA into nanoscale particles and protect them from
enzymatic degradation to achieve substantial release over an
extended time for efficient gene silencing [34], yet clinical stud-
ies have shown lower values of transfection efficiency com-
pared with CDP-based vectors. One of the additional
advantages of CDP-based delivery systems is that these are
well tolerated, since even repeat doses fail to elicit a significant
delivery system-specific antibody response [31]. For instance,
the LD50 (median lethal dose) of linear PEI (molecular
weight, 22 kDa) is around 4 mg/kg in mice, which signifi-
cantly limits its in vivo delivery [35]. On the other hand,
CDPs have an LD50 of ~ 200 mg/kg in mice [36]. The present
review will address siRNA delivery technologies based mainly
on CDP and chemically modified CDPs.

3. Cyclodextrin-based polymeric nanocarriers

CDs are enzymatically modified starch derivatives with a
donut shape or a truncated cone and are made of D-glucopyr-
anose units connected through a-(1-4) linkages and each are
designated by a Greek letter according to the number of glu-
cose units. For instance, a-, b- and g-CDs are produced com-
mercially and consist of 6, 7 and 8 glucose units, respectively;
all these exhibit low toxicity [37]. The three-dimensional
structure of a CD is such that the inner cavity surface is
hydrophobic, but the exterior of the cavity is hydrophilic, giv-
ing a unique structure that enables the CDs to include a
wide variety of compounds to form host--guest inclusion

complexes. Among the three natural CDs, the b-CD is cur-
rently the most widely used, and also the most thoroughly
studied. Numerous toxicological tests have been conducted
on b-CD in accordance with the guidelines of the US Food
and Drug Administration (FDA) and the use of CDs in con-
trolled release applications is well known [38].

Compared with other cationic non-viral vectors employed
for siRNA delivery, CDPs are excellent alternatives as these
can be prepared in the size range of 50 -- 200 nm and can
serve as adapter molecules; wherein, different molecules,
for example, modified adamantanes can be easily ‘plugged’
into the cone of the CD to offer additional functionality.
Thus, for both short- and long-term administration of
CDP--siRNA nanoplexes, the CDP protects siRNA from
serum avoiding the use of modified siRNA [39]. The CDP
vectors have been functionalized with adamantane-
transferrin (AD-Tf) and adamantane-PEG (AD-PEG)
conjugates and the resulting PEGylated and Tf-targeting
CDPs delivered siRNA to animals at dosages that are likely
to be amenable to therapeutic use in humans. Perhaps the
most favorable feature associated with the CDP--siRNA
nanoplexes is that when siRNA contains an immune stimu-
latory sequence, the nanoplex does not produce an immune
stimulation like that seen with other siRNA--lipid com-
plexes. These advantages have triggered active research in
developing CDP-based delivery devices of siRNA for multi-
ple disease treatment. For instance, a CDP-based device of
about 50-nm size shown in Figure 1 was targeted to meta-
static cancer cells in a murine model of the Ewing’s family
of tumors (EFT) [39]. The nanocarrier self-assembled with
siRNA was stable in physiological fluid and protected siRNA
from nuclease degradation up to 72 h, and facilitated the
cellular uptake of the functional siRNA.

In a novel approach for the delivery of macromolecular
therapeutics, the Davis group [40] has synthesized, for the first
time, linear cationic b-CD-containing polymers. They copo-
lymerized difunctionalized b-CD monomers (AA type) with
other difunctionalized comonomers (BB type) to produce
AABBAABB type polymers. Since CDs can form inclusion
complexes with hydrophobic moieties, derivatives of adaman-
tane with b-CD with association constants on the order of
104 -- 105 M-1 were prepared. Inclusion complexes of ada-
mantane end-capped polyethylene oxide (PEO) with CD
copolymers have also been developed [41].

In a simple and novel approach, Pun and Davis [42]

reported a method of modifying b-CDP-based polyplexes in
which adamantane was conjugated to a desired polyplex
modifier such as PEG. The resulting AD-PEG was exposed
to b-CDP for self-assembly in order to prepare the
b-CDP--AD-PEG polyplexes. By this method, nanoplexes
that are stable in salt solution were produced for targeting
hepatoma cells. The synthetic steps involved in this protocol
are simple as displayed in Figure 2, wherein PEG or PEG-
ligand conjugated with adamantane form complexes with
b-CD and provide steric stabilization.
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For the inclusion complexes of CD-adamantane discussed
above [39], a multi-dosing study of siRNA in non-human pri-
mates (cynomolgus monkeys) with a targeted, systemic deliv-
ery system was performed [43]. It was found that the
administered siRNA targeting the M2 subunit of ribonucleo-
tide reductase was well tolerated at doses of 3 and 9 mg
siRNA/kg, but induced kidney toxicity at a dose of 27 mg
siRNA/kg. The higher dose affected the liver to some extent,
as indicated by a mild elevation in the alanine amino transfer-
ase and aspartate transaminase levels. A mild immune
response was also reported at this dose with no clinical signs
of toxicity.

The Davis group [18] further enhanced the siRNA release
capability of CDP by developing imidazole inclusion
complexes with CDP in the form of a polyplex. They

investigated the difference between gene delivery behavior of
CDP and its imidazole-containing variant, CDPim (cyclodex-
trin-based polymer-imidazole) to understand the mechanism
(s) by which related materials show differences in gene deliv-
ery. Their study also emphasized the need to evaluate the
behavior of non-viral gene delivery vectors within cellular
environments. From the study, it was surmised that CDPim
does provide pH buffering, and enhanced transfection effi-
ciency due to an increased endosomal escape; however, the
whole sequence was not well understood by the authors
because CDPim produced a greater unpacked intracellular
nucleic acids than CDP [18].

Bartlett and Davis [19] prepared nanoparticles of CDPs-
containing siRNA and inclusion complexes formed between
AD and b-CD attached to PEG to form AD-PEG conjugates
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along with targeting ligand (adamantane-polyethylene glycol-
transferrin, AD-PEG-Tf) for cell-specific targeting. These
were tuned to obtain a size distribution of 60 -- 150 nm, a
zeta potential of 10 -- 30 mV and a molecular weight of 7 �
107 to 1 � 109 g/mol. Simultaneously, Bartlett et al. [44] used
the positron emission tomography (PET)/computer tomogra-
phy (CT) to monitor the whole body biodistribution kinetics
and tumor localization of these nanoparticles. Bioluminescent
imaging (BLI) was used to measure the luciferase knockdown
by the delivered siRNA. The nanoparticles with or without
Tf targeting ligands were used to study the effect of cell-
specific targeting on both biodistribution and function simul-
taneously within the same animal. The nanoparticle uptake
was measured by HeLa cells using flow cytometry and visual-
ized by confocal microscopy to demonstrate that targeting
ligand to payload ratio is important to consider when design-
ing siRNA delivery vehicles for in vivo applications. The
Tf-targeted nanoparticles showed enhanced affinity for the
transferrin receptor (TfR) through avidity effects (multi-ligand
binding), which was confirmed by the competitive uptake
studies [44]. In the above study, HeLa cells were used, since
these overexpress TfRs [45]. Figure 3 shows the probable mech-
anism of gene silencing activity of CD-based siRNA nanoplex
after intravenous injection.

The possibility of combining CDP that contained siRNA
to modulate gene expression in a light-directed manner
through photochemical internalization (PCI) technology was
recently reported, for the first time, by Bøe et al. [46]. The
authors used Human S100A4 as a model gene to evaluate
gene transfer efficacy of gene silencing. The carrier:siRNA
ratio and illumination dose were optimized, and a real-
time reverse transcriptase--polymerase chain reaction was
carried out. The data indicated that siRNA samples treated
with PCI showed 80 and 90% silencing effect when compared
with the untreated control. From 0 to 10%, the silencing
effect was achieved with siRNA samples that did not
receive PCI treatment, thus demonstrating the effectiveness
of light-specific delivery of siRNA. However, the time-
lapse results showed a maximum gene silencing effect at 5 h
after the endosomal release. The authors suggested a strategy
to combine b-6CDP (b-cyclodextrin polymer with 6 methy-
lene groups separating the charges)-based nanoparticles with
PCI technology for systemic tumor targeting.

Brahmamdam et al. [47] have recently reported a potential
application of siRNA-based therapy for the treatment of
infectious disease. The authors used a novel CDP-based TfR
targeted delivery vehicle to administer siRNA to Bim and
PUMA, the two key cell death proteins that are markedly

A.

B.

Adamantane

PEG-AD

Stabilized polyplex

Preformed polyplex

PEG-AD-ligand

Targeted stabilized polyplex

+

β-Cyclodextrin Inclusion complex

L

L

L
L

L

L
L

L

LL
L

L

L

L L

Figure 2. (A) Formation of inclusion complex and (B) post-ligand complexation PEGylation by inclusion complex formation by

AD-PEG and AD-PEG ligand.
AD-PEG: Adamantane-PEG conjugate.

Cyclodextrin-based siRNA delivery nanocarriers: a state-of-the-art review

1460 Expert Opin. Drug Deliv. (2011) 8(11)

E
xp

er
t O

pi
n.

 D
ru

g 
D

el
iv

. D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

H
ac

et
te

pe
 U

ni
v.

 o
n 

12
/0

4/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



A
E

si
R

N
A

N
an

op
le

x
fo

rm
ul

at
io

n
C

D
P

A
D

-P
E

G
A

D
-P

E
G

-T
f

A
D

-P
E

G
(C

)

C
D

P
(B

)

si
R

N
A

(A
)

(1
) 

S
el

f a
ss

em
bl

y

E
xt

ra
ce

llu
la

r

N
an

op
le

x

(2
) 

iv
 a

dm
in

is
tr

at
io

n
(3

) 
E

nd
oc

yt
os

is

E
nd

os
om

e

W
at

er
C

yt
o

p
la

sm

(5
) 

R
el

ea
se

 o
f s

iR
N

A

(8
) 

N
uc

le
ar

 im
po

rt

N
uc

le
us

(7
) 

m
R

N
A

de
gr

ad
at

io
n

(6
) 

si
R

N
A

 u
nw

in
di

ng
(R

IS
C

 a
ct

iv
at

io
n)

N
o 

pr
ot

ei
n

ex
pr

es
si

onT
LR

ac
tiv

at
io

n

N
an

op
le

x
(E

)

A
D

-P
E

G
-T

f
(D

)

+

B C D

=
+

++

(4
) 

E
nd

os
om

al
 e

sc
ap

e

Fi
g
u
re

3
.
P
ro
b
a
b
le

g
e
n
e
si
le
n
ci
n
g
a
ct
iv
it
y
o
f
C
D
P
-b
a
se
d
si
R
N
A

n
a
n
o
p
le
x
e
s.

A
D
-P
E
G
:
A
d
a
m
a
n
ta
n
e
-P
E
G

co
n
ju
g
a
te
;
A
D
-P
E
G
-T
f:
A
d
a
m
a
n
ta
n
e
-P
E
G
-t
ra
n
sf
e
rr
in

co
n
ju
g
a
te
;
C
D
P
:
C
yc
lo
d
e
xt
ri
n
-c
o
n
ta
in
in
g
p
o
ly
ca
ti
o
n
;
si
R
N
A
:
S
m
a
ll
in
te
rf
e
ri
n
g
R
N
A
;
T
LR
:
T
o
ll-
lik
e
re
ce
p
to
rs
.

Chaturvedi, Ganguly, Kulkarni, Kulkarni, Nadagouda, Rudzinski & Aminabhavi

Expert Opin. Drug Deliv. (2011) 8(11) 1461

E
xp

er
t O

pi
n.

 D
ru

g 
D

el
iv

. D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

H
ac

et
te

pe
 U

ni
v.

 o
n 

12
/0

4/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



upregulated during sepsis. The study was conducted on mice
immediately after cecal ligation and puncture to show that
antiapoptotic therapy could markedly decrease lymphocyte
apoptosis and prevent the loss of splenic CD4 T and B cells
as confirmed by flow cytometry. The study also demonstrated
the possibility of simultaneous targeting of two critical medi-
ators of sepsis-induced apoptosis. The system effectively deliv-
ered the siRNA to immune effector cells with no noticeable
off-target effects, suggesting a major advancement for the
treatment of infectious disease.

4. Dendrimer-based CDP nanocarriers for
siRNA

Dendrimers are highly branched tree-like polymers that can
be used in masking the charge of siRNA long enough for
in vivo delivery. As an example of this approach, Arima et al.
[48] synthesized a series of PAMAM dendrimer--CD conju-
gates by grafting CD (a, b and g) to create different genera-
tions of PAMAM dendrimers (generations G2, G3 and G4).
The end result was that a-CD conjugation to PAMAM den-
drimers boosted in vitro and in vivo gene transfer without sig-
nificant changes in cytotoxicity. Tsutsumi et al. [49] also
compared PAMAM dendrimer (G3) conjugate with a-CD
(a-CDE conjugate) for delivering siRNA with transfection
reagents like lipofectamine 2000 (L2), TransFast (TF) and
lipofection (LF) containing siRNA. The nanoplexes were eval-
uated for cytotoxicity, physicochemical properties and intra-
cellular distribution to demonstrate the efficacy of a-CD as
a novel carrier for siRNA.
Tsutsumi et al. [50] also evaluated the potential of starburst

PAMAM dendrimer (G3) conjugate with a-CD with an aver-
age degree of substitution of 2.4 for siRNA delivery.
NIH3T3 cells were transfected with binary pDNA/carrier or
ternary pDNA/siRNA/carrier and the cell viability was deter-
mined by cell counting. The cell viability was not lowered by
the complexes up to 1.0 µg of siRNA, but a sequence-
specific siRNA-mediated gene silencing effect was observed.
The study revealed that ternary complexes with a-CDE
conjugate did not show any cytotoxicity. The sequence-
specific gene silencing effect of the complex was evaluated
by measuring the luciferase activity after transfection with
ternary complexes of pDNA/siRNA/a-CDE conjugate. The
a-CDE conjugate showed the highest gene transfer efficiency
in these cells as was evident from the luciferase activity com-
pared with the binary complexes of pDNA/carriers in the
absence of siRNA.
Of all the carriers used, a-CDE conjugate showed the high-

est inhibition ratio, indicating the sequence-specific effects of
siRNA. Similar results were observed in A549 cells, suggesting
that a-CDE conjugate could be considered as a useful new car-
rier for delivering siRNA. Another study indicates that the
problems associated with off-target effects can be ameliorated
if the siRNA itself is conjugated [51]. However, an ideal
example of safe and effective conjugation is that of

CDP--siRNA system, which is now under clinical trials [21].
In the literature, cell-penetrating peptide (CPP) and PEG
have also been successfully conjugated with siRNA, boosting
its gene transfection ability in vivo [52,53].

Several studies on CDP associations using nanostructured
multi-layers of polylysine-CD [54], polyelectrolyte [55], linear
polyethylenimine-CDPs [56,57] or amphiphilic cationic
CDPs [58] have been effectively tested in vitro using non-
viral gene delivery. Menuel and coworkers [59] synthesized
the novel bis-(guanidinium)-tetrakis-(b-CD) dendrimeric tet-
rapod as a potential gene delivery system, whose structure is
shown in Figure 4. Affinity and size exclusion chromatography
were used to characterize the self-assembly behavior with
siRNA oligonucleotide and single-stranded DNA as well as
to determine the binding parameter. The capacity of tetrapod
to form a molecular association with siRNA was investigated
by affinity capillary electrophoresis. In vitro cellular viability
was measured by MTT (methylthiazolyldiphenyl-tetrazolium
bromide) assay to understand the toxicity limits in living
cellular systems. The siRNA labeled with CDP was investi-
gated for intracellular delivery and trafficking in MRC-5 cells.
In vitro transfection results demonstrated that the CD
tetrapod, shown in Figure 4, delivers the siRNA to the nuclear
periphery. A detailed scheme of the synthesis of novel
bis-(guanidinium)-tetrakis-(b-CD) dendrimeric tetrapod is
available elsewhere [59].

Effective biomimetic catalysts may be attached to CD
derivatives, though it is not an easy task if a short spacer is
used, to connect a CD to the catalytic group. On the other
hand, if a longer spacer is used, then conformational freedom
of the resulting CD derivative should be suppressed in order
to freeze the molecule in a productive conformation. In this
pursuit, Suh et al. [60] constructed artificial enzymes using
dendrimers as a molecular skeleton wherein, b-CD was
attached to dendritic poly(ethylenimine)s. The possible con-
formation of poly(ethylenimine) linked to b-CD is displayed
in Figure 5 (A, B and C). Of these, the most probable
conformation as per the authors’ [60] suggestion is Figure 5B.

The conformation of CD-I and CD-II in water and kinetic
data for deacylation of carboxyl esters containing t-butyl-
phenyl residues in the presence of CD-I and CD-II have
been investigated. The kinetics data obtained with several
ester substrates reveals that two amino groups located in the
vicinity of each CD cavity of CD-I or CD-II participate as
nucleophiles. Optimum reactivity is attained when the spacer
connected t-butylphenyl with the ester groups. On the basis of
kinetics data, the authors [60] elucidated the structures of
active sites for accelerated deacylation of esters.

Other siRNA conjugates with ligands like biotin, folate or
cholesterol, etc. [25,61-64] have also been investigated, but these
are beyond the scope of the present review. In addition, stable
nucleic acid lipid particles (SNALPs) in the size range of
77 -- 83 nm have been investigated to show a rapid silencing
of apoB (apolipoprotein B) gene in the liver of cynomolgus
monkey [65].
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5. Commercial products

Calando Pharmaceuticals (Pasadena, CA) has been successful
in advancing siRNA/oligonucleotide nanoparticle delivery
(RONDEL�) technology toward clinical applications.
A summary of the RONDEL technology has been discussed
before in Figure 1, which is based on the original concepts pro-
posed by Hu-Lieskovan et al. [39]. This targeted nanoplex of
siRNA, that is, CALAA-01 consists of a CDP, PEG as a steric
stabilizing agent and human Tf as the targeting ligand for
binding to TfRs that are typically upregulated on cancer cells.
This multi-component delivery system provides low toxicity
when administered intravenously to patients. These systems
were evaluated for safety in patients having solid tumors.

The product under clinical trial by the Davis group is a tar-
geted nanoparticle formulation, which is a combination of
RONDEL, the self-assembling nanoparticle formulation
(United States Patent (USP) # 7807198, 5 October 2010)
and siRNA (USP # 7427605, 23 September 2008) that tar-
gets the M2 subunit of ribonucleotide reductase. It is a clini-
cally proven cancer targeting system containing siRNA, CDP,
PEG as a steric stabilization agent and human Tf as a target-
ing ligand for binding to TfR. This was developed into a
two-vial formulation where the delivery components are con-
tained in one vial and siRNA in the second vial. After mixing
the contents of the two vials, they self-assemble into 70-nm
size nanoparticles that can be delivered intravenously.

Characterization of the above-mentioned nanoplexes was
done by a variety of techniques, such as electrophoresis shift
assay to find siRNA serum stability. Atomic force microscopy
(AFM) and transmission electron microscopy (TEM) were
also used to estimate the particle size and morphology. Isother-
mal titration calorimetry (ITC) and percentage of AD-PEG
and AD-PEG-Tf bound after formulation were carried out to

find the binding of AD-PEG conjugates to the surface of nano-
particles through inclusion complex formation to show that
b-CD forms an inclusion complex with AD-PEG conjugate.

Dynamic light scattering, salt stability and erythrocyte
aggregation studies were used to estimate the steric stabilization
to nanoparticles and reduction in non-specific interactions due
to PEGylation. Flow cytometry and confocal microscopy were
used to demonstrate the intracellular delivery of siRNA into
HeLa cells in vitro. Competitive uptake studies revealed that
targeting ligands like Tf enhanced the cellular uptake of PEGy-
lated nanoparticles. Luciferase knockdown after siRNA trans-
fection was performed to determine the functional efficacy of
delivered siRNA and to observe the successful delivery of
functional siRNA to cells in vitro [19].

Table 2 compares different CDP-based nanocarriers for
siRNA delivery wherein, one can observe 100% transfection
efficiency for CDP-based carriers. Even though still in its
infancy with many challenges to overcome, RNAi is poised
to take its place as a major therapeutic modality. There are
many companies with transfection reagents that describe their
product listings other than CDP [66,67].

6. Conclusions

The discovery of RNAi less than a decade ago was a major break-
through in molecular and cellular biology, since it is a powerful
tool for studies involving the gene function in mammals.
However, the lack of efficient targeted delivery, low transfection
efficiency, instability to nucleases, poor tissue penetration and
non-specific immune stimulation bymany cationic delivery vec-
tors has hindered the translation of RNAi into full and satisfac-
tory clinical applications. This article has reviewed the latest
developments in nanoparticle-assisted delivery of siRNA using
CDP-based carriers.

7. Expert opinion

It is believed that RNAi has emerged as a major breakthrough
technology in the life sciences area, since it has tremendous
potential in other multiple areas, such as drug discovery,
drug development, therapeutics and research in basic meta-
bolic mechanisms. RNAi should find wide applications in
various sectors, such as functional genomics, disease diagnos-
tics and agriculture, among others. The usage of RNAi
technology in industries and academia should witness a sub-
stantial growth in the near future. According to a new research
report ‘Global RNAi Market Analysis’, the global RNAi mar-
ket is anticipated to grow stupendously at a compound annual
growth rate (CAGR) of around 28% in the next 5 years.

Within the gene delivery field, CD-based vectors are emerg-
ing as promising novel candidates for the safe and effective
delivery of siRNA to target sites. The presence of several
different variants with a wide range of physicochemical and
biological properties is a major asset of these complexes.
Among all the CDP-based vectors developed to date, the
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Figure 4. Structure of cyclodextrin tetrapod.
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Calando pharmaceutical product is the most advanced in its
development and has been successful in a clinical Phase I study.
Different strategies have been employed for preparing nano-

plexes of siRNA such as using CDPs or dendrimer-based
CDPs. Researchers have also focused on conjugation of other
polymers with CDs that allows safe siRNA delivery. However,
functionalization of CDP-based nanoparticles still remains as
an important challenge for the future and is considered to be
the most promising, particularly for tumor-targeted delivery.
Various CD manufacturers and research groups working on

CDs worldwide provide a strong platform for CDP-based
research and development. Consequently, there are increasing
number of studies in the literature onCDPnanoparticles for ther-
apeutic and/or diagnostic applications because the US FDA has
approved the way for CDP nanoparticles to be commercialized
and used for the treatment of major diseases like cancer.
Current research on nanoparticles prepared from CDP still

lacks some important refinements that need to be addressed. Pri-
marily, CDPs reported in the literature fall within the size range
of 50 -- 200 nm, in which case, they will not circulate for a long
time in the bloodstream before they are recognized by the mac-
rophages and taken up by the reticuloendothelial system (RES).
Therefore, future research should focus on methods to prolong
the circulation time of CDP nanoparticles by maintaining
the particle size below 100 nm or by attaching hydrophilic
molecules such as PEG or PEO. However, reducing the size
drastically would also result in toxicity issues and accumulation
in the lungs or kidneys; thus, chemical modification of CD to

alter the surface charge and render a protein-repellant effect is
believed to be a better promising alternative.

Besides the challenges of specific delivery, other challenges of
siRNA therapy are the problems related to non-specific gene
silencing, immune response and cytotoxicity. Currently, these
areas are under active investigation and feasible answers to these
questions are emerging. The non-specific gene silencing and off-
target effects can be reduced by altering the siRNA size, targeting
location and modifying the primary sequence. The sense strand
is more tolerable to sequence modification without losing the
gene-silencing potential.

The ideal systemic delivery vector should, therefore, be
50 -- 200 nm in size, non-toxic, non-immunogenic, stable,
capable of efficient intracellular delivery and possessing specific
targeting ability. In order to make the application of therapeu-
tic siRNA a reality, future research efforts must continue to
focus on achieving efficient delivery to the desired cells, mini-
mizing off-target effects, increasing the resistance to nuclease
degradation, avoiding immune responses such as IFN-a,
IFN-b, Toll-like immunity and trapping of polymerized
particles by Kupffer cell and lung macrophage.

The almost ideal specificity of siRNA is not entirely possi-
ble and off-target effects remain a critical issue for therapeutic
applications of siRNA. Hopefully, novel protein array
technology will provide a better picture of siRNA effects
on cellular protein expression profiles, which provides a
better way of screening siRNA. Therefore, developing and
identifying hyperfunctional siRNA will help to resolve the
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Figure 5. Possible conformations of b-cyclodextrin-linked poly(ethylenimine) dendrimer.
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unwanted off-targeting, since these siRNAs work at sub-nano-
molar concentrations. Likewise, intelligent and effective
designing of siRNA will improve the selectivity possible to
significantly avoid off-target effects.
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