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Abstract: A hyperbranched cationic polysaccharide derivative-mediated small interfering
(si)RNA interference strategy was proposed to inhibit nuclear transcription factor-kappa B
(NF-xB) activation in human retinal pigment epithelial (hRPE) cells for the gene therapy
of diabetic retinopathy. Two hyperbranched cationic polysaccharide derivatives containing
the same amount of cationic residues, but with different branching structures and molecular
weights, including 3-(dimethylamino)-1-propylamine-conjugated glycogen (DMAPA-Glyp)
and amylopectin (DMAPA-Amp) derivatives, were developed for the efficient delivery of
NF-kB siRNA into hRPE cells. The DMAPA-Glyp derivative showed lower toxicity against
hRPE cells. Furthermore, the DMAPA-Glyp derivative more readily condensed siRNA and then
formed the nanoparticles attributed to its higher branching architecture when compared to the
DMAPA-Amp derivative. Both DMAPA-Glyp/siRNA and DMAPA-Amp/siRNA nanoparticles
were able to protect siRNA from degradation by nuclease in 25% fetal bovine serum. The particle
sizes of the DMAPA-Glyp/siRNA nanoparticles (70—120 nm) were smaller than those of the
DMAPA-Amp/siRNA nanoparticles (130-180 nm) due to the higher branching architecture
and lower molecular weight of the DMAPA-Glyp derivative. In addition, the zeta potentials of
the DMAPA-Glyp/siRNA nanoparticles were higher than those of the DMAPA-Glyp/siRNA
nanoparticles. As a result, sSiRNA was much more efficiently transferred into hRPE cells using
the DMAPA-Glyp/siRNA nanoparticles rather than the DMAPA-Amp/siRNA nanoparticles.
This led to significantly high levels of suppression on the expression levels of NF-kB p65 mes-
senger RNA and protein in the cells transfected with DMAPA-Glyp/siRNA nanoparticles. This
work provides a potential approach to promote hyperbranched polysaccharide derivatives as
nonviral siRNA vectors for the inhibition of NF-xB activation in hRPE cells.

Keywords: glycogen, amylopectin, siRNA, nuclear transcription factor-kappa B, human retinal
pigment epithelial cells

Introduction

Diabetic retinopathy is a common complication of diabetes that can cause retinal
damage eventually leading to blindness, and retinal neovascularization is regarded as
one of the most important causes of this complication.! Clinically, the available thera-
peutic regimens are laser photocoagulation and blocking neovascularization through
multiple intravitreal injections of drugs such as antivascular endothelial growth factor
agents, protein kinase C inhibitors, and triamcinolone acetonide.” But these effects
are transient and require multiple reinjections. As a result, these therapies are usu-
ally associated with several undesirable complications such as vitreous hemorrhage,
glaucoma, retinal detachment, and endophthalmitis.>
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An RNA interference approach, especially using small
interfering (si)RNAs, has recently received much attention in
treating ocular diseases.”® As a therapeutic method to block
neovascularization, the siRNA approach has incomparable
long-term effects and safety effects. It was reported that
nuclear transcription factor-kappa B (NF-kB) played an
important role in the angiogenesis of diabetic retinopathy.’!!
On the other hand, human retinal pigment epithelial (hRPE)
cells form a monolayer between the neuroretina and the
choriocapillaris, which are the essential components of the
outer blood retinal barrier that maintain physiological and
structural balance within the retina.'? Previous work showed
that hRPE cells could synthesize the secreted angiogenic
peptide vascular permeability factor/vascular endothelial
growth factor,® and it played a major role in proliferative
diabetic retinopathy.'* Therefore, hRPE cells may serve as
a potential target for drug delivery and gene transfer lead-
ing to diabetic retinopathy.®'>!> With all the aforementioned
research in mind, the decision was taken to investigate the
inhibition of NF-kB activation through the siRNA strategy
in hRPE cells.

Although siRNA has a small size, siRNA transportation
across the cellular membrane is hindered due to its hydro-
philicity and negative charge. In addition, siRNA is quickly
cleared during in vivo circulation before reaching the target
disease site.'® Therefore, successful siRNA-mediated therapy
would heavily rely on the development of effective siRNA
delivery vectors with high transfection efficiencies and mini-
mal cytotoxicities.'*!” Adeno-associated virus-mediated gene
therapy has shown promise in several retinal pigment epi-
thelium (RPE) clinical trials, but adeno-associated virus has
a limited payload capacity and potential immunogenicity.'®
Nonviral gene delivery vectors, especially cationic polymers

RO

(eg, polyethyleneimine, chitosan, and polylysine peptides)
and liposomes, have attracted much attention in the RPE
gene therapeutic strategy.'® Recent work has established that
the architecture of cationic polymers affects the stability,
delivery, cytotoxicity, and transfection efficiencies of their
complexes with genes.'*?2 Compared to linear cationic poly-
mers, hyperbranched cationic polymers exhibit higher levels
of gene expression and lower cytotoxicity.!”?? Ahmed et al*
reported that hyperbranched glycopolymers were hemocom-
patible in vitro and featured less toxicity in response to hyper-
branched polymers. Amylopectin and glycogen are naturally
hyperbranched polysaccharides with nontoxicity and good
biocompatibility, and they are also biodegradable.?**” Both
of them are composed of a-D-(1—4) glucose units of the
linear chains, which are interlinked by o-D-(1—6) glycosidic
linkage forming the branched structure.**?’ In contrast to
amylopectin, the fraction of branching units for glycogen
is higher at 8%, whereas the value is approximately 5% for
amylopectin.”>?” Additionally, the weight average molecular
weight (M, ) of glycogen (10°-107 g/mol) is usually smaller
than that of amylopectin (10°~10% g/mol).?*2* We recently
reported that both hyperbranched cationic amylopectin and
glycogen derivatives conjugated with 3-(dimethylamino)-1-
propylamine (named as DMAPA-Amp and DMAPA-Glyp,
respectively; Figure 1) exhibited good blood compatibility
and low cytotoxicity, and could effectively deliver plasmid
DNA in vitro.?*?* However, whether hyperbranched polysac-
charide derivatives can effectively deliver siRNA into hRPE
cells is unclear.

In this work, the siRNA approach was used to knockdown
the NF-xB p65 subunit and inhibited the function of NF-kB,
since p65 has been shown to be a key active subunit in
NF-kB transcription on hRPE cells.”!! Nanoparticles based
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Figure | A speculated hyperbranched structure and chemical structure of the cationic polysaccharide derivatives.

Notes: (A) A speculated hyperbranched structure and (B) chemical structure of the cationic polysaccharide derivatives (n=9-13 for the DMAPA-Glyp derivative, and
n=19-24 for the DMAPA-Amp derivative. The n-values were based on those of glycogen and amylopectin).?*¥

Abbreviations: n, number; DMAPA-Glyp, 3-(dimethylamino)- | -propylamine-conjugated glycogen; DMAPA-Amp, 3-(dimethylamino)- | -propylamine-conjugated amylopectin.

submit your manuscript

2736

Dove

International Journal of Nanomedicine 2015:10


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Efficient delivery of NF-kB siRNA with nanoparticles

on two hyperbranched cationic polysaccharide derivatives
containing the same amount of cationic residues, but differ-
ent branching structures and molecular weights, including
DMAPA-Glyp and DMAPA-Amp derivatives, were devel-
oped for the delivery of siRNA into hRPE cells. To optimize
one hyperbranched cationic polysaccharide derivative as a
potential siRNA delivery vector, the effects of branching
structures and molecular weights of these derivatives on
cytotoxicity, siRNA delivery efficacy, and NF-kB gene
silencing efficiency were investigated.

Materials and methods

Materials

Glycogen (from oysters), amylopectin (from maize), and
branched polyethylenimine (bPEI) (M =2.5x10* g/mol) were
purchased from Sigma-Aldrich Co. (St Louis, MO, USA). The
M_ values of glycogen and amylopectin were determined to
be 1.5x10° g/mol and 3.1x107 g/mol by static light scattering,
respectively. Synthesis of two hyperbranched cationic poly-
saccharide derivatives (ie, DMAPA-Amp and DMAPA-Glyp)
was described in detail in the Supplementary materials. The
degree of substitution of DMAPA residues on the polysac-
charide, which is defined as the number of DMAPA residues
per glucose unit of polysaccharides, was determined to be 2.8
for both polysaccharide derivatives using 'H nuclear mag-
netic resonance spectroscopy. The weight average molecular
weights of the DMAPA-Glyp and DMAPA-Amp were deter-
mined to be 4.1x10° g/mol and 8.6x107 g/mol according to
the degrees of substitution and the M values of the native
of glycogen and amylopectin (Table 1).

Lipofectamine 2000 (Lip2000), fetal bovine serum (FBS),
Dulbecco’s Modified Eagle’s Medium (DMEM), penicillin—
streptomycin, trypsin, and Opti-MEM® were purchased from
Invitrogen Co. (Carlsbad, CA, USA). Hoechst 33258 was
purchased from the Beyotime Institute of Biotechnology
(Shanghai, People’s Republic of China), and Cell Counting

Kit-8 (CCK-8) from Dojindo Laboratories (Kumamoto,
Japan). A siRNA duplex was designed to target human the
NF-xB p65 gene based on the public GenBank and applied
by Guangzhou RiboBio Co., Ltd. (Guangzhou, People’s
Republic of China). It is a 21 bp double-stranded RNA oli-
gos with dTdT 3’ overhangs and has sequences as follows:
(sense) 5-GGACAUAUGAGACCUUCAAATAT-3"; and
(antisense) 5-UUGAAGGUCUCAUAUGUCCATAT-3". A
5’-cy5-labeled nonspecific siRNA duplex (cy5-siRNA) was
prepared as a control in the sequence as follows: (sense)
5’-cy5-UUCUCCGAACGUGUCACGUATAT-3’; and
(antisense) 5'-ACGUGACACGUUCGGAGAAJdTAT-3".
A nonspecific siRNA duplex was also prepared in the same
sequence without cy5 labeling.

Preparation of the hyperbranched
polysaccharide derivatives/siRNA

complexes

The cationic polysaccharide derivatives were dissolved in
RNase-free water (Takara Bio Inc, Kyoto, Japan) at a con-
centration of 1 mg/mL. Lyophilized siRNA was dissolved
in RNase-free water to form a stock solution of 20 uM.
A portion of siRNA solution (2.5 pL) was diluted in 200 uL
of Opti-MEM® and incubated at room temperature for
5 minutes. Then, the polysaccharide derivative solutions at
different polysaccharide derivative/siRNA weight ratios were
added to this solution. The resulting mixtures were gently
agitated for 10 seconds on a vortex agitator before being
incubated at room temperature for 20 minutes prior to use.
The nanoparticles containing cy5-siRNA were prepared in
the same way in the dark circumstance.

Agarose gel electrophoresis

To assess the condensation ability of the cationic poly-
saccharide derivatives to siRNA, electrophoresis tests
were performed. Ten microliters of the polysaccharide

Table | Characterization of the cationic hyperbranched polysaccharide derivatives and properties of the polysaccharide derivative/

siRNA nanoparticles

Polysaccharide derivative Fraction of branching unit* M ’(g/mol)® Weight ratio (w/w) of completely Nanoparticle size (nm)

retarded siRNA® (wlw=20)¢
DMAPA-Glyp 8% 4.1x10¢ 5 113420
DMAPA-Amp 5% 8.6x107 10 18318

Notes: *Based on the fractions of branching units of the native glycogen and amylopectin.**’ *The weight average molecular weight (M, ) of the hyperbranched polysaccharide
derivatives were determined according to the DS of 2.8 and the M, values of the native glycogen and amylopectin of 1.5x10¢ and 3.1x107 g/mol, respectively, as follows:

M,” =M, x [1+(102/162) x DS], 0

where 102 and 162 are the molecular weights of the DMAPA and glucose groups, respectively. “The weight ratio values of completely retarded siRNA were determined from
the agarose gel retardation analysis. “The nanoparticle sizes were determined from particle size analysis.

Abbreviations: siRNA, small interfering RNA; DMAPA-Glyp, 3-(dimethylamino)- |-propylamine-conjugated glycogen; DMAPA-Amp, 3-(dimethylamino)- I-propylamine-
conjugated amylopectin; DS, degrees of substitution; DMAPA, 3-(dimethylamino)- | -propylamine.
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derivative/siRNA nanoparticles with different polysaccharide
derivative/siRNA weight ratios in the range of 0.5-20 and
naked siRNA were loaded onto 2% agarose gels containing
3 uL of Goldview fluorescence reagent (SBS Genetech Co.
Ltd., Beijing, People’s Republic of China) and run with
Tris-acetate running buffer at 120 V for 15 minutes. siRNA
retardation was then observed and photographed under
ultraviolet illumination using an INFINITY 3026 gel image
machine (Vilber Lourmat Deutschland GmbH, Eberhardzell,
Germany).

Serum stability study

To determine the protective property of the cationic polysac-
charides against siRNA degradation, the cationic polysac-
charide derivative/siRNA nanoparticles with several weight
ratios ranging from 5-20 were incubated with 25% FBS at
37°C for 24 hours, based on the method used in the literature.>
Meanwhile, free siRNA was incubated with 25% FBS as the
negative control. Samples were then incubated for 1 hour with
excess heparin solution at a heparin/siRNA weight ratio of 5
to ensure complete release of siRNA from the nanoparticles.
The samples, as well as an equal weight of intact siRNA with-
out FBS addition, as well as FBS of the same volume, were
assessed via agarose gel electrophoresis assay, as described
earlier, to examine the integrity of siRNA.

Characterization of the cationic
polysaccharide derivative/siRNA

nanoparticles

The solutions of polysaccharide derivative/siRNA nanopar-
ticles with different weight ratios (2 mL) were prepared in
double-distilled water to a final concentration of 1.0 pg/mL
for siRNA, as mentioned previously. Following filtration
through a membrane filter (nominal pore size of 0.45 wm),
the nanoparticle sizes were measured by dynamic light scat-
tering using ZetaPALS (Brookhaven Instruments Corpora-
tion, Holtsville, NY, USA) at 25°C with a 90° scattering
angle. The zeta potentials were also evaluated using the
same instrument. All of the measurements were performed in
triplicate. The morphology of the polysaccharide derivative/
siRNA nanoparticles (w/w=20) was observed on an S-4800
scanning electron microscope (HI-9056-0003; Hitachi Ltd.,
Tokyo, Japan), after the samples were sputter-coated with
gold in an E-1045 ion sputter (Hitachi Ltd.).

Cell culture
D407 hRPE cells were provided by the ophthalmic laboratory
of the Zhongshan Ophthalmic Center of Sun Yat-sen

University (Guangzhou, People’s Republic of China),
and this study was approved by the Sun Yat-sen Memorial
Hospital’s Ethics Committee (ethics number: 2010-06).
The cells were cultured in DMEM containing 10% FBS
and 1% antibiotic mixtures of 100 U/mL penicillin G and
100 pg/mL streptomycin (Gibco®; Thermo Fisher Scientific).
Before performing a transfection experiment, the cells, which
were further identified by immunocytochemical staining, as
described in detail in Figure S1, were grown to 30%—40%
confluency in a humidified 5% CO, environment at 37°C.

Cytotoxicity assay

Cytotoxicity of the polysaccharide derivatives and the poly-
saccharide derivative/siRNA nanoparticles was evaluated
using the CCK-8 assay.*! Detailed information was provided
in the Supplementary materials.

Evaluation of cell uptake efficiency

To evaluate hRPE cell uptake efficiency of the polysaccha-
ride derivative/cy5-siRNA nanoparticles, flow cytometry
assay and laser confocal microscopy were employed. The
detailed information was provided in the Supplementary
materials.

Evaluation of suppression on NF-xB p65

gene expression

hRPE cells were plated in six-well plates and cultured for
24 hours, following incubation with the polysaccharide
derivative/siRNA nanoparticles (w/w=10) for 6 hours, as men-
tioned previously. Afterward, the medium was changed with
fresh DMEM containing 10% FBS. Following an additional
24 hours, 48 hours, and 72 hours of incubation, the medium
was removed, and the cells were collected for RNA extrac-
tion. Normally, cultured hRPE cells without any treatment
were used as the control, and hRPE cells incubated with the
Lip2000/nonspecific siRNA complex served as the negative
control. The expression levels of NF-xB p65 mRNA and pro-
tein were then evaluated in hRPE cells, using semiquantitative
and quantitative real-time reverse transcription polymerase
chain reaction (PCR) assays, as well as Western blot assay.
Details were supplied in the Supplementary materials.

Statistical analysis

Statistical analysis was performed by one-way analysis of
variance (SPSS software, version 13.0; IBM Corporation,
Armonk, NY, USA). Results were expressed as the
mean * standard deviation, and a value of P<<0.05 was
considered statistically significant.
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Results and discussion
Formation of the cationic polysaccharide

derivative/siRNA complexes

Hyperbranched cationic polymers have recently received
much attention as a nonviral gene delivery vector because of
their high levels of gene expression.'*?* With this in mind,
two hyperbranched cationic polysaccharide derivatives con-
taining the same amount of cationic residues, but different
branching structures and molecular weights, were developed
for delivery of siRNA into hRPE cells to silence NF-xB gene
expression (Figure 1 and Table 1).

The formation of the cationic polysaccharide derivative/
siRNA complexes was examined by agarose gel electro-
phoresis assay using naked siRNA as a control. As shown
in Figure 2A, the migration of siRNA was completely
retarded when the DMAPA-Amp derivative/siRNA and the
DMAPA-Glyp derivative/siRNA weight ratios exceeded 10
and 5, respectively. The results indicated that both hyper-
branched cationic polysaccharide derivatives could condense

siRNA 0.5 1

A wiw

a

siRNA to the complexes, which may facilitate cell uptake
while providing protection from nuclease degradation. The
DMAPA-Glyp derivative formed the complex with siRNA
at lower polysaccharide derivative/siRNA weight ratios,
attributed to its higher branching architecture, when com-
pared to the DMAPA-Amp derivative. This was in agree-
ment with the literature, which reported that higher branched
polymers showed stronger complexation and condensation
of nucleic acid.'**!

Zeta potentials and particle sizes

As shown in Figure 3A, the zeta potentials became positive
after the polysaccharide derivative/siRNA complexes
formed. Moreover, the zeta potentials of the polysaccharide
derivative/siRNA complexes increased when increasing their
weight ratios in the range of +30—+40 mV, which is amenable
to the effective condensation of siRNA. Meanwhile, the
volumes of the polysaccharide derivative/siRNA complexes
decreased when increasing the weight ratios in the range of

Figure 2 Agarose gel electrophoresis retardation assay and protection and release assay of siRNA.

Notes: (A) Agarose gel electrophoresis retardation assay of the polysaccharide derivative/siRNA complexes at different weight ratios: (a) DMAPA-Amp/siRNA and
(b) DMAPA-GIlyp/siRNA; (B) Protection and release assay of siRNA in FBS (25%). (a) naked siRNA; (b) naked siRNA incubated with FBS; (c) FBS; (d—f) the DMAPA-Amp/siRNA
complexes (w/w=10, w/iw=15, and w/w=20) incubated with FBS; (g-i) the DMAPA-Glyp complexes (w/w=>5, w/w=10, and w/w=20) incubated with FBS.

Abbreviations: siRNA, small interfering RNA; DMAPA-Amp, 3-(dimethylamino)- | -propylamine-conjugated amylopectin; DMAPA-Glyp, 3-(dimethylamino)-|-propylamine-

conjugated glycogen; FBS, fetal bovine serum.
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Figure 3 Zeta potentials and particle sizes of hyperbranched polysaccharide derivative/siRNA complexes at various weight ratios, as well as SEM images siRNA complexes.
Notes: (A) Zeta potentials and (B) particle sizes of the hyperbranched polysaccharide derivative/siRNA complexes at various weight ratios. (C) SEM images of (a) the

DMAPA-Glyp/siRNA complexes and (b) the DMAPA-Amp/siRNA complexes (w/w=10).

Abbreviations: DMAPA-Amp, 3-(dimethylamino)- | -propylamine-conjugated amylopectin; siRNA, small interfering RNA; DMAPA-Glyp, 3-(dimethylamino)-|-propylamine-

conjugated glycogen; SEM, scanning electron microscopy.

100-200 nm ie, the complexes became progressively smaller
during the siRNA condensation process (Figure 3B). The
particle size of the DMAPA-Glyp/siRNA complexes was
smaller than that of the DMAPA-Amp/siRNA complexes
due to the higher branching architecture and lower molecular
weight of the DMAPA-Glyp derivative (Table 1).

The morphology of polysaccharide derivative/siRNA
complexes was investigated by scanning electron micros-
copy. As shown in Figure 3C, the complexes at a weight
ratio of 20 were observed as nanoparticles with a spherical
shape. The size of the DMAPA-Glyp/siRNA nanoparticles
(70—120 nm) was significantly smaller than that of the
DMAPA-Amp/siRNA nanoparticles (130-180 nm), which
is in agreement with the results of the particle size analysis
from Figure 3B.

Serum stability

It is considered that, as with cationic polymer/siRNA
complexes, high serum stability and low cytotoxicity are
essential for successful siRNA delivery both in vitro and,
especially, in vivo.*® The serum stability of hyperbranched
polysaccharide/siRNA complexes was assessed in 25% FBS

(Figure 2B). Naked siRNA was completely degraded by
nuclease with 24-hour incubation (Figure 2Bb). However, the
migration of siRNA was observed after the polysaccharide
derivatives/siRNA complexes were incubated with FBS and
treated with heparin solution (Figure 2Bd—i). This demon-
strated that both hyperbranched polysaccharides were able
to efficiently protect siRNA from degradation by nuclease in
serum and release complexed siRNA in the presence of hepa-
rin. On the other hand, the weak bands were observed during
the siRNA migration process (Figure 2Bb and d—j), which were
probably attributed to some components existing in FBS when
compared with the weak bands of FBS in Figure 2Bc.

Cytotoxicity

Cytotoxicity of the polysaccharide derivatives was evaluated
in hRPE cells using the CCK-8 assay (Figure 4A). Both
the DMAPA-Glyp and DMAPA-Amp derivatives showed
significantly lower cytotoxicity against hRPE cells when
compared to bPEI. In comparison, the DMAPA-Glyp deriva-
tive showed lower toxicity against hRPE cells. This may be
related to the lower molecular weight of the DMAPA-Glyp
derivative and the different biocompatibilities of two native
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Figure 4 Viability and morphology of hRPE cells.
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Notes: (A) Viability of hRPE cells incubated with the hyperbranched polysaccharide derivatives and bPEI at various concentrations for 24 hours. Both the DMAPA-Glyp and
DMAPA-Amp derivatives showed significantly lower cytotoxicities at different concentrations in the range from 10-1,000 pg/mL (n=5; *P<<0.05, when compared with the
bPEI at the same concentration). (B) Viability of hRPE cells incubated with the hyperbranched polysaccharide derivative/siRNA complexes and the bPEI/siRNA complex at
various weight ratios for 24 hours. Both the DMAPA-Glyp/siRNA and DMAPA-Amp/siRNA nanoparticles showed significantly lower cytotoxicities at the w/w ratios above 5
in the hRPE cells. (n=5; *P<<0.05, when compared with the bPEI/siRNA complex at the same weight ratio). (C) Morphology of the hRPE cells incubated with the polymer/
siRNA complexes for 24 hours (w/w=10, x100): (a) the control group; (b) the DMAPA-Glyp/siRNA complex group; (c) the DMAPA-Amp/siRNA complex group; and (d) the

bPEI/siRNA complex group.

Abbreviations: DMAPA-Glyp, 3-(dimethylamino)-I-propylamine-conjugated glycogen; DMAPA-Amp, 3-(dimethylamino)-|-propylamine-conjugated amylopectin; bPEI,
branched polyethylenimine; siRNA, small interfering RNA; hRPE, human retinal pigment epithelial; n, number.

polysaccharides as well. That is, glycogen is from animals
and exhibits better biocompatibility for hRPE cells than does
amylopectin, which comes from plants.

Although a positive charge was known to facilitate the
cell uptake of nanoparticles through a nonspecific electro-
static interaction between the nanoparticles and negatively-
charged cell membranes, it was also considered a major cause
for cytotoxicity.’? Therefore, it was important to evaluate
the cytotoxicity of the polysaccharide derivative/siRNA
nanoparticles formed at different w/w ratios. As shown in
Figure 4B, the polysaccharide derivative/siRNA nanopar-
ticles exhibited much lower cytotoxicity than did the bPEI/
siRNA complexes in the hRPE cells, determined using the
CCK-8 assay, owing to lower cytotoxicities of the polysac-
charide derivatives. For example, as the w/w ratio reached 20,
cells transfected with the polysaccharide derivative/siRNA
nanoparticles still retained a relatively high viability of about
80%, while the cell viability reduced to 40% in the cells
transfected with the bPEI/siRNA complex. Furthermore, it
was found that the cytotoxicity of the DMAPA-Glyp/siRNA

nanoparticles were lower than those of the DMAPA-Amp/
siRNA nanoparticles due to the lower cytotoxicity of the
DMAPA-Glyp derivative.

The morphology of hRPE cells incubated with the
polysaccharide derivative/siRNA nanoparticles and the
bPEI/siRNA complex is shown in Figure 4C. The untreated
hRPE cells were used as the control (Figure 4Ca). hRPE
cells incubated with both the DMAPA-Glyp/siRNA and
DMAPA-Amp/siRNA nanoparticles showed no obvious
change (Figure 4Cb and c) in contrast with the control. How-
ever, hRPE cells incubated with the bPEI/siRNA complex
were destroyed or shrunken, suggesting strong cytotoxicity
(Figure 4Cd).

Study on cell uptake

The cell uptake of cationic polymers/gene complexes is
assumed to be dependent on their surface properties and
particle sizes. It has been reported that cationic polymers/
gene complexes with a positive surface charge and with
sizes between 50 nm to several hundred nanometers would
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be suitable for the endocytosis of complexes and efficient =~ DMAPA-Amp/siRNA nanoparticles. This is attributed to the
gene delivery.** Based on the aforementioned results, the zeta ~ smaller sizes and higher zeta potentials of the DMAPA-Glyp/
potentials and particle sizes of both polysaccharide derivative/  siRNA nanoparticles than those of the DMAPA-Amp/siRNA
siRNA nanoparticles were in the range of +30—+40 mV and  nanoparticles. It should be noted that the cell uptake efficiency
100-200 nm, respectively. As expected, these properties  ofthe DMAPA-Glyp/cy5-siRNA nanoparticles (w/w=20) was
enabled the polysaccharide derivative/siRNA nanoparticles  close to that of the Lip2000/cy5-siRNA complex and the bPEI/
to enter the hRPE cells feasibly. The hRPE cell uptake of  cy5-siRNA complex (w/w=20), implying the high cell uptake
the polysaccharide/siRNA nanoparticles was evaluated efficiency of DMAPA-Glyp/cy5-siRNA nanoparticles.
using flow cytometry; this was compared with the bPEl/cy5- The cell uptake was further confirmed by the accumula-
siRNA complex and the Lip2000/cy5-siRNA complex asthe  tion and spread of red fluorescence of cy5-siRNA in the
positive controls, and the naked cy5-siRNA as the negative  cytoplasm in the confocal images (Figure 5C), when hRPE
control (Figures 5A and S2). It was found that there were  cells were incubated for 24 hours and 36 hours, following
significantly more fluorescent cells than nonfluorescent cells 6 hours of incubation, with the DMAPA-Glyp/Cy5-siRNA
in Figure 5Aa and b, and in Figure S2A and B, indicating  nanoparticles (w/w=10). The spread of red fluorescence of
that cy5-siRNA could be effectively transferred into hRPE ~ cy5-siRNA in the cytoplasm suggested the endocytosis and
cells mediated by the DMAPA-Glyp and DMAPA-Amp  endosome escape of the DMAPA-Glyp/siRNA nanoparticles,
derivatives. Cell uptake efficiency was then quantitative ~ which could be explained by the good buffer capability of
determined by scoring the percentage of cy5-positive h(RPE ~ the DMAPA-Glyp derivative.”

cells, as shown in Figure 5B. The results indicated that the

cell uptake efficiency generally increased when increasing the SUPPreSSiOn on NF-xB P65 gene

weight ratios of the polymer/siRNA nanoparticles. Moreover, ~ €Xp ression

siRNA was much more efficiently transferred into hRPE cells ~ NF-kB activation is thought to play an important role in the
using the DMAPA-Glyp/siRNA nanoparticles rather thanthe ~ angiogenesis of diabetic retinopathy, since it leads to the high
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Figure 5 Flow cytometric analysis, quantitative determination of cell uptake efficiency, and laser scanning confocal images of hRPE cells.

Notes: (A) Flow cytometric analysis of cy5-positive hRPE cells following incubation of hRPE cells with the different complexes at a cy5-siRNA final concentration of 50 nM:
(a) the DMAPA-GIlyp/cy5-siRNA complexes (w/w=20); (b) the DMAPA-Amp/cy5-siRNA complexes (w/w=20); (c) the bPEl/cy5-siRNA complex (w/w=20); (d) the Lip2000/cy5-
siRNA complex; and (e) the naked cy5-siRNA. QI, dead and nonfluorescent cells; Q2, dead and cy5 fluorescent cells; Q3, live and nonfluorescent cells; and Q4, live and cy5
fluorescent cells. (B) Quantitative determination of cell uptake efficiency by the scoring the percentage of cy5-positive hRPE cells using flow cytometry (n=3). The cell uptake
efficiencies of the DMAPA-Amp group and the DMAPA-Glyp group had significant differences at different weight ratios (n=3; *P<<0.05). (C) Laser scanning confocal images of
hRPE cells with different incubation times following a 6-hour period of incubation with the DMAPA-Glyp/cy5-siRNA complexes (w/w=10): (a) nuclei: stained blue with Hoechst
33258; (b) red fluorescence: cy5-siRNA; (c) the images (a and b) were merged (x400).

Abbreviations: SSC-A, side scatter-area; APC-A, allophycocyanin- area; PI-A, propidium iodide- area; DMAPA-Amp, 3-(dimethylamino)- | -propylamine-conjugated amylopectin;
siRNA, small interfering RNA; DMAPA-Glyp, 3-(dimethylamino)-|-propylamine-conjugated glycogen; bPEI, branched polyethylenimine; Lip2000, lipofectamine 2000; hRPE, human
retinal pigment epithelial; n, number.
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expression of angiogenesis factors such as cyclooxygenase-2,
interleukin-8, and tumor necrosis factor-o., resulting in retinal
neovascularization.’!! Herein, we attempted to block reti-
nal neovascularization through the inhibition of the signal
pathway of NF-xB in hRPE cells using a siRNA strategy.
siRNA was designed and used to knockdown the NF-kB p65
subunit and inhibited the function of NF-kB, since p65 has
been shown to be a key active subunit in NF-xB transcrip-
tion on hRPE cells.” !

According to the proposed molecular mechanism of
the RNA interference approach, cells transfected with
effective siRNA can exhibit a reduction in the amount of
targeted mRNA and in the amount of protein of NF-xB
p65.3* To assess whether polysaccharide derivative/siRNA
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nanoparticle-mediated gene silencing occurred, the expres-
sion levels of NF-kB p65 mRNA and protein were evalu-
ated in hRPE cells. As shown in Figure 6A, the NF-xB p65
mRNA bands progressively weakened when prolonging
the incubation times in hRPE cells for both polysaccharide
derivative/siRNA groups, as compared to the bands that
appeared in the normally cultured control cells and the cells
incubated with the Lip2000/nonspecific siRNA complex.
The result indicated that the NF-kB p65 mRNA expression
was effectively suppressed by both polysaccharide deriva-
tive/siRNA nanoparticles. This was further confirmed by
quantitative real-time PCR assay, as shown in Figure 6B. It
was found that the cells incubated with the DMAPA-Glyp/
siRNA nanoparticles showed obviously lower levels of

B
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Figure 6 Efficacy of the polysaccharide derivative/siRNA complexes (w/w=10) on suppressing NF-xB p65 gene expression in hRPE cells with different incubation time

following a 6-hour period of incubation.

Notes: (A) Suppression on the NF-xB p65 mRNA levels assessed by semiquantitative RT-PCR analysis. (B) Suppression on the NF-xB p65 mRNA levels quantified by
quantitative real-time RT-PCR analysis (n=3; *P<<0.01, compared with the control group and the nonspecific siRNA group). (C, D) Suppression on the protein expression of
the NF-kB p65 gene evaluated by Western blot analysis (n=3; *P<<0.01, compared with the control group and the nonspecific siRNA group).

Abbreviations: GAPDH, glyceraldehydes 3-phosphate dehydrogenase; NF-xB, nuclear transcription factor-kappa B; DMAPA-GIlyp, 3-(dimethylamino)-I-propylamine-
conjugated glycogen; siRNA, small interfering RNA; DMAPA-Amp, 3-(dimethylamino)- | -propylamine-conjugated amylopectin; mMRNA, messenger RNA; hRPE, human retinal
pigment epithelial; RT-PCR, reverse transcription polymerase chain reaction; n, number.
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NF-kB p65 mRNA when compared to the cells incubated
with the DMAPA-Amp/siRNA nanoparticles.

The determination of suppression at the NF-kB p65 pro-
tein level yielded consistent results in the hRPE cells when
using Western blot assay, as shown in Figure 6C. hRPE cells
incubated with the polysaccharide derivative/siRNA nanopar-
ticles showed extremely lower levels of NF-kB p65 protein
when prolonging the incubation times, as compared with the
control group and the nonspecific siRNA group. Furthermore,
the extremely lower expression level of the NF-xB p65 protein
in the DMAPA-Glyp/siRNA nanoparticle group suggested
that the DMAPA-Glyp/siRNA nanoparticles showed signifi-
cantly higher efficacies of suppression on NF-xB p65 than
did the DMAPA-Amp/siRNA nanoparticles. For example,
the NF-kB p65 protein level in the DMAPA-Glyp/siRNA
nanoparticle group was approximately one-third of that in the
DMAPA-Amp/siRNA nanoparticle group following 72 hours
of incubation in the hRPE cells. This result indicates that the
suppression efficacy on gene expression is strongly dependent
on cell uptake, which is related to the sizes and charges of the
polysaccharide derivative/siRNA nanoparticles.

Conclusion

Two hyperbranched cationic polysaccharide derivatives con-
taining the same amount of cationic residues, but different
branching structures and molecular weights, were investi-
gated for the delivery of siRNA into hRPE cells to silence
NF-xB gene expression. The DMAPA-Glyp derivative could
more efficiently condense siRNA, which was attributed to
its higher branching architecture when compared to the
DMAPA-Amp derivative. Furthermore, the DMAPA-Glyp
derivative showed lower toxicity against hRPE cells. Both
hyperbranched cationic polysaccharide derivatives could con-
dense siRNA to form nanoparticles with zeta potentials and
particle sizes in the range of +30—40 mV and 100-200 nm,
respectively, which facilitated the protection of siRNA from
degradation by nuclease in 25% FBS. The DMAPA-Glyp/
siRNA nanoparticles more effectively transferred siRNA
to the hRPE cells because of their smaller sizes and higher
zeta potentials when compared to the DMAPA-Amp/siRNA
nanoparticles. This led to significantly higher levels of sup-
pression on the expression levels of NF-kB p65 mRNA and
protein in the cells transfected with DMAPA-Glyp/siRNA
nanoparticles.
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Supplementary materials
Synthesis of the hyperbranched cationic

polysaccharide derivatives
N,N’-carbonyldiimidazole (CDI), 3-(dimethylamino)-1-
propylamine (DMAPA), and dimethyl sulfoxide (DMSO)
were bought from Aladdin Reagent Co. Ltd. (Shanghai, Peo-
ple’s Republic of China). DMSO was dried for 1 week prior to
use by soaking in molecular sieves and calcium hydride. All
other chemical reagents were used without further purifica-
tion. The DMAPA-conjugated amylopectin (DMAPA-Amp)
and DMAPA-conjugated glycogen (DMAPA-Glyp) deriva-
tives were synthesized following the methods used in our
previous work.'? In brief, amylopectin or glycogen (0.1000 g;
0.62 mmol glucose units) was dissolved in 10 mL of water-
free DMSO, and was then activated by adding CDI (0.9045 g;
5.58 mmol) and stirred for 1 hour in a nitrogen atmosphere
at room temperature. DMAPA (3.8011 g; 37.2 mmol) was
added to the amylopectin or glycogen reaction solution. The
reaction was allowed to proceed for 24 hours in a nitrogen
atmosphere at room temperature. The reaction solution was
then dialyzed against the distilled water in a dialysis bag
(molecular weight cutoff: 14,000 D) for 3 days, and lyo-
philized to yield the solid products.

Fourier transform infrared spectroscopy (FTIR) mea-
surement was performed with an FTIR Analyzer (Nicolet/
Nexus 670, Thermo Nicolet Corporation, Wisconsin,
USA) at a resolution of 4 cm™' using the KBr method. The
assignments of FTIR peaks are listed as follows: 3,325 cm™
(Vo) 2,946 cm™ (V-N[CHS]Z)’ 1,709 cm™, 1,548 cm™, and
1,258 em™ (v ._,, 8, and v . of carbamate groups),
1,462 cm™ (deformation vibration of —CH,- and —CH,
groups of DMAPA residues), 1,153 cm™', and 1,036 cm™
(V_c.o.c. of polysaccharide).

'H nuclear magnetic resonance (NMR) analysis was car-
ried out on an NMR spectrometer (Mercury Plus 300; Varian
Medical Systems, Palo Alto, CA, USA) at 50°C using D,0
as a solvent. The signal at & 4.50 ppm for HDO was used as
the internal standard.'? The signal assignments are listed
as follows: 6=5.00—6.00 (glucose unit, H1); 8=4.50-3.50
(glucose unit, H2-H6); 6=3.27 (-CONH-CH, ); 8=2.55
(-CH,-N<); 6=2.39 (-N[CH,],), 6=1.83 (-CH,-). The
degree of substitution of DMAPA residues on the polysac-
charide, which is defined as the number of DMAPA residues
per glucose unit of polysaccharides, was determined by the
integration of H1 of polysaccharides and protons of DMAPA
residues. Degrees of substitution =2.8 for both polysaccha-
ride derivatives.

hRPE cell identification

All human retinal pigment epithelial (hRPE) cells between the
third to fifth passages were harvested and cultured on glass cov-
erslips, underwent a process involving a wash three times with
phosphate buffered saline (PBS) solution (pH 7.4), fixation with
4% paraformaldehyde for 15 minutes, and a wash three times
with PBS solution (pH 7.4) again, before subsequent treatment
in 0.1% Triton™ X-100 and 1% bovine serum albumin (50 pL)
for 30 minutes. The treated cells were incubated with the pri-
mary antibody of anticytokeratin at 4°C overnight, followed by
incubation with a second antibody of fluorescein isothiocyanate
(FITC)-conjugated goat antimouse antibody immunoglobulin
(Ig)G for 30 minutes in darkness; then, the cells were washed
three times with PBS solution, the nucleus was stained with
Hoechst 33258 (Beyotime Institute of Biotechnology, Shang-
hai, People’s Republic of China) for 10 minutes, and they were
washed three times with PBS solution. Controlled cells were
performed using PBS instead of the primary antibody. AllhRPE
cells were observed with a Zeiss LSM510 confocal microscope
(Carl Zeiss Meditec AG, Jena, Germany).

Cytotoxicity assay

hRPE cells (1x10* per well) were seeded in 96-well plates
and cultured in a humidified incubator (37°C; 5% CO,) for
24 hours for adherence. The medium was then replaced with
100 pL of fresh medium containing 10 UL of solutions of
the polysaccharide derivatives and branched polyethylen-
imine (bPEI) at different concentrations. In addition, 10 uL.
of the polysaccharide derivative/small interfering (si)RNA
nanoparticles with different weight ratios were added for
the cytotoxicity assay, and the amount of siRNA (0.13 pg
per well) was constant. The bPEI and the bPEI/siRNA
complex were used as the controls. After the cells were
incubated for an additional 24 hours, the culture medium
was replaced, and then 10 pL of Cell Counting Kit (CCK)-8
reagent was added to each well, following further incuba-
tion for 1 hour. The absorbance values of the samples were
measured at 450 nm, using a Wellscan MK3 multifunction
microplate reader (Thermo Fisher Scientific, Waltham, MA,
USA). Cell viability (%) was then calculated according to
Equation 1:

A -4
Cell viability (%)=( 450 sample “50""*‘“k)><100%, (1)

450-control  *450-blank

where 4 and 4

450-sample
and absence of the samples, respectively. 4

as0comro) WETE Obtained in the presence
-control

450-blank was the
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absorption of the solution only containing the culture medium
and CCK-8 solution without cells. All of the experiments
were conducted five times.

The morphology of hRPE cells incubated with the
polysaccharide/siRNA nanoparticles and the bPEI/siRNA
complex (w/w=10) were observed on a CKX31 inverted
phase contrast microscope (Olympus Corporation, Tokyo,
Japan).

Flow cytometry analysis

hRPE cells were plated in six-well plates at a density of 4x10*
cells/well in 1 mL of Dulbecco’s Modified Eagle’s Medium
(DMEM) containing 10% fetal bovine serum (FBS), and they
were subsequently cultured in a humidified incubator (37°C;
5% CO,) for 24 hours. The solutions of the polysaccharide
derivative/cy5-siRNA nanoparticles at different weight ratios
(w/w=5, w/w=10, and w/w=20) were prepared and incubated
with cells in each well at a cy5-siRNA final concentration
of 50 nM. The bPEl/cy5-siRNA and lipofectamine 2000/
cy5-siRNA complexes were used as the positive controls.
Meanwhile, the naked cy5-siRNA was used as the nega-
tive control. The cells were incubated with the complexes
in 10% FBS-containing DMEM for 6 hours at 37°C. The
media were then changed with fresh DMEM containing
10% FBS. Following further incubation for 24 hours, the
cells were washed twice with PBS (pH 7.4) and trypsinized
by 0.25% trypsin and suspended in PBS. The cell uptake of
cy5-siRNA was detected by an FACSAria™ flow cytom-
eter (BD Biosciences, San Jose, CA, USA). The data were
analyzed with CellQuest™ 3.0 software (BD Biosciences).
The cell uptake efficiency was then valuated by scoring the
percentage of cyS-positive hRPE cells. All of the experiments
were conducted in triplicate.

Laser confocal microscopy

hRPE cells (1x10* cells/well) were plated in glass bottom
culture dishes for confocal assay and subsequently cultured
for 24 hours. The polysaccharide derivative/cy5-siRNA
nanoparticles at a weight ratio of 10 were incubated with
cells, as mentioned in the experiment of flow cytometry.
Following further incubation for 24 hours and 36 hours, the
cells were washed three times with PBS and fixed with 4%
formaldehyde. They were then stained with Hoechst 33258
(0.1%, w/v) for the nucleus. The intracellular environment
of the cy5-siRNA nanoparticles was observed with a Zeiss
LSM510 confocal microscope (Carl Zeiss Meditec AG,
Jena, Germany).

Semiquantitative RT-PCR assay for the
mRNA level of the NF-xB p65 gene

hRPE cells were plated in six-well plates and cultured for 24
hours, following incubation with the polysaccharide deriva-
tive/siRNA nanoparticles (w/w=10) for 6 hours, as mentioned
previously. Afterward, the medium was changed with fresh
DMEM containing 10% FBS. Following an additional 24
hours, 48 hours and 72 hours of incubation, the medium was
removed, and the cells were collected for RNA extraction.
Normally cultured hRPE cells without any treatment were
used as the control, and hRPE cells incubated with nonspe-
cific siRNA served as the negative control.

The messenger (m)RNA level of NF-xB p65 gene was
then evaluated using semiquantitative reverse transcription
polymerase chain reaction (RT-PCR) assay. Total RNA
was isolated from the cells using the RNAiso Plus (Takara
Bio Inc., Kyoto, Japan) according to the manufacturer’s
manual. Complementary (¢)DNA was synthesized by reverse
transcription from 1.0 ug of total RNA from each sample
using a PrimeScript™ RT reagent Kit (Takara Bio Inc.).
The ¢cDNA mixture (1 uL) was used for the semiquantita-
tive RT-PCR amplification mixture (50 uL) containing
25 uL of Premix Ex Taq (Takara Bio Inc.), I UL of sense
primers (20 uM), and 1 UL of antisense primers (20 uM).
Semiquantitative RT-PCR was performed on two genes,
NF-xB p65 and GAPDH. The GAPDH gene was measured
in each sample as an internal normalization standard. The
forward and reverse primers targeting the NF-xB p65
sequence were 5-TCTCCCTGGTCACCAAGGAC-3’
and 5'-TCATAGAAGCCATCCCGGC-3’, respec-
tively. The forward and reverse primers of GAPDH
were 5'-CACCAACTGCTTAGCACCCC-3’ and
5’-TCTTCTGGGTGGCAGTGATG-3’, respectively. For
the polymerase chain reaction (PCR), we ran 30 cycles of
98°C for 10 seconds, 68°C for 30 seconds, and 72°C for
30 seconds, and we ran a final extension for 10 minutes
at 72°C. All reactions were performed in triplicate. The
amplified products were subjected to electrophoresis on 2%
agarose gels containing Goldview fluorescence reagent and
visualized under an ultraviolet light using ImageJ (National
Institutes of Health, Bethesda, MD, USA).

Quantitative real-time RT-PCR assay
for the mRNA level of the NF-xB p65 gene

hRPE cells underwent the same siRNA transfection, total
RNA extraction, and reverse transcription processes as
described previously. Quantitative real-time RT-PCR was
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Figure S| Laser scanning confocal images.

Notes: (A) Hoechst 33258 staining of hRPE cells; (B) FITC staining of hRPE cells following immunocytochemical reaction; and (C) images (A and B) were merged (x400).
Abbreviations: hRPE, human retinal pigment epithelial; FITC, fluorescein isothiocyanate.

performed with LightCycler® 480 SYBR Green I Mas-
ter reagent and the program was run in a LightCycler®
480 Real-Time PCR System (Hoffman-La Roche Ltd.,
Basel, Switzerland). Thermal cycling conditions included
5 minutes at 95°C for preincubation, followed by 46
cycles of 10 seconds at 95°C for denaturing, annealing for
15 seconds at 63°C, and extending at 72°C for 10 seconds.
Melting-curve analysis was used to confirm the specificity
of the amplification reactions. All experiments were carried

out in triplicate.

Evaluation of NF-xB p65 gene silencing
efficacy by Western blot

hRPE cells underwent the same siRNA transfection process
in the experiment of real-time PCR, as was just described.
The total protein in the different groups was extracted at
24 hours, 48 hours, and 72 hours after siRNA transfection,
and they were then separated using sodium dodecyl sulfate
polyacrylamide gel electrophoresis and transferred onto

polyvinylidene difluoride membranes. The membranes
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Figure S2 Flow cytometric analysis of cy5-positive hRPE cells following incubation of hRPE cells.

Notes: Incubation of hRPE cells with (A) the DMAPA-Glyp/cy5-siRNA complex (w/w =5), (B) the DMAPA-Amp/cy5-siRNA complex (w/w = 5), (C) the bPEl/cy5-siRNA
complex (w/w =5), (D) the DMAPA-Glyp/cy5-siRNA complex (w/w =10), (E) the DMAPA-Amp/cy5-siRNA complex (w/w =10), (F) the bPEl/cy5-siRNA complex (w/w =10).
(a) wiw=5; (b) w/w=10. QI, dead and nonfluorescent cells; Q2, dead and cy5 fluorescent cells; Q3, live and nonfluorescent cells; and Q4, live and cy5 fluorescent cells.
Abbreviations: SSC-A, side scatter-area; APC-A, allophycocyanin- area; hRPE, human retinal pigment epithelial; DMAPA-Glyp, 3-(dimethylamino)- | -propylamine-conjugated
glycogen; siRNA, small interfering RNA; DMAPA-Amp, 3-(dimethylamino)- | -propylamine-conjugated amylopectin; bPEI, branched polyethylenimine.
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Efficient delivery of NF-kB siRNA with nanoparticles

were blocked in 5% solution of nonfat milk powder for
1 hour, followed by incubation with the primary antibody
of monoclonal rabbit anti-NF-xB p65 (1:600 dilution; Cell
Signaling Technology, Danvers, MA, USA) at 4°C overnight.
Horseradish peroxidase-conjugated antirabbit IgG (1:8,000
dilution; SouthernBiotech, Birmingham, AL, USA) was used
as the secondary antibody, which was further incubated at
37°C for 1 hour. The bands were visualized by the Immobilon
Western Chemiluminescent HRP Substrate (EMD Millipore,
Billerica, MA, USA). The results were photodocumented and
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normalized by the GAPDH signal. The percent knockdown
of NF-kB p65 was calculated using densitometry from the
Western blot image with an ultraviolet light using ImageJ.
All experiments were conducted in triplicate.
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