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Despite the great potential of small interfering RNA (siRNA) as a therapeutic agent, progress in this area has
been hampered by a lack of efficient biocompatible transfection agents. Recently, cationic shell-crosslinked
knedel-like nanoparticles (cSCKs) were found to possess lower cytotoxicity and better transfection ability for
phosphorothioate ODNs and plasmid DNA than the commonly used cationic lipid-based agent Lipofectamine.
To determine the usefulness of cSCKs for siRNA transfection, a small library of ¢SCKs with varying percentage
of primary and tertiary amines was assessed for its ability to bind to siRNA, inhibit siRNA degradation in
human serum, and to transfect HeLa and mouse macrophage cell lines. The silencing efficiency in HeLa cells was
greatest with the ¢SCK with 100% primary amines (paio) as determined by their viability following transfection
with cytotoxic and non-cytotoxic siRNAs. ¢SCK-pajoy showed greater silencing efficiency than Lipofectamine
2000 in the HeLa cells, as well in 293T and human bronchial epithelial (HEK) cells, but was comparable in
human bronchial epithelial (BEAS-2B) cells and human mammary epithelial (MCF10a) cells. ¢SCK-pajqo also
showed greater silencing of iNOS expression than Lipofectamine 2000 in a mouse macrophage cell line, and
provided greater protection from serum degradation, demonstrating its potential usefulness as an siRNA
transfection agent. The siRNA silencing of iNOS at lower concentrations of siRNA could be enhanced by
complexation with the fusogenic GALA peptide, which was shown to enhance endosomal escape following
uptake.

Introduction DNA and antisense phosphorothioate 2’-OMe oligonucleo-
tides (ps-MeON) and efficiently transfect them into cells
MALL INTERFERING RNAs (siRNA) have found extensive  (Zhang et al., 2009b). The ¢SCKs could also be used to deliver
application for the suppression of gene expression, and neutral peptide nucleic acids with very high efficiency,
have great promise as therapeutic agents (Kurreck, 2009; through electrostatic complexation with a duplex formed
Lares et al., 2010; Wang et al., 2010; Watts and Corey, 2010). with a partially complementary oligodeoxynucleotide, or
siRNAs are not membrane permeable, however, and require  through conjugation via a bioreductively cleavable linker
auxiliary agents for efficient transport to the cytosol where the ~ (Zhang et al., 2009b). Shell-crosslinked nanoparticles are an
RNA targets reside. Though viral carrier systems are the most  attractive and versatile platform (Nystrom and Wooley, 2011)
efficient, they often have associated undesirable side effects for the development of nucleic acid delivery agents because
(Couto and High, 2010; Liu and Berkhout, 2011). To circum-  their synthetic design enables their size and shape (Zhang
vent this problem, various types of synthetic, non-viral et al., 2008a), charge and buffering capacity (Zhang et al.,
delivery systems have been developed such as cationic lipo-  2010; Shrestha et al., 2012), degradability (Li et al., 2008),
somes, lipoplexes, and polyplexes (Whitehead et al., 2009; stealth character (Sun et al., 2008), and ligand presentation
David et al., 2010; Wang et al., 2010; Gao et al., 2011). Wehave  (Nystrom and Wooley, 2008; Zhang et al., 2008b) to be easily
recently shown that cationic shell-crosslinked knedel-like tailored for a particular target.
nanoparticles (cSCKs), containing primary amines in the shell, The ability of ¢SCKs to efficiently transfect cells with nu-
form electrostatic complexes with negatively charged plasmid  cleic acids can be attributed to their ability to facilitate 3 key

'Department of Chemistry, Washington University, St. Louis, Missouri.
’Departments of Chemistry and Chemical Engineering, Texas A&M University, College Station, Texas.

95



96

steps in the transfection process (Zhang et al., 2009a). First,
¢SCKs can bind to nucleic acids through electrostatic inter-
actions between protonated amines in their shell with nega-
tively charged nucleic acids or hybrids. Second, cSCKs are
readily endocytosed through electrostatic interactions be-
tween the protonated amines in the shell and the negatively
charged membrane surface, followed by vesicle formation
induced by the spherical but flexible structure of the ¢SCK.
Third, cSCKs facilitate release of the nucleic acid payload from
the endosome into the cytoplasm, presumably by rupturing
or destabilizing the endosome through the proton sponge
effect (Boussif et al., 1995). In this mechanism, unprotonated
amines in the shell neutralize protons during endosomal
acidification, thereby driving additional protons, counterions,
and water into the endosome that ultimately cause its rupture
through an increase in osmotic pressure.

To determine whether the transfection efficiency could be
further optimized for a particular nucleic acid payload by
manipulating the proton and phosphate binding affinity of
the shell, a small library of cSCKs containing differing pro-
portions of primary (pa) and tertiary (ta) amines was also
synthesized (Fig. 1) (Zhang et al., 2010). The cationic cSCK-
pags-tays was found to be best for transfecting an enhanced
green fluorescent protein reporter plasmid DNA into human
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FIG. 1. Cationic shell crosslinked nanoparticle-mediated
delivery of siRNA. (A) Scheme showing various key steps in
the delivery of small interfering RNA (siRNA) by a cationic
shell crosslinked nanoparticle (cSCK). In the first step siRNA
is assembled electrostatically with or without the fusogenic
glutamic acid-alanine-leucine-alanine repeat (GALA) peptide
by binding to positively charged protonated amines. In the
second step, the cationic particle interacts with the cell sur-
face and is endocytosed. In the third step, the remaining
unprotonated amines neutralize protons during endosomal
acidification (proton sponge effect) to increase osmotic
pressure and disrupt the endosome, facilitating siRNA re-
lease. At the same time, carboxylate residues on the GALA
peptide become protonated causing its release from the cSCK
and inducing a conformational change that further destabi-
lizes the endosome, further enhancing release of siR NA. (B)
c¢SCK structure with differing ratios of primary: tertiary
amines in the shell.
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cervical cancer (HeLa) cells at an N/P [¢SCK or cationic mi-
celle (cM) nitrogen to siRNA phosphate] ratio of 20, while
c¢SCK-pasp-tasp, at an N/P ratio 10, was best for delivery of a
splice correcting ps-MeON. It was also found that increasing
the proportion of tertiary amines relative to primary amines
reduced the cytotoxicity. Herein we report that cSCK-pajq
showed the highest silencing efficiency among the various
¢SCKs in HeLa cells, and was better than Lipofectamine 2000
in various other human cell lines, and in knocking down
inducible nitric oxide synthase (iNOS) in a macrophage cell
line. We also demonstrate the ability of the optimal cSCK to
protect siRNA from degradation in human serum, and the
ability of added fusogenic glutamic acid-alanine-leucine-
alanine repeat (GALA) peptide to enhance knockdown of
iNOS mRNA expression, through enhancing endosomal
escape rather than cell entry.

Materials and Methods
Materials

All solvents and chemicals were purchased from Sigma-
Aldrich and used without further purification unless otherwise
indicated. The HeLa, MCF-10A (human mammary epithelial),
and RAW264.7 (mouse monocyte-macrophage) cell lines were
obtained from the American Type Culture Collection. The
human embryonic kidney cell line (HEK), 293T (a variant of
human embryonic kidney cell line), and human bronchial ep-
ithelial cell line (BEAS-2B) were gifts from Dr. Steven Brody.
Lipofectamine™ 2000 was obtained from Invitrogen Co.,
Polyfect® from Qiagen Inc., and ExGen500 from Fermentas,
Inc. AllStars Hs Cell Death Control siRNA and AllStars Ne-
gative Control siRNA were purchased from Qiagen Inc.
fluorescein amidite (FAM)-labeled glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) siRNA, and the iNOS481
siRNA (GGCCACAUCGGAUUUCACUtt)*(AGUGAAAUCC
GAUGUGGCCtt) were from Applied Biosystems/Ambion,
Inc. The iNOS481 siRNA with 3’-Cy5-labeled antisense siRNA
was from IDT. The iNOS antibody, NOS2(c-11) was from Santa
Cruz Biotechnology Inc. Steady-Glo® Luciferase Assay re-
agent, CellTiter-Glo® Luminescent Cell Viability and CellTiter
96 Non-Radioactive Cell Proliferation Assay Kits were from
Promega Co. All cell culture media, TRIzol Reagent, Dextran
Cascade Blue (10,000 MW, anionic, lysine fixable) and Lyso-
tracker Blue DND-22 were from Invitrogen, Inc.. Turbo DNA-
Free Kit, High-Capacity cDNA Reverse Transcription Kit and
Power SYBR Green Master Mix were from Ambion. Lipopo-
lysaccharide (LPS) cytochalasin D, chlorpromazine hydro-
chloride, and methyl-beta-cyclodextrin were from Sigma, and
interferon-gamma (y-IFN) was from Peprotech. The non-
fluorescently labeled cSCKs used in the studies without GALA
were prepared as previously described (Zhang et al., 2009 ;
Zhang et al., 2010) with dynamic light scattering (DLS):
(Dn)vol=14+2nm and a zeta potential of 21.7mV (pH 5.5). A
1mg/mL solution of cSCK-pa,-ta;op.x corresponds to an amine
concentration of 6.5 mM.

Gel retardation assays

The iNOS481 siRNA was 5'-labeled by [y-*P]-ATP with T4
polynucleotide kinase. Serial amounts of cSCKs were mixed
with 50 nM radiolabeled siRNA at N /P ratios of 0, 0.5:1, 1:1,
2:1,4:1, 8:1, 16:1, and 32:1 in phosphate-buffered saline (PBS)
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buffer for 30 minutes and then mixed with loading buffer
(6x), and loaded to 15% native polyacrylamide gel.

Cell culture

cSCK-mediated siRNA transfection was evaluated on
HeLa, RAW264.7, HEK, 293T, BEAS-2B, and MCF-10A (hu-
man mammary epithelial line) cells. Cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) containing
10% fetal bovine serum (FBS), streptomycin (100 pg/mL), and
penicillin (100 units/mL) at 37°C in a humidified atmosphere
with 5% CO.,.

cSCKsesiRNA silencing efficiency assays

Cells (HeLa, 293T, HEK, BEAS-2B, and MCF-10A) were
seeded in a 96-well microtiter plate at a density of 1x10* cells
per well and cultured for 24 hours in 100 uL DMEM con-
taining 10% FBS. AllStars Hs Cell Death Control siRNA or
AllStars Negative Control siRNA was complexed with ¢SCKs
at predetermined N /P ratios in 20-uL opti-MEM solution and
incubated for 15 minutes before use. At the time of the
transfection experiment, the medium was replaced with 80 pL
of fresh medium, to which the cSCKesiRNA or Lipofectami-
ne2000°siRNA complexes were added for a final siRNA
concentration of 100nM. After 48 hours, cell death was
quantified by the CellTiter-Glo® Luminescent Cell Viability
Assay using 100 pL of CellTiter-Glo reagent. The contents
were mixed and the plate was shaken for 3 minutes at
600 rpm, and then allowed to incubate at room temperature
for 10 minutes to stabilize the luminescence signal. Lumi-
nescence intensities were recorded on a Luminoskan Ascent®
luminometer (Thermo Scientific) with an integration time of 1
second per well. The relative cell viability was calculated by
the following equation:

(1) Cell viability (%)
= (luminescence (sample) /luminescencenegative control) X 100

Where luminescence(negative control) Was obtained in the ab-
sence of the transfection reagent and luminescence sampie) Was
obtained in the presence of cSCKs or Lipofectamine 2000. The
data was fit to a standard sigmoidal Hill equation to deter-
mine the lethal concentration 50 (LCsg) for the transfection
agents shown below:

maximum %

(2) % viability =
[agent]
1+ ( Lgceso

) Hill coefficient

Confocal microscopy and flow cytometry
of cSCKesiRNA complexes

HeLa cells (5x10°) were plated in 35-mm MatTek glass
bottom microwell dishes (MatTek Co.) 24 hours prior to
transfection. FAM-labeled GAPDH siRNA (Ambion) was
complexed with ¢SCKs at predetermined N /P ratios in 500 uL
opti-MEM solution and incubated for 15 minutes before use.
Prior to transfection, the medium in each dish was replaced
with 2.0mL of fresh DMEM, to which ¢SCK/siRNA com-
plexes were added for a final siRNA concentration of 100 nM.
The plates were then incubated at 37°C for another 4 hours.
Each plate was washed 3 times with PBS buffer and viewed

under bright field and fluorescent conditions using a Leica
TCS SP2 inverted microscope, with excitation by an argon
(Ar) laser (488 nm). Cells were also collected by trypsiniza-
tion, pelleted, and resuspended in 0.5 mL PBS for flow cyto-
metric analysis on an fluorescence-activated cell sorting
(FACS)-calibur instrument (Becton Dickinson) equipped with
a 488-nm Ar laser. For each sample, 20,000 events were col-
lected by list-mode data that consisted of side scatter, forward
scatter, and fluorescence emission centered at 530 nm (FL1).
The fluorescence was collected at a logarithmic scale with a
1,024-channel resolution. CellQuest software (Becton Dick-
inson) was applied for the analyses.

Inhibition of INOS expression by cSCKsesiRNA
complexes

RAW264.7 cells were seeded in a 24-well plate with 1x10°
cells per well in 600 pL. DMEM with 10% FBS and incubated for
24 hours. iNOS siRNA, si-481 (GGCCACAUCGGAUUUCA
CUtt)*(AGUGAAAUCCGAUGUGGCCtt) or AllStars Nega-
tive Control siRNA was complexed with ¢SCKs at pre-
determined N/P ratios or the other transfection agents in 100 pL
opti-MEM solution and incubated for 15 minutes before use. At
the time of the transfection experiment, the cells were washed 3
times with PBS and replaced with 400 pl DMEM (no FBS), to
which the ¢SCK/siRNA or the control siRNA transfection agent
complex were added for a final siRNA concentration of 100 nM.
Six hours later, LPS (lipopolysaccharides from Escherichia coli
055:B5, Sigma, 1pg/mL), IFN-gamma (y-IFN, mouse, recom-
binant, E. coli, Calbiochem, 100ng/mL; LPS), and 60 pL. FBS
was added with DMEM to make a total of 600 pL. and incubated
for another 24 hours. An aliquot of the supernatant (50 uL) was
removed for the Griess assay (Promega Co.) and quantified by
the absorbance at 540nm. Then the cells were harvested for
western blotting analysis. The cells were first lysed in 30 puL lysis
buffer [1% sodium dodecyl sulfate (SDS), 1.0 mM sodium ortho-
vanadate, 10 mM Tris pH 7.4]. The Lysates were centrifuged at
12,000 rpm for 10 minutes at 4°C. Equal amounts of supernatant
(containing about 20 ug protein) were mixed with Tris-glycine
SDS sample buffer (2x) and boiled for 5 minutes. The proteins
were subjected to 10% SDS-polyacrylamide gel electrophoresis
for detection of B-actin and iNOS, respectively. The separated
proteins were then transferred onto polyvinylidene difluoride
membrane (Amersham HybondTM-P, GE Healthcare). iNOS
was detected by using monoclonal anti-iINOS antibody
NOS2(C-11) at 1:200 (Santa Cruz Biotechnology, Inc.). B-actin
was detected using mouse anti- B-actin monoclonal antibody at
1:20,000 (GenScript Corporation). The secondary antibody was
peroxidase-conjugated goat-anti-mouse immunoglobin G
(H+L) (Jackson ImmunoResearch Laboratories, Inc.) at a di-
lution of 1:20,000. Signals were detected by enhanced
chemiluminescence (GE Healthcare) according to the manual
provided with the product.

Degradation of siRNA by human serum

siRNA481 duplexes (0.766 pM) were incubated alone or in
the presence of cSCK (50 png/mL, N/P=10:1) or Lipofectamine
2000 (13 and 200 pg/mL) for 30 minutes in 25 puL of PBS buffer.
The siRNA solutions were then incubated with 25 uLL of 100%
human serum (Sigma) at 37°C, under 5% CO,. Aliquots of
10 uL were withdrawn at 0, 3, 6, and 24 hours and immediately
frozen in 0.5% SDS at —80°C. Samples were subjected to 2%
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agarose gel electrophoresis and visualized by staining with
ethidium bromide. Band intensities were quantified with
Quantity One Software and plotted versus time to calculate the
half-life of siRNA degradation in human serum.

Synthesis and characterization of peptide GALA

Peptide GALA (WEAALAEALAEALAEHLAEALAEAL
EALAA) was synthesized continuously on universal sup-
port xanthenylamine polyethylene glycol-polystyrene resin
with standard solid-phase Fmoc (9-fluorenylmethox-
ycarbonyl) chemistry on an APEX 369 peptide synthesizer
(AAPPTec). After completion of automated synthesis, peptide
was cleaved from the solid support with 88% trifluoroacetic
acid (TFA), 5% H,0, 5% phenol, and 2% triisopropylsilane for 3
hours and then precipitated with diethyl ether. The peptide
was purified by reverse-phase chromatography on a Micro-
sorb-MV 300-5 C-18 column, (250 x 4.6 mm column, 300 A pore
size, Varian, Inc.) with a method of 0—40% B/40 minutes, 40—
100% B/5 minutes, 100-0%, B/3 minutes, where A =0.1% TFA
in water and B=0.1% TFA in CH3CN. The fraction containing
the pure peptide was evaporated to dryness in a Savant
Speedvac, redissolved in 7:3 dimethyl sulfoxide (DMSO)/H,O
and characterized by MALDI-TOF (Applied Biosystems) using
CHCA as a matrix.

¢SCKs for GALA studies

The c¢SCKs for the GALA studies were prepared from
poly(acrylamidoethylamine),so-b-poly(styrene)sg (PAEA;40-
b-PS;p) according to the previously published procedure
(Zhang et al., 2009b; Zhang et al., 2010). DLS: (Dj)num=22=%
6nm; with a (D))yo1=33£22nm; (Dp,)ine=157£140nm Zeta
potential of 28+2mV (pH 5.5). These particles were then
conjugated to Alexa Fluor 488-NHS ester as follows. To a
¢SCK solution (3.5mL, 0.85 mg/mL) was added sodium car-
bonate (20 uL of 1.0 M aqueous solution) to adjust the pH to
ca. 8.0. Alexa Fluor 488 (0.1 mg, 0.1 uM) was added from a
stock solution (1 mg/0.5mL) in DMSO to tether ca. 1 dye per
polymer chain and was stirred overnight in darkness at RT.
The solution was dialyzed (MWCO ca. 6000-8000 Da) against
150 mM PBS buffer for 3 days in an aluminum-foil wrapped
beaker to give a 0.8 mg/mL solution. Dye concentration was
quantified by ultraviolet and visible absorption spectroscopy
to be 5.10 uM or approximately 0.1 dye per polymer chain.
DLS: (Dp)num=23t7nm and; (Dj)y01=34220nm; (Dp)in=
120£91 nm. Zeta potential=37+1mV (pH 5.5).

Effect of GALA on siRNA binding to cSCK

iNOS siRNA481 (GGCCACAUCGGAUUUCACULtt)*(AGU
GAAAUCCGAUGUGGCCtt) was 5-labeled by [y-*P]-ATP
with T4 polynucleotide kinase (Fermentas) by a standard la-
beling procedure indicated in the instructions. The ¢SCK
(10pg/mL) were mixed with iNOS siRNA481 (50nM or
100nM) and GALA (0, 0.5, 1, and 2 uM) in Opti-MEM 1 for 30
minutes. The complexes were then mixed with loading buffer
(6x), and loaded to 10% native polyacrylamide gel.

Quantitative real-time polymerase chain reaction analysis
of iINOS silencing by cSCKesiRNA*GALA complexes

RAW 264.7 cells were seeded in 6-well plate at a density of
3%10° cells per well and cultured in 1,200 pL DMEM con-
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taining 10% FBS. Twenty-four hours later, cells were activated
with LPS and IFN-gamma. After another 24 hours, ¢SCK
(10 pg/mL) was mixed with siRNA481 (0 and 50nM) and
GALA (0, 0.1, 0.2, and 0.3 pM) for 30 min to form electrostatic
complexes and transfected to RAW 264.7 cells with fresh
culture medium. Eight hours later, cells were washed twice
with PBS and total RNA was extracted using TRIzol Reagent
(Invitrogen) according to the manufacturer’s instruction and
quantified spectrophotometrically by Nanophotometer (Im-
plen). Approximately 500 ng of total RNA was treated with
Turbo DNA-free kit (Ambion) and reverse transcribed with
high-capacity cDNA reverse transcription kit (Ambion) ac-
cording to standard protocols supplied by the manufacturer.
c¢DNA synthesis was performed for 10 minues at 25°C and 2
hours at 37°C, followed by heat inactivation for 5 minutes at
85°C. The real-time polymerase chain reaction (RT-PCR) as-
say was performed using the Applied Biosystems StepOne
Plus Real-Time PCR System (Applied Biosystems) with 40
cycles of 95°C for 15 seconds and 60°C for 1 minute. PCR
reactions were carried out in 25 uL. of reaction mixture con-
sisting of 12.5 uL Power SYBR Green Master Mix (2*) (Am-
bion), 200 nM primers, cDNA, and water. The primers used to
amplify iNOS were d(TGGTGGTGACAAGCACATTT) and
d(AAGGCCAAACACAGCATACC), and to amplify GAPDH
were d(TGGAGAAACCTGCCAAGTATG) and d(GTTGAAG
TCGCAGGAGACAAC). The threshold cycle (Cy) was calcu-
lated by the instrument’s software (StepOne). The expression of
each mRNA was calculated by the comparative Ct method
(AACr). The average of 4 determinations was calculated.

Cytotoxicity assay of cSCKesiRNAeGALA complexes

The cytotoxicities of cSCKesiRNA®GALA complexes were
examined by CellTiter 96 Non-Radioactive Cell proliferation
Assay (Promega). RAW 264.7 cells were seeded in a 96-well
plate at a density of 2x10* cells per well and cultured in
100 uL. DMEM containing 10% FBS. One day prior to trans-
fection, cells were activated with LPS and IFN-gamma to in-
duce iINOS mRNA. Twenty-four hours later, the medium was
replaced with 100 pL fresh culture medium containing com-
plexes consisting of 10 pg/mL cSCKs, iNOS siRNA481 (0, 50,
and 100 nM), and various concentrations of GALA (0, 0.3, 0.6,
and 1.0 uM). After another 24 hours, 15 pL of dye solution was
added to each well and incubated at 37°C in a humidified CO,
incubator. Four hours later, 100 puL of stop solution was added
to each well and incubated overnight. The absorbance of
colored formazan product was recorded at 570nm using a
microplate reader (Molecular Devices). An average of 3 de-
terminations was made.

Cell uptake of cSCKesiRNA* GALA complexes
by flow cytometry

RAW 264.7 cells were plated in 6-well plates at a density of
3x10° cells per well and cultured in 1 mL DMEM containing
10% FBS. Twenty-four hours prior to transfection, RAW
264.7 cells were activated by LPS and IFN-gamma. At the
time of transfection, complexes of AlexaFluor488-cSCK
(10 pg/mL), Cy5-siRNA (50 nM), and GALA (0, 0.2, 0.5, 0.8,
and 1 pM) were added to RAW264.7 cells, and dishes were
returned to the cell culture incubator. On the next day, cells
were washed 3 times with PBS, collected by trypsinization,
pelleted, and resuspended in 0.5 mL PBS for flow cytometric
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analysis on an FACS-calibur instrument (Becton Dickinson)
equipped with a 488-nm argon laser and a 633 nm helium-
neon laser. For each sample, 10,000 events were collected and
the fluorescence from 2 channels was detected on a loga-
rithmic scale respectively. The data were processed by
Flow]Jo software.

Effect of inhibitors on cSCK uptake in RAW
264.7 cell line

RAW 264.7 cells were plated in 6-well plates at a density of
3x10° cells per well and cultured in 1 mL DMEM containing
10% FBS. Twenty-four hours prior to transfection, RAW 264.7
cells were activated by LPS and IFN-gamma and then trans-
fected with AlexaFluor488-cSCK-pajg (10 pg/mL). One hour
prior to transfection, cells were treated with cytochalasin D
(average of 2-50 uM), chlorpromazine (20 pM) and methyl-
beta-cyclodextrin (20 pM) at maximal concentrations shown
not to be significantly cytotoxic. Cells were then incubated for
an additional hour and washed 3 times with PBS, collected by
trypsinization, pelleted, and resuspended in 0.5mL PBS for
flow cytometric analysis on an FACS-calibur instrument
(Becton Dickinson) equipped with a 488 nm Ar laser. For each
sample, 10,000 events were collected and the fluorescence was
detected on a logarithmic scale respectively. The data were
processed by FlowJo software.

Confocal fluorescent microscopy of siRNA and cSCK
non-colocalization with tracker dyes

RAW 264.7 cells were plated in 35-mm MatTek glass-
bottom microwell dishes (MatTek) at a density of 2.5x%10*
cells per well and cultured in 150 phL. DMEM containing 10%
FBS. RAW 264.7 cells were activated by LPS and IFN-gamma
24 hours prior to transfection. Then complexes of Alexa-
Fluor488-cSCK (10 pg/mL), Cy5-siRNA (50nM) and GALA
(0 and 0.2 uM) were added to RAW264.7 cells and incubated
for 24 hours at 37°C and examined by confocal microscopy on
a Nikon Al Confocal Microscope. In one experiment, 1 pL of
Hoechst 33342 (10 ng/mL) was added to each dish 1 hour
before confocal microscopy to stain the nucleus. In another
experiment, Lysotracker-Blue (50 nM) was added to each dish
2 hours before confocal microscopy. In a third experiment,
Dextran-Cascade Blue (100 ng/mL) was added together with
the c¢SCK, siRNA, and GALA to the RAW264.7 cells and in-
cubated for 8 hours before confocal microscopy. In each ex-
periment, the dishes were washed 3 times with PBS buffer
before confocal microscopy. The degree of non-colocalization
between the siRNA and cSCK with each other or the tracker
dye was determined by Image ] Green and Red Puncta Co-
localization Macro developed by Ruben K. Dagda and Daniel
J. Swiwarski from University of Pittsburgh.

Results and Discussion
Synthesis and characterization of the cSCK nanopatrticles

The cationic ¢<SCKs were prepared as previously described
by the self-assembly of amphiphilic block copolymers in water,
followed stabilization through crosslinking of the amine in the
shell layer (Zhang et al., 2009b; Zhang et al., 2010). The am-
phiphilic block copolymer, poly(acrylamidoethylamine),s-b-
polystyrenesy (PAEA55-b-PSyp), was obtained by amidation of
a common precursor for SCK construction, poly(acrylic acid)-b-

polystyrene, by reaction with mono-Boc-protected 1,2-ethylene
diamine and subsequent deprotection under acidic conditions.
The amine composition was varied by coamidation with vari-
ous proportions of 2-dimethylaminoethylamine. This chemical
transformation afforded an amphiphilic block copolymer
bearing large quantities of primary (pa) and/or tertiary (ta)
amines, which after micellar assembly were crosslinked to give
cSCK-pajgox-taioo (Fig. 1). Because the micelle containing
100% tertiary amine could not be crosslinked due to the lack of
primary amines, it was used as an uncrosslinked cationic mi-
cellar nanoparticle, cM-ta;p. The nanoparticles were 9-11nm
in diameter, as observed by transmission electron microscopy,
and 14-18nm in hydrodynamic diameter, as measured by
dynamic light scattering. All particles were positively charged
at pH 5.5 or pH 7.0, as determined by zeta potential mea-
surements.

¢SCK binding affinity for siRNA

The binding affinities of the cSCKs and c¢M for siRNA were
measured by a gel retardation assay with 50 nM 5"-**P-labeled
siRNA (INOS siRNA481 GGCCACAUCGGAUUUCA
CUtte AGUGAAAUCCGAUGUGGCCtt) at increasing N/P
ratios (Fig. 2). While complete binding of the siRNA could be
achieved at an N/P ratio of 4 with the primary amine modi-
fied ¢SCK-pajpp (100% primary amine), a ratio of 8 was re-
quired for cSCK-pasp-tasg (50% primary amine and 50%
tertiary amine), and an N/P ratio of 32 for the tertiary amine
micelle cM-ta;gp. The increasing N/P ratio for binding with
increasing tertiary amine content may be the result of steric
hindrance to phosphate binding caused by the methyl groups
on the tertiary amines.

Silencing efficiency and cytotoxicity of cSCKesiRNA
complexes

To rapidly and quantitatively compare the silencing effi-
ciences of the cSCKesiRNA complexes the viabilities of cells
transfected with cytotoxic and non-cytotoxic siRNAs were
compared (Fig. 3). The non-toxic siRNA was used to deter-
mine the intrinsic cytotoxicity of the cSCKesiRNA complex
and the cytotoxic siRNA was used to determine the silencing
efficiency of the cSCKesiRNA complex from the increase in
cytotoxicity caused by the cytotoxic siRNA. The optimal
concentration of ¢SCK for siRNA delivery would therefore be
one that showed the maximal difference between the viability
of the cells transfected with the cytotoxic and non-cytotoxic

cSCK-paygq CcSCK-pagy-tas, cM-ta, g,
NPOODS51 2 4 81632 0051 2 4 816 32 0051 2 4 816 32
- - . -
Complex e -
e - eceoecee= -

siRNA = o~

FIG. 2. Electromobility shift assay of siRNA binding to
¢SCK at different N/P [c¢SCK or cationic micelle (cM) nitrogen
to siRNA phosphate] ratios. **P-labeled inducible nitric oxide
synthetase (iNOS)481 siRNA (50 nM) was incubated with poly
(acrylamidoethylamine);,5-b-poly(styrene)sy (PAEA;25-b-PSyp)
¢SCKs at N/P ratios of 0, 0.5, 1, 2, 4, 8, 16, and 32 in phos-
phate-buffered saline (PBS) buffer for 30 minutes and elec-
trophoresed on a 15% native polyamide gel. The concentration
of cSCK was 0.31 ng/mL for an N/P of 1.
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FIG. 3. Cytotoxicity assay for siRNA silencing efficiency. HeLa cells were transfected with 100nM AllStars Hs Cell Death

Control siRNA or AllStars Negative Control siRNA in the
Lipofectamine 2000 at the same pg/mL as for cSCK-pajqp.

presence of PAEA;,5-b-PS,y ¢SCKs at different N/P ratios, or
After 48 hours, the relative cell viability was quantified using

CellTiter-Glo® Luminescent Cell Viability Assay. The concentration of the cSCKs for N/P=1 were: ¢SCK-pa;oo 0.62 pg/mL
(A); ¢SCK-pays-tass 0.72 pg/mL (B); cSCK-pasg-tasy 0.72 pg/mL (C); ¢SCK-pass-tazs 0.72 pg/mL (D); and cM-taygp 0.74 pg/mL
(E). The concentrations of Lipofectamine 2000 (F) and Polyfect (not shown) were 3.1, 6.2, 9.3, 12.4, 15.5, 18.6, 21.7, and
24.8 ug/mlL, respectively, which were equivalent to the concentrations used in panel A for ¢SCK-paqo.

siRNAs. By using this general method, optimal conditions for
siRNA silencing could be determined for any cell line, without
the need for cell lines bearing a specific reporter gene, or the
use of RT-PCR and western assays. The cell viability was as-
sayed with the CellTiter-Glo™ Luminescent assay for mea-
suring cellular ATP concentration after treatment with
AllStars Hs Cell Death Control siRNA and AllStars Negative
Control siRNAs. The AllStars Hs Cell Death Control siRNA is
a commercially available mixture of highly potent siRNAs
targeting ubiquitously expressed human genes that are es-
sential for cell survival. Knockdown of these essential genes
results in cell death. AllStars Negative Control siRNA has no
significant homology to any known mRNA sequence for
mammalian genes and is used as a negative control to assay
non-specific effects of siRNA transfection.

To determine the optimal N/P ratio for siRNA silencing
with a given type of ¢SCK, we tested cell viability for a range
of ¢SCK/siRNA ratios from N/P of 5 to 40 or 50 (corre-
sponding to about 3.5-35 ug/mL) relative to non-transfected
cells. For preparations with ¢SCK-pajq, increasing the N/P
ratio from 5 to 10 decreased the viability of the cells trans-
fected with the cytotoxic siRNA from about 50% to 5%, while
the viability of the cells transfected with the non-cytotoxic
siRNA only decreased from about 85% to 80% compared to

non-transfected cells. Since the viability of the cells appears to
have plateaued at 85% at the lowest concentration of ¢SCK,
this value may actually represent 100% viability for this set of
experiments and was normalized to this value. When the N/P
ratio was changed from 10 to 20, the viability with the cyto-
toxic siRNA approached 0%, whereas the viability with the
non-cytotoxic siRNA decreased from 80% to 30%, presumably
due to the inherent cytotoxicity of the ¢cSCK bearing a non-
targeted siRNA. Thus, for preparations with ¢SCK-pa;qg, an
N/P ratio of 10 would appear to afford the optimal combi-
nation of siRNA transfection efficiency and minimal nano-
particle cytotoxicity. To get a more quantitative assessment of
the transfection efficiency, the survival curves were fit to a Hill
equation (Supplementary Table S1; Supplementary Data are
available online at www liebertpub.com/nat) from which the
silencing efficiency at a given ¢SCK concentration could be
plotted as the difference between cell survival with the non-
toxic and the toxic siRNAs (Fig. 4A). From this plot we can
readily see that the maximum silencing efficiency of 93%
was at 6 pg/mL of cSCK-paygo corresponding to an N /P ratio
of 9.7.

The optimal nanoparticle concentration and N/P ratios for
maximum silencing efficiency of the other ¢SCKs were de-
termined in a similar way (Fig. 4A). For cSCK-pays-tass, 8 ug/
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FIG. 4. Silencing efficiency of the ¢SCK nanoparticles
compared with Lipofectamine 2000. The silencing efficiency
was calculated as the difference between the survival rate
(%) of cells transfected with the AllStars Negative Control
siRNA, and the survival rate (%) of the AllStars Cell Death
Control siRNA using the lethal concentration 50 (LCsp) and
Hill slope coefficients derived from the raw data. (A) The
silencing efficiency for PAEA,5-b-PSyy derived ¢SCKs with
different shell compositions in HelLa derived from the data in
Supplementary Table S1, and (B) for silencing in different
cell lines with PAEA;40-b-PS3y ¢SCK-pajop using data in
Supplementary Table S2 (Supplementary Data are available
online at www liebertpub.com/nat).

mL or an N/P ratio of 11 gave a maximum silencing efficiency
of 74%, resulting from 11% viability with the cytotoxic siRNA
and 85% viability with the non-cytotoxic siRNA (Fig. 3B). For
c¢SCK-pasp-tasp, a higher concentration of 15 pg/mL or an N/
P ratio of 20.8 gave maximum silencing efficiency of 50%,
resulting from 18% viability with the cytotoxic siRNA and
67% viability with the non-cytotoxic siRNA (Fig. 3C). For
c¢SCK-pags-tazs, 19 pg/mL or an N/P ratio of 26.4 gave a
maximum silencing efficiency of 54% resulting from about
23% viability with the cytotoxic siRNA, and 76% viability
with the non-toxic siRNA (Fig. 3D). For cM-tayoo 35 ng/mL or
an N/P ratio of 47 was optimal, showing about 18% viability
with the cytotoxic siRNA, and about 55% viability with the
non-toxic siRNA (Fig. 3E). Though increasing the tertiary
amine concentration of the cSCK was effective at decreasing
its background toxicity, it also decreased the transfection ef-
ficiency of the ¢SCK, making these combinations less desir-
able for siRNA transfection than the parent cSCK-pajo.

In comparison with ¢SCK-pajp, which had an optimal si-
lencing efficiency of 93% at 6 pg/mL, Lipofectamine 2000 only
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had a 51% silencing efficiency at its optimal concentration of
6 ug/mL (Fig. 4A). So while ¢SCK-pa;oy and Lipofectamine
2000 have the same LCsy value on a gm/mL basis (Supple-
mentary Table S1), cSCK-pa;go appears to be much more effi-
cient at intracellular delivery of the siRNA. This feature is
reflected in the much larger Hill coefficient (equation 1, section
2.4) for toxic siRNA delivery for ¢cSCK-pajgo (5.2) than for Li-
pofectamine 2000 (1.8) (Supplementary Table S1). Polyfect did
not exhibit any ability to transfect siRNA, showing approxi-
mately the same cytotoxicity with the lethal and control siR-
NAs at all concentrations (data not shown). While cSCK-paj oo
showed the highest silencing efficiency, its window of effec-
tiveness was slightly narrower than ¢SCK-pays-tays due to its
higher toxicity. For in vivo applications where cells may be
exposed to a greater range of nanoparticle concentrations, a less
efficient but less toxic nanoparticle may be more desirable.

The silencing efficiency of ¢SCK-pajop was also later ex-
amined in a series of other human cell lines in comparison to
Lipofectamine 2000 (Supplementary Fig. S1; Fig. 4B). In these
experiments a new preparation of cSCK that was used for the
fusogenic GALA experiments to be described later, which had
a slightly different composition (PAEA40-b-PS5p vs. PAEA 25~
b-PSy). The silencing efficiency of this preparation was first
determined in Hela cells by the same cell viability method
described above with toxic and control siRNAs (Supplemen-
tary Fig. S1; Supplementary Table S2), and found to be quite
similar to the first preparation, though it showed a somewhat
lower peak efficiency of about 78% at a slightly higher 8 ug/
mL (Fig. 4B) compared to 93% and 6 pg/mL for the original
¢SCK. The silencing efficiency was found to be less in HEK
cells (human embryonic kidney cells, 34% at 8 ug/mL) and
293T cells (a variant of HEK cells, 47% at 12 pg/mL), but still
better than Lipofectamine 2000. The silencing efficiency was
less, however, and about comparable to Lipofectamine 2000 in
BEAS-2B (human bronchial epithelial cell line) and MCF-10a
(human mammary epithelial cell line).

Confocal and flow cytometry assays of cSCKesiRNA
transfection efficiency

The PAEA,5-b-PS,y cSCKs were also evaluated for their
ability to transfect a fluorescently labeled siRNA into HeLa
cells by confocal microscopy and by flow cytometry (Fig. 5).
Fluorescently-labeled GAPDH siRNA (GAPDH-F) was mixed
with ¢SCK-pajqp (N/P=10), cSCK-pasy-tasy (N/P=10), and
cM-tajgp (N/P=20), and then incubated with HeLa cells. After
4 hours the cells were observed by confocal microscopy (Fig.
5A-C) and quantified by flow cytometry (Fig. 5D). Confocal
microscopy showed that the siRNAs were mainly trapped in
endosomes, indicating that endocytosis was the principal up-
take mechanism. Quantitative flow cytometry further indi-
cated that the HeLa cells took up 3 times more GAPDH siRNA
in the presence of cSCK-pajqg than in the presence of ¢cSCK-
Ppaso-tasg, and 10 times more than cM-ta;go. These results sug-
gest that the greater transfection efficiency of cSCK-paj o is due
to better uptake, rather than by some other mechanism, such as
endosomal release or release of the siRNA from the ¢SCK.

Inhibition of INOS expression with cSCKesiRNA
complexes

To test the ability of the cSCKesiRNA system to knock
down the expression of a specific gene, we investigated the
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FIG. 5. Fluorescence confocal
microscopy and flow cytometry
analysis of siRNA delivery by
PAEAlZS-b-PS4() ¢SCKs. Fluores-
cently labeled GAPDH siRNA
(100nM) was complexed with
cSCK-pajgo, cSCK-pasp-tasp, and C
cM-tajgo at N/P ratios of 10, 10,
and 20 and incubated with HeLa
cells for 4h and then examined by
fluorescence confocal microscopy
(A-Q) and flow cytometry (D).

cSCK-payg

cM-tajqp

inhibition of iNOS expression (Fig. 6). iNOS is induced in
acute lung injury (ALI) and at high levels further aggravates
the condition through cell damage caused by the nitric oxide
(NO) that it produces (Mehta, 2005). Inhibition of iNOS has
been shown to enhance cell survival and thereby improve the
outcome of ALI (Hosogi et al., 2008). Because iNOS induction
in acute lung injury has been mainly ascribed to alveolar
macrophages (Altmann et al., 2012), we chose the RAW264.7
mouse macrophage cell line for transfection experiments
which is known to greatly upregulate iNOS expression in
response to LPS/y-IFN (Noda and Amano, 1997). For this
study, we chose to investigate only the parent PAEA,5-b-PS4g
c¢SCK-pajgp because it was one of the better studied of the
¢SCKs (Zhang et al., 2009b; Zhang et al., 2010) and showed the
best siRNA silencing efficiency with the toxic siRNA assay
described above. We used the iNOS481 siRNA (GGCCA-
CAUCGGAUUUCACUtte AGUGAAAUCCGAUGUGGCCtt)
that we had previously determined to be very efficient in
knocking down iNOS when transfected by Lipofectamine 2000
(Fang et al., 2010) and the non-lethal Allstar negative siRNA as
a control. The iNOS and control siRNAs (100nM) were com-
bined with the ¢cSCK-payq at different N/P ratios and incu-
bated with mouse peritoneal macrophage RAW264.7 cells in
comparison to Lipofectamine 2000, ExGen500, and Polyfect,
which serve as positive transfection agent controls. Following
transfection, the RAW?264.7 cells were activated with LPS and
v-IEN. After an additional 24 hours, a portion of the superna-
tant (50 pL) was assayed for the production of nitrite by the
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Griess reagent, which could be quantified by the absorbance at
540nm (Fig. 6A). The cells were then harvested for western
blotting analysis of iNOS protein expression. The greatest in-
hibition of NO production with the minimum of background
toxicity occurred at N/P ratios 8 and 10, corresponding to
5 and 6.2 ug/mL of ¢SCK. At these concentrations, 77% and
79% inhibition was observed, respectively, with 12% to 14%
non-specific inhibition likely due to ¢SCK toxicity, corre-
sponding to silencing efficiencies of 65% at both concentrations.
Curve fitting also gave a maximum efficiency of 65% at 6 ug/
mL (Supplementary Fig. S2). The ¢SCK was better than Lipo-
fectamine 2000, which only achieved about 60% inhibition at
the same level of toxicity as for the cSCK (14%) corresponding
to a net silencing efficiency of 46%, while ExGen500 and
Polyfect showed very poor transfection efficiency. The Griess
results were also confirmed by western blotting (Fig. 6B).

Protection of siRNA from degradation by human
serum by cSCK

In addition to being able to transport an siRNA into a cell, a
transfection agent must also be able to protect an siRNA from
degradation during its transit to cell. To determine the ability
of the PAEA;,5-b-PS,y cSCK-pal00 to protect siRNAs from
degradation by nucleases present in human serum we made
use of unlabeled siRNA and monitored its degradation by
agarose gel electrophoresis with ethidium bromide staining as
previously described (Bartlett and Davis 2007a, 2007b). As
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FIG. 6. cSCK-pajop mediated silencing of iNOS expression
by siRNA. Anti-iNOS siRNA481 (100nM) was transfected
into mouse monocyte-macrophage RAW264.7 cells using
PAEA;25-b-PSyy ¢SCK-paygy at different N/P ratios (for N/
P=1, ¢SCK 0.62pg/mL), Lipofectamine 2000 (1.7 pug/mL),
ExGen 500 (18.2 M), or Polyfect (6.8 ug/mL). After 6 hours
iNOS expression was induced by treatment with LPS (lipo-
polysaccharides from Escherichia coli 055:B5) and y-IFN
(gamma interferon). After 24 hours the supernatant was an-
alyzed for NO production by the Griess assay, and the cells
were analyzed for iNOS production by western blotting. (A)
Griess assay; (B) western blotting, lane 1, cSCK (6.2 ng/mL),
no siRNA; lane 2, 100nM AllStars Negative Control siRNA
with ¢SCK (6.2 ug/mL); lane 3, 100nM iNOS siRNA481 with
cSCK (6.2 ng/mL); lane 4, 100nM iNOS siRNA481 with Li-
pofectamine 2000 (1.7 pg/mL); lane 5, 100nM iNOS siRNA481
with Polyfect (6.8 ug/mL); lane 6, 100nM iNOS siRNA481
with ExGen 500 (18.2uM); lane 7, 100nM iNOS siRNA481
alone, without any transfection agent.

shown in Fig. 7, siRNAs in the presence of 50% human serum
were degraded rapidly with a half-life of 3.5 hours. However,
siRNAs complexed with ¢cSCK were degraded rather slowly,
with a half-life of 100 hours. In contrast, complexes of siRNA
with 13 pg/mL and 200 pg/mL of Lipofectamine 2000 had
half-lives of 6.5 and 28 hours respectively. The greater pro-
tection afforded by the c¢SCK is probably due to better se-
questration of the siRNA within the cationic shell of the
nanoparticle than can be afforded by the much thinner cat-
ionic layer on the surface of a cationic lipid.

Enhancement of cSCKesiRNA knockdown of iINOS
mRNA by the GALA peptide

While the ¢SCK nanoparticles appear to facilitate en-
dosomal escape of nucleic acid cargo by the proton sponge
effect, the exact efficiency of this process is not known, and it
was of interest to see if this critical step could be further en-

103

Lipofectamine
200 pg/mL 13 pg/mL

cSCK

none N/P= 101

'0 36 24“0 36 24“0 36 24”0 36 241h

siRNA only
Serum only

SEMUM ™ e e W
SIRNA-. e -
#HZO BeSCK NP=10:1
T ine 200 pgimL 13 pgiml T“?
1
0.9 & siRNA+serum 35h
o 08
:E 07 cSCK (N/P=10:1, 50) + 100 h
E 0% siRNA + serum
S 05
S 04 Lipofectamine (200 28h
g o3 ug/mL)+siRNA+serum
o
= :f Lipofectamine (13 6.5h
.n '% pg/mLj+siRNA+serum
0 2 4 6 8 10 12 14 16 18 20 22 24

time (h)

FIG. 7. Protection of siRNA degradation by c¢SCK-pajqp.
siRNA481 (0.77 uM final concentration) alone or complexed
with PAEA]Qg-b-PS40 CSCK—pamO (50 ug/mL, N/P=101) or
Lipofectamine 2000 (13 and 200 pg/mL) was incubated in
50% human serum (Sigma) at 37°C, under 5% CO, for the
times shown, electrophoresed on a 2% agarose gel, and vi-
sualized by staining with ethidium bromide.

hanced with fusogenic peptides (Nakase et al., 2010; Varkouhi
etal., 2011). Among the various fusogenic peptides shown to
enhance endosomal escape, the GALA peptide (Li et al., 2004)
was chosen for study because it has a net negative charge,
which would enable it to be delivered together with the
siRNA in an electrostatic complex with the cationic SCK na-
noparticles. The GALA peptide is a 30 amino acid synthetic
amphiphilic peptide (WEAALAEALAEALAEHLAEALAE
ALEALAA) with a repeating Glu-Ala-Leu-Ala, which also
contains a His and a Trp as spectroscopic probes. The design of
the sequence was based on a mutant sequence of haemagglu-
tinin subunit (HA-2) from influenza virus, which mediates
endosomal escape (Subbarao et al., 1987). The GALA peptide
undergoes a pH-dependent conformational change from a
random coil to an alpha-helix when the pH drops from 7.0 to
5.0, leading to the interaction with lipid bilayers and the de-
stabilization of endosomal membrane (Parente et al., 1990a;
Parente et al., 1990b; Fattal et al., 1994). GALA has been shown
to improve their intracellular delivery of DNA, ODNs and
siRNA with cationic liposomes, dendrimers, and polylysine
(Futaki et al., 2005; Yamada et al., 2005; Sasaki et al., 2008;
Hatakeyama et al., 2009; Kobayashi et al., 2009; Wang et al.,
2009; Ukawa et al., 2010; Akita et al., 2011a, 2011b; Khalil et al.,
2011; Nakase et al., 2011). Although there are several mecha-
nisms proposed for membrane perturbation induced by
GALA-based gene delivery systems (Simoes et al., 1999; Sasaki
et al., 2008), the actual mechanism is still not yet well under-
stood.

To test whether fusogenic peptide GALA could enhance
iNOS mRNA knockdown by ¢SCKesiRNA, we used quanti-
tative RT-PCR to directly monitor mRNA levels in RAW 264.7
cells. For all the following studies, we used the PAEA;4y-b-
PS3p ¢SCK-pajgp. These particles behaved similarly to the
original particles in that they quantitatively bound both 50
or 100nM siRNA at 10 pg/mL ¢SCK, and at this ¢SCK con-
centration siRNA binding was unaffected by the addition of
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0.5t02.0 uM GALA (Supplementary Fig. S3). As shown in Fig.
8C, addition of GALA (0, 0.1, 0.2, and 0.3 uM) to 10 pug/mL of
¢SCK in the absence of siRNA did not cause any knockdown
of iINOS mRNA, indicating that fusogenic peptide GALA by
itself does not have any direct effect. While addition of
varying concentrations of GALA did not significantly affect
knockdown of iNOS mRNA with 10 pg/mL ¢SCK and 100 nM
siRNA, a significant effect was observed when the concen-
tration of the siRNA was further decreased to 50 nM. At this
concentration of siRNA only 25% knockdown of iINOS mRNA
was observed in the absence of GALA, but addition of 0.2 uM
GALA significantly increased the knockdown to 55%
(P<0.001). The difference in observed knockdown was not
due to differences in cytotoxic effects from the GALA in the
presence of the siRNA as ascertained from independent MTT
assays of the complexes (Fig. 8B). Thus, GALA could be used
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to lower the concentration of siRNA needed to achieve
knockdown.

Mechanism of GALA enhancement of INOS
knockdown by cSCKesiRNA

To determine whether GALA might be enhancing siRNA
silencing by enhancing nanoparticle uptake and/or en-
dosomal escape, we first carried out a study of nanoparticle
uptake. To quantitatively measure the cellular uptake of
cSCKesiRNA®GALA in the RAW 264.7 cell line, we used
flow cytometry to monitor the uptake of a dual fluorescence-
labeled nanocomplex of Alexafluor 488-labeled cSCK, Cy5-
labeled siRNA in the presence and absence of the GALA
peptide. Geometric mean fluorescence intensities of the
AlexaFluor 488 and Cy5 channels show that with an increase
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Lysotracker in the presence and absence of GALA. Induced RAW264.7 cells were incubated with siRNA (50 nM)e AlexaFluor488-
cSCKpa100 (10 pg/mL)-Cy5¢GALA (0, 0.2 uM) complexes for 22 hours, after which Lysotracker-Blue (50nM) was added. Two
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with GALA with 2-3 cells/image). (C) Degree of non-colocalization of siRNAs and ¢SCKs with dextran-cascade blue. Alexa-
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106

of fusogenic peptide GALA, the relative uptake of cSCK
(Supplementary Fig. S4A) and siRNA (Supplementary Fig.
S4B) were both slightly decreased but not significantly dif-
ferent. The reduction in uptake efficiency, if any, could be
explained by a net reduction in the positive charge of the cSCK
upon addition of the negatively charged GALA, which re-
duces endocytosis efficiency. The observation that GALA
may at most reduce uptake efficiency suggests that the en-
hanced mRNA silencing observed upon addition of GALA
must more likely be due to enhanced endosomal escape or
some other process following uptake.

To determine what process GALA might be affecting, we
examined the non-colocalization of the siRNA and nano-
particle by confocal microscopy using a concentration of the
nanocomplex that showed a significant effect of GALA on
RNA knockdown. Thus, iNOS-induced RAW 264.7 cells were
incubated with 10pg/mL AlexaFluor488-cSCK with 50nM
Cy5-siRNA with and without 0.2 uM GALA for 24 hours and
then examined at 250 x magnification (Supplementary Fig. S5).
We found both nanocomplexes could be efficiently uptaken by
RAW 264.7 cells, but in the absence of GALA, the siRNA was
almost completely colocalized with the cSCK (Supplementary
Fig. S5A) showing only 3.3+2.7 % that was non-colocalized
(n=101images). In the presence of the fusogenic peptide GALA,
2049 % of the siRNA was non-colocalized with the ¢cSCK (n=8
images, P=0.000) (Supplementary Fig. S5B), suggesting that
GALA must be enhancing separation of the siRNA from the
¢SCK, possibly by enhancing escape of the siRNA from the
endosomes in preference to the cSCK.

Effect of inhibitors on cellular uptake of cSCKs
in RAW 264.7 cells

To gain further insight into the uptake and trafficking of the
nanocomplexes in the cells, the effects of known endocytosis
inhibitors (Lundin et al., 2008; Vercauteren et al., 2010) on ¢SCK
uptake by the RAW cells were investigated (Fig. 9). Cytocha-
lasin D is known to inhibit phagocytosis and macropinocytosis
by inhibiting F-actin elongation. Chlorpromazine is an inhibi-
tor of clathrin-mediated endocytosis, since it disrupts the as-
sembly of adaptor protein 2 and clathrin, which is essential
for the formation of clathrin-coated vesicles. Methyl-f-
cyclodextrin is an inhibitor of caveolin-dependent endocytosis
as it disrupts lipid rafts by binding and removing cholesterol
from membranes. The effect of these inhibitors on ¢SCK uptake
and cell viability were examined over a range of concentrations
(Supplementary Fig. S6) and the effect on ¢SCK uptake sum-
marized in Fig. 9A. Entry of cSCK into RAW 264.7 cells was
most greatly reduced (about 50% at 20 pM; Supplementary Fig.
S6B) by chlorpromazine which inhibits clathrin-dependent
endocytosis. Entry was also inhibited, but to a lesser extent by
cytochalasin D (average of 30 % for 2-50 uM; Supplementary
Fig. S6A), suggesting that macropinocytosis or phagocytosis
might also play a role in ¢SCK internalization in the RAW cells.
It would appear that caveolin-mediated endocytosis is not in-
volved, since methyl-B-cyclodextrin had no effect at any con-
centration (Supplementary Fig. S6C).

Colocalization with endosome trackers

Additional insight into the mechanism of uptake and traf-
ficking was obtained with the use of endosome trackers. One
standard endosomal tracker is Lysotracker, which accumu-
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lates in acidic vesicles, such as late endosomes and lysosomes.
Most interestingly, there was little colocalization of either the
¢SCK or the siRNA with this dye in the absence or presence of
GALA (Supplementary Fig. S7; Fig. 9B), suggesting that the
¢SCK and siRNA were escaping the endosomal pathway prior
to entering late endosome or lysosomes, or that the cSCK was
preventing acidification due to its proton sponge properties.
Addition of GALA, however, significantly enhanced the
separation of the siRNA from the ¢SCK from 5.8+2.8% to
26.9£8.1% (P<0.001). The colocalization of the siRNA and
nanoparticle with dextran-cascade blue, a tracker of fluid
phase uptake, which was indicated by sensitivity to cyto-
chalasin D was then studied (Supplementary Fig. S8; Fig. 9C).
Cells were incubated with the nanocomplex and dextran-
cascade blue and observed by confocal microscopy after 8
hours. In the absence of GALA, 22+12% of the siRNA was
non-colocalized with dextran-labeled endosomes and in-
creased significantly (P <0.001) to 44+14% in the presence of
GALA. Likewise, 15+12% of the ¢SCK was non-colocalized
with the Dextran in the absence of GALA, but increased sig-
nificantly (P<0.001) to 31+£15% in the presence of GALA.
About 50% of the Dextran was non-colocalized with the siR-
NA and c¢SCK. These results indicate that a substantial
fraction of the nanocomplexes may be entering by macro-
pinocytosis or phagocytosis, and that GALA may in fact be
enhancing endosomal escape of both siRNAs and ¢SCKs. The
behavior of the cSCKs with respect to Lysotracker and Dex-
tran is very similar to what has been previously reported for
uptake of a DNA lipoplex in Chinese hamster ovary cells
(Zhang et al., 2011) and polyplexes in human hepatocellular
liver carcinoma cells (Goncalves et al., 2004).

Conclusion

Of a series of cationic shell-crosslinked nanoparticles,
c¢SCKs, with varying percentages of primary to tertiary
amines, the parent cSCK-pajgo, with only primary amines
showed the best siRNA silencing efficiency in HeLa cells, and
was much better than Lipofectamine 2000 and Polyfect. The
better silencing efficiency of cSCK-pa; g in HeLa cells could be
attributed to better cell uptake, indicating an important role
for primary amines in this process. Silencing efficiency for
¢SKC-pal00 was not as good in other human cell lines, indi-
cating that ¢cSCK nanoparticles may have to be tailored for
each specific cell type. As indicated in the introduction, the
synthetic design of ¢cSCKs makes them ideal for such an op-
timization process, as it is quite straightforward to manipulate
their size and shape, charge density and buffering capacity,
stealth and targeting properties. The other important advan-
tage of c¢SCK-pajqg for eventual in vivo use was its ability to
greatly inhibit the degradation of siRNA by human serum,
which it does so much more effectively than Lipofectamine
2000, presumably by sequestering the siRNA deeply within
the shell and thereby encumbering access to the siRNA by
serum enzymes. cSCK-pa;op was also very good for siRNA
knockdown of iNOS in a mouse macrophage cell line, which
would be of great interest for treatment of acute lung injury.
The high charge density of the cSCK also enables co-delivery
of the fusogenic GALA peptide which was able to enhance
siRNA silencing at lower siRNA concentrations by facilitating
endosomal escape. The studies as a whole demonstrate the
potential of shell crosslinked nanoparticles as a tunable
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delivery platform for siRNA and auxiliary peptides. Ongoing
studies are focusing on other agents for facilitating endosomal
escape, such as the incorporation of histamine into the shell
(Shrestha et al., 2012), as well as the development of a bio-
degradable version of the cSCK for silencing iNOS induction
in acute lung injury animal models.
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