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Abstract: This study was conducted to formulate a nonviral delivery system for the delivery of
small interfering RNA (siRNA) to B16 melanoma cells in vitro. For this purpose, oleic and stearic
acid modified derivatives of branched polyethylenimine (PEI) were prepared and evaluated. The
hydrophobically modified polymers increased siRNA condensation up to 3 folds as compared to
the parent PEI. The modified PEls exhibited up to 3-fold higher siRNA protection from degradation
in fetal bovine serum as compared to the parent PEI. The formulated complexes were shown to
enter B16 cells in a time-dependent fashion, reaching over 90% of the cells after 24 h, as compared
to only 5% of the cells displaying siRNA uptake in the absence of any carrier. A proportional reduction
in siRNA cell uptake was observed with reduced polymeric content in the formulations. When used
to deliver various doses of siRNA to B16 cells, the modified PEIls were superior or comparable to
some of the commercially available transfection agents; the hydrophobically modified polymers gave
3-fold increased siRNA delivery than the parent PEl, ~5-fold higher delivery than jetPEl and
Metafectene, a comparable delivery to Lipofectamine 2000, but a 1.6-fold decreased delivery
compared to INTERFERIn, which was the most efficient reagent in our hands. Using an siRNA
specific for integrin a(v), a dose-dependent decrease in integrin a(v) levels was demonstrated in
B16 cells by flow cytometry, revealing a more pronounced reduction of integrin o(v) levels for oleic-
and stearic-acid modified PEIls. The overall results suggested that the hydrophobically modified PEls
provide a promising delivery strategy for siRNA therapeutic applications.

Keywords: Hydrophobic modification; polyethylenimine; small interfering RNA; RNA interfer-
ence; cancer targeting

Introduction

RNA interference (RNALI) is a new technology that carries
a promising therapeutic potential. In 2001, this post-

transcriptional phenomenon was proven to exist as a defense
mechanism in mammalian cells;' it was shown that a double-
stranded RNA of 21—23 nucleotides, known as small-
interfering RNA (siRNA), mediated RNAi and effectively
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silenced target genes.” Upon its introduction to cytosol,
siRNA binds with specific proteins to conform the RNA-
induced silencing complex (RISC).> RISC mediates the
unwinding of siRNA duplex generating an oligonucleotide

(1) Elbashir, S. M.; Harborth, J.; Lendeckel, W.; Yalcin, A.; Weber,
K.; Tuschl, T. Duplexes of 21-nucleotide RNAs mediate RNA
interference in cultured mammalian cells. Nature 2001, 411
(6836), 494-8.

(2) Elbashir, S. M.; Lendeckel, W.; Tuschl, T. RNA interference is
mediated by 21- and 22-nucleotide RNAs. Genes Dev. 2001, 15
(2), 188-200.
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that binds to the target mRNA in a complementary manner.
The resulting dsSRNA gets cleaved by RISC and eventually
destroyed by the intracellular machinery.* ¢ Since its
discovery, siRNA has been developed as a screening tool
for cancer studies,”” and has been evaluated as a potential
therapeutic agent for a variety of nucleic acid based diseases
such as HIV,'© hepatitis C,'"" and cancer.'>'3 siRNA has been
employed to downregulate angiogenic and tumor-associated
factors in vitro and in vivo.'"* It was shown to inhibit the
expression of Ki-67 and proliferation in human renal
carcinoma cells (HRCC)."® Inhibition of proliferation and
induction of apoptosis of HRCC was achieved by antite-
lomerase siRNA.'¢

However, developing a stable and efficient delivery system
is a major challenge for therapeutic applications of siRNA.'7!8

(3) Kawasaki, H.; Taira, K.; Morris, K. V. siRNA induced transcrip-
tional gene silencing in mammalian cells. Cell Cycle 2005, 4 (3),
442-8.

(4) Tang, G. siRNA and miRNA: an insight into RISCs. Trends
Biochem. Sci. 2005, 30 (2), 106-14.

(5) Caplen, N. J.; Mousses, S. Short interfering RNA (siRNA)-
mediated RNA interference (RNAi) in human cells. Ann. N.Y.
Acad. Sci. 2003, 1002, 56-62.

(6) Schutze, N. siRNA technology. Mol. Cell. Endocrinol. 2004, 213
(2), 115-9.

(7) Sachse, C.; Echeverri, C. J. Oncology studies using siRNA
libraries: the dawn of RNAi-based genomics. Oncogene 2004,
23 (51), 8384-91.

(8) Luo, Q.; Kang, Q.; Song, W. X.; Luu, H. H.; Luo, X.; An, N,;
Luo, J.; Deng, Z. L.; Jiang, W.; Yin, H.; Chen, J.; Sharff, K. A.;
Tang, N.; Bennett, E.; Haydon, R. C.; He, T. C. Selection and
validation of optimal siRNA target sites for RNAi-mediated gene
silencing. Gene 2007, 395 (1—2), 160-9.

(9) Fuchs, U.; Borkhardt, A. The application of siRNA technology
to cancer biology discovery. Adv. Cancer Res. 2007, 96, 75-102.

(10) Chakraborty, C. Potentiality of small interfering RNAs (siRNA)
as recent therapeutic targets for gene-silencing. Curr. Drug Targets
2007, 8 (3), 469-82.

(11) Wilson, J. A.; Richardson, C. D. Future promise of siRNA and
other nucleic acid based therapeutics for the treatment of chronic
HCV. Infect. Disord. Drug Targets 2006, 6 (1), 43-56.

(12) Storvold, G. L.; Andersen, T. L.; Perou, C. M.; Frengen, E. siRNA:
a potential tool for future breast cancer therapy. Crit. Rev. Oncog.
2006, /2 (1-2), 127-50.

(13) Cejka, D.; Losert, D.; Wacheck, V. Short interfering RNA
(siRNA): tool or therapeutic. Clin. Sci. (London) 2006, 110 (1),
47-58.

(14) Lu, P. Y.; Xie, F. Y.; Woodle, M. C. Modulation of angiogenesis
with siRNA inhibitors for novel therapeutics. Trends Mol. Med.
2005, 71 (3), 104-13.

(15) Zheng, J. N.; Ma, T. X; Cao, J. Y.; Sun, X. Q.; Chen, J. C; Li,
W.; Wen, R. M.; Sun, Y. F.; Pei, D. S. Knockdown of Ki-67 by
small interfering RNA leads to inhibition of proliferation and
induction of apoptosis in human renal carcinoma cells. Life Sci.
2006, 78 (7), 724-9.

(16) Zheng, J. N.; Sun, Y. F.; Pei, D. S.; Liu, J. J.; Chen, J. C.; Li,
W.; Sun, X. Q.; Shi, Q. D.; Han, R. F.; Ma, T. X. Inhibition of
proliferation and induction of apoptosis in human renal carcinoma
cells by anti-telomerase small interfering RNAs. Acta Biochim.
Biophys. Sin. (Shanghai) 2006, 38 (7), 500-6.

(17) Dev, K. K. Using RNAI in the clinic. IDrugs 2006, 9 (4), 279—
82.
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Optimum delivery strategy aims to reduce off-target effects,
to improve siRNA pharmacokinetic and biodistribution after
administration, and to promote efficient gene silencing.'’
Viral vectors for siRNA delivery are associated with several
drawbacks, such as the possibility of uncontrolled cell
proliferation of transduced cells,?® immune reactions to viral
particles,”’ and inflammation of the transduced tissue.*?
Therefore, nonviral delivery systems are considered more
favorable in therapy because of their reduced safety concerns
and the relatively more convenient preparation techniques.>> 2

In this study, we examined the potential of hydrophobically
modified PEIs for stable condensation of siRNA in poly-
electrolyte complexes and their ability to deliver siRNA to
B16 melanoma cells in vitro. PEI is a cationic polymer that
is used extensively in gene delivery studies;?’ it is an
attractive carrier for intracellular gene delivery because of
its well-established ability to condense nucleic acids via
electrostatic interaction between the anionic phosphate in the
nucleic acid backbone and the cationic primary, secondary,
and tertiary amines of the polymer.?’*® PEI was shown to
be effective in condensing and delivering siRNA to target
mRNA in vitro and in vivo.***° Tt was able to transfer
functionally active siRNA to a variety of cell types including
cancer cells.*’ PEI-complexed siRNAs were shown to
promote antitumoral effect in U87 orthotopic mouse glio-
blastoma model growing intracranially.>® A significant
reduction in tumor growth was observed after intraperitoneal
administration of PEI-siRNA complexes in mouse model

(18) Hede, K. Blocking cancer with RNA interference moves toward
the clinic. J. Natl. Cancer Inst. 2005, 97 (9), 626-8.

(19) Thomas, M.; Lu, J. J.; Chen, J.; Klibanov, A. M. Non-viral siRNA
delivery to the lung. Adv. Drug Delivery Rev. 2007, 59 (2—3),
124-33.

(20) Kohn, D. B.; Sadelain, M.; Glorioso, J. C.; Occurrence of
leukaemia following gene therapy of X-linked, SCID. Nat. Rev.
Cancer 2003, 3 (7), 477-88.

(21) Zaiss, A. K.; Muruve, D. A. Immune responses to adeno-associated
virus vectors. Curr. Gene Ther. 2005, 5 (3), 323-31.

(22) Muruve, D. A. The innate immune response to adenovirus vectors.
Hum. Gene Ther. 2004, 15 (12), 1157-66.

(23) Uprichard, S. L. The therapeutic potential of RNA interference.
FEBS Lett. 2005, 579 (26), 5996-6007.

(24) Kennedy, D. Breakthrough of the year. Science 2002, 298 (5602),
2283.

(25) Behlke, M. A. Progress towards in vivo use of siRNAs. Mol. Ther.
2006, 13 (4), 644-70.

(26) Putnam, D.; Doody, A. RNA-interference effectors and their
delivery. Crit. Rev. Ther. Drug Carrier Syst. 2006, 23 (2), 137—
64.

(27) Demeneix, B.; Behr, J. P. Polyethylenimine (PEI). Adv Genet.
2005, 53, 217-30.

(28) Boussif, O.; Lezoualc’h, F.; Zanta, M. A.; Mergny, M. D.;
Scherman, D.; Demeneix, B.; Behr, J. P. A versatile vector for
gene and oligonucleotide transfer into cells in culture and in vivo:
polyethylenimine. Proc. Natl. Acad. Sci. U.S.A. 1995, 92 (16),
7297-301.

(29) Bologna, J. C.; Dorn, G.; Natt, F.; Weiler, J. Linear polyethyl-
enimine as a tool for comparative studies of antisense and short
double-stranded RNA oligonucleotides. Nucleosides Nucleotides
Nucleic Acids 2003, 22 (5—8), 1729-31.
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targeting the c-erbB2/neu (HER-2) receptor.>* Additionally,
PEI complexes of polyethylene glycol (PEG)-siRNA con-
jugates targeting vascular endothelial growth factor (VEGF)
showed over 95% effective silencing of VEGF expression
in PC-3 cells.*® The efficacy of PEI-mediated siRNA
delivery, however, was shown to be dependent on the
structure and molecular weight of the PEI used in the
formulation.**

The relative simplicity in modifying PEI backbone can
generate delivery systems that are target specific and possibly
less toxic than native PEI In a recent study, grafting PEG-
folate residues to PEI was shown to efficiently deliver
functionally active siRNA into KB cells, a cell line originally
derived from mouth epidermal carcinoma that highly express
folate receptors.®® In addition, targeting cancer neovascula-
ture in vivo and efficient silencing of vascular endothelial
growth factor receptor-2 (VEGFR-2) was achieved by PEI
nanoparticles that were decorated with Arg-Gly-Asp (RGD)
peptides.*® Hydrophobic modification of PEI to improve cell
membrane interactions is an alternative approach for siRNA
delivery, as compared to receptor-specific modifications. One
study has demonstrated that attaching cholesterol to PEI
backbone promoted siRNA stability in water-soluble li-
popolyplexes and inhibited VEGF expression in PC-3 cells
in vitro, and ultimately induced tumor regression in vivo.>’
PEI—cholesterol conjugates were also shown to enhance
intracellular uptake of DNA and improve transfection ef-

(30) Urban-Klein, B.; Werth, S.; Abuharbeid, S.; Czubayko, F.; Aigner,
A. RNAi-mediated gene-targeting through systemic application
of polyethylenimine (PEI)-complexed siRNA in vivo. Gene Ther.
2005, 12 (5), 461-6.

(31) Aigner, A. Gene silencing through RNA interference (RNAIi) in
vivo: strategies based on the direct application of siRNAs.
J. Biotechnol. 2006, 124 (1), 12-25.

(32) Grzelinski, M.; Urban-Klein, B.; Martens, T.; Lamszus, K.;
Bakowsky, U.; Hobel, S.; Czubayko, F.; Aigner, A. RNA
interference-mediated gene silencing of pleiotrophin through
polyethylenimine-complexed small interfering RNAs in vivo
exerts antitumoral effects in glioblastoma xenografts. Hum. Gene
Ther. 2006, 17 (7), 751-66.

(33) Kim, S. H.; Jeong, J. H.; Lee, S. H.; Kim, S. W.; Park, T. G.
PEG conjugated VEGF siRNA for anti-angiogenic gene therapy.
J. Controlled Release 2006, 116, 123-9.

(34) Grayson, A. C.; Doody, A. M.; Putnam, D. Biophysical and
structural characterization of polyethylenimine-mediated siRNA
delivery in vitro. Pharm. Res. 2006, 23 (8), 1868-76.

(35) Kim, S. H.; Mok, H.; Jeong, J. H.; Kim, S. W.; Park, T. G.
Comparative evaluation of target-specific GFP gene silencing
efficiencies for antisense ODN, synthetic siRNA, and siRNA
plasmid complexed with PEI-PEG-FOL conjugate. Bioconjugate
Chem. 2006, 17 (1), 241-4.

(36) Schiffelers, R. M.; Ansari, A.; Xu, J.; Zhou, Q.; Tang, Q.; Storm,
G.; Molema, G.; Lu, P. Y.; Scaria, P. V.; Woodle, M. C. Cancer
siRNA therapy by tumor selective delivery with ligand-targeted
sterically stabilized nanoparticle. Nucleic Acids Res. 2004, 32 (19),
el49.

(37) Kim, W.J.; Chang, C. W.; Lee, M.; Kim, S. W. Efficient siRNA
delivery using water soluble lipopolymer for anti-angiogenic gene
therapy. J. Controlled Release 2007, 118 (3), 357-63.

ficiency.*® This system was effective for intratumoral delivery
in vivo as well.*>** These results highlight the importance
of lipid components in cationic polymers for efficient siRNA
delivery. Based on this reasoning, we conducted this study
to further investigate the beneficial effect of hydrophobic
modification by grafting simpler aliphatic lipids to PEIL. By
using PEIs modified with endogenous lipids, we investigated
the complexation of the chosen polymers with a model
siRNA and assessed their capability to deliver siRNA
intracellularly to B16 melanoma cells. An additional target-
specific siRNA against integrin a(v) were used to evaluate
functional siRNA delivery in this study. Our results indeed
showed that PEIs modified with aliphatic lipids provide an
improved model for siRNA delivery.

Materials and Methods

Materials. Branched PEI (25 kDa), triethylamine (TEA),
octanoyl chloride (CA, 99%), stearoyl chloride (StA, 98.5%),
oleoyl chloride (OA, 99%), and linoleoyl chloride (LA, 99%)
were obtained from SIGMA (St. Louis, MO). Anhydrous
ethyl ether and dichloromethane (DCM) were purchased from
Fisher Scientific (Fairlawn, NJ). Deuterated chloroform
(CDCl;) and water (D,O) used as 'H NMR solvent were
from Cambridge Isotope Laboratories (Andover, MA) and
Aldrich (Milwaukee, WI), respectively. 3-(4,5-Dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was ob-
tained from SIGMA (St. Louis, MO). Fetal bovine serum
(FBS) was obtained from HyClone (Logan, UT). INTER-
FERin and jetPEI were purchased from Polyplus-Transfec-
tion (New York, NY). Lipofectamine 2000 was purchased
from Invitrogen Corporation (Carlsbad, CA), and Metafect-
ene was obtained from Biontex Laboratories (Munich,
Germany). 4',6-Diamidino-2-phenylindole (DAPI) was pur-
chased from Invitrogen Molecular Probes (Oregon). Se-
quenced siRNA targeting mouse integrin a(v), was purchased
from Ambion (sense: 5'-GGCCUUGAAGUGUACCCU-
ATT-3', and antisense: 5'-UAGGGUACACUUCAAGGC-
CAG-3". The scrambled siRNAs used as a model siRNA
were Silencer Negative Control #1 siRNA (Catalogue
#AM4635) and Silencer FAM labeled Negative Control #1
siRNA (Catalogue #AM4620), both purchased from Ambion
(Austin, TX).

Cell Culture. B16.F10 cell line was grown and propagated
in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% FBS at 37 °C and humidified 5% CO..
The cell line was kindly provided by Dr. Mavanur Suresh,

(38) Wang, D. A.; Narang, A. S.; Kotb, M.; Gaber, A. O.; Miller, D. D.;
Kim, S. W.; Mahato, R. I. Novel branched poly(ethylenimine)-
cholesterol water-soluble lipopolymers for gene delivery. Biom-
acromolecules 2002, 3 (6), 1197-207.

(39) Mahato, R. I.; Lee, M.; Han, S.; Maheshwari, A.; Kim, S. W.
Intratumoral delivery of p2CMVmIL-12 using water-soluble
lipopolymers. Mol. Ther. 2001, 4 (2), 130-8.

(40) Yockman, J. W.; Maheshwari, A.; Han, S. O.; Kim, S. W. Tumor
regression by repeated intratumoral delivery of water soluble
lipopolymers/p2CMVmIL-12 complexes. J. Controlled Release
2003, 87 (1-3), 177-86.
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Table 1. PEI Substitution with Fatty Acid Chains

. . Level of
Polymer Fatty-Acid Substitute Substitution
(Lipid/PEI)
PEI-CA1 /\/\/\j\ 28.14
Cl
PEI-CA2 Capryloyl Cloride 10.47
PEI-StA1 /\/\/\/\/\/\/\/\)(I)\ 2.63
Cl
PEI'StAZ Stearoyl Chloride 1 89
PEFOAT V\/\/\/MA/\)(L o
PEI-OA2 Oleoyl Chloride ° 2.1
PEI-LA1 /\Wi 6.04
PEI-LA2 Linoleoy! Chloride i 5.55

Faculty of Pharmacy and Pharmaceutical Sciences, Univer-
sity of Alberta.

Synthesis and Characterization of Hydrophobically-
Modified Polymers. A previously described procedure*' was
used to prepare the lipid-substituted PEIs (PEI-CA, PEI-StA,
PEI-OA, PEI-LA) by N-acylation of the corresponding lipid
chlorides with PEI (Table 1) at fatty acid:ethylenimine ratios
of 1:15 and 1:86. Briefly, to obtain lipid-substituted PEI, 50
mg of PEI was dissolved in DCM 2.5 mL under N, at room
temperature. After addition of 2 uL. of TEA, the desired fatty
acid was dissolved in 2.5 mL of DCM and gradually added
to the PEI solution over a 30 min period. The solution was
stirred for 12 h under N,. Excess of ethyl ether was added
to precipitate and wash (x3) the polymer product, which
was then dried under vacuum overnight at room temperature.
The composition of the reaction products was determined
by a 300 MHz "H NMR spectroscope (Bruker 300 AM;
Billerica, MA). The proton shifts specific for fatty acids
(~0.8 ppm; terminal —CH3) and PEI (~2.5—2.8 ppm;
—HN—-CH,—CH,—NH—) were integrated, normalized for
the number of protons in each peak, and used to obtain the
lipid substitutions on polymers.

(41) Incani, V.; Tunis, E.; Clements, B. A.; Olson, C.; Kucharski, C.;
Lavasanifar, A.; Uludag, H. Palmitic acid substitution on cationic
polymers for effective delivery of plasmid DNA to bone marrow
stromal cells. J. Biomed. Mater. Res. A 2007, 81 (2), 493-504.
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Determination of siRNA Condensation by Gel Retar-
dation Assay. In sterile Eppendorf tubes, serially diluted
polymers ranging from 62.5 ng to 2 ug were added to 2 ug
of siRNA in RNase-free water and incubated for 30 min at
37 °C. Three uL of 6x sample buffer (50% glycerol, 1%
bromophenol blue, and 1% xylene cyenol FF in Tris-borate-
EDTA (TBE) buffer) was then added to each sample. The
samples were loaded onto 2% agarose gel containing 0.2%
mg/mL EtBr. Electrophoresis was performed at 130 V and
~52 mA for 15 min. The resulting gels were photographed
under UV-illumination. The pictures were digitized and
analyzed with Scion image analysis software to determine
the mean density of siRNA band. The binding percentage
was calculated based on the relative intensity of siRNA in
each well to reference wells of naked siRNA without any
polymer. Each polymer was tested at least in 2 independent
experiments.

Polyanion Competition Assay. The relative ability of
complexes to release siRNA was measured after a challenge
with the competing polyanion heparin.*> Complexes were
formed in 1:1 polymer:siRNA mass ratios after incubating
2 ug of polymer and siRNA for 30 min, and then were

(42) Merdan, T.; Callahan, J.; Petersen, H.; Kunath, K.; Bakowsky,
U.; Kopeckova, P.; Kissel, T.; Kopecek, J. Pegylated polyethyl-
enimine-Fab' antibody fragment conjugates for targeted gene
delivery to human ovarian carcinoma cells. Bioconjugate Chem.
2003, 74 (5), 989-96.



Formulation and Delivery of siRNA

articles

incubated with 3.12, 6.25, 12.5, 25, 50, and 100 g of heparin
sulfate at 37 °C for 1 h. The samples were run on agarose
gel as described earlier. Results were presented as an average
of at least 2 independent experiments.

Zeta Potential Measurement. Complexes of each poly-
mer were formed at various polymer:siRNA mass ratios using
2 ug of siRNA. Zeta potential of each complex formulation
ranging from 0.125:1 to 1:1 polymer:siRNA mass ratios was
tested in water by 3 serial measurements using Zetasizer 3000
(Malvern, U.K.).

Serum Stability Studies. Naked siRNA (2 ug) was
incubated with either 10% or 25% FBS at 37 °C. Samples
were analyzed after 1, 4, and 24 h of serum incubation by
agarose gel electrophoresis to determine the percentage of
intact siRNA. To determine the protective effect of the
polymers, complexes were prepared in several polymer:
siRNA mass ratios, ranging from 0.03125:1 to 1:1, and
incubated with 25% FBS for 24 h. Samples were then
incubated for 1 h with 100 ug of heparin to ensure complete
release of siRNA from the formulations, and then analyzed
for intact-siRNA percentage by agarose gel electrophoresis
as described earlier. The results represent an average of at
least 3 independent experiments.

Uptake of siRNA by B16 Melanoma Cells. In these
experiments, 6-carboxyfluorescein (FAM)-labeled siRNA
was formulated in the complexes. 1.4 ug of siRNA was
incubated with serially diluted amounts of the polymers
ranging from 175 ng to 1.4 ug in PBS for 30 min at 37 °C.
B16 murine melanoma cells (5 x 10%) in 6-well plates were
incubated with complexes containing 100 nM of siRNA in
each formulation. In one study, to evaluate the complexes’
ability to deliver several concentrations of siRNA, 24-well
plates were used to incubate B16 cells with several concen-
trations of the complexes. When commercial transfection
agents were used to deliver a dose range of siRNA, sterile
Eppendorf tubes containing 1.4 ug of siRNA in RNase-free
water were mixed with equal amounts of Lipofectamine 2000
or Metafectene for 20 min at room temperature. Moreover,
4 uL of jetPEI or INTERFERiIn were mixed with 1.4 ug
siRNA for 20 min at room temperature. Thereafter, serial
dilutions of the formulations were prepared in PBS and
incubated with B16 cells in 24-well plates for 24 h at 37
°C. Percentage of siRNA-positive cells was determined by
fluorescence activated cell sorting (FACS). For this, the
samples were acquired on a Becton—Dickinson FACSort
flow cytometer (Franklin Lakes, NJ) and the data was
analyzed with CellQuest software. At least duplicates of each
sample were tested.

Intracellular uptake of siRNA was observed by laser
scanning confocal microscopy (LSCM). After growing to
50% confluence, B16 cells were incubated with naked or
formulated siRNA for 3 h at 37 °C. The cells were then
washed three times with PBS and fixed with 2% paraform-
aldehyde solution in PBS for 10 min. To stain the nuclei,
fixed B16 cells were washed with PBS then DAPI was added
for 5 min. The cells were examined using a confocal

microscope Zeiss 510 LSMNLO (Carl Zeiss; Jena, Germany)
with identical settings for each confocal analysis.

siRNA-Mediated Inhibition of Integrin a(v). To evaluate
functional siRNA silencing, we used a validated siRNA
against integrin a(v). In 12-well plates, 5 x 10° B16
melanoma cells were incubated with 50, 100, and 200 nM
of siRNA either naked or in formulations with 1:1 polymer:
siRNA mass ratios at 37 °C. Identical formulations with
scrambled siRNA were used as controls. After 36 h, cells
were washed and incubated for 30 min at 4 °C with
monoclonal antibody against integrin o(v) (clone RMV-7;
Santa Cruz Biotechnology). Cells were washed three times
with FACS buffer (5% FBS in PBS) to remove excess
antibody. For labeling, a secondary FITC-labeled antibody
(Santa Cruz Biotechnology) was added and the samples were
incubated for 30 min at 4 °C. Then, cells were washed three
times with FACS buffer and the levels of protein expression
on cell surface were determined by flow cytometry.

Cytotoxicity Study. Polymer cytotoxicity was tested on
B16 cells grown in 96-well flat-bottomed microplates. Serial
dilutions of each polymer were prepared in PBS and 5 uL
of polymer solutions were added to 100 uL of culture
medium in each well. Total polymer concentration in each
well ranged from 0.35 to 2.8 ug/mL. The plates were
incubated for 3, 12, 24, 48, and 72 h for assessment of
viability. Each well was then incubated with 100 L of MTT
solution in culture medium (0.5 mg/mL) for 2 h. The formed
crystals were dissolved by adding 300 uL of isopropyl
alcohol to each well. Optical density was measured at 630
nm using a microplate reader. The results were converted
into % viability by using the absorbance from untreated
sample as a reference (100%), and expressing the absor-
bances obtained form the treatment groups as a percentage
of the reference value. The results were summarized as mean
£ SD of 7 replicates for each sample.

Statistical Analysis. The data were analyzed for statistical
significance (p < 0.05) by one-way ANOVA. Where
indicated, the results were summarized as mean =+ SD.

Results

siRNA Condensation by Oleic and Stearic Acid
Modified PEI. The hydrophobically modified polymers,
prepared by grafting lipid moieties on PEI backbone by
N-acylation,*! were expected to possess sufficient cationic
charge to neutralize the anionic charge of an siRNA. To
assess the polymers’ ability to condense siRNA, gel retarda-
tion assay was used to analyze the complexes of siRNA with
the native PEI or PEI derivatives (Table 1). As shown in
Figure la, complete condensation of siRNA could be
achieved with all polymers, including PEI, at ~0.4:1
polymer:siRNA ratio. The condensation ability of the deriva-
tives PEI-OA1 and PEI-StA2 were shown to be more
efficient than the parent PEI, as indicated by a left shift in
binding vs concentration curves in Figure 1a. While ~0.087:1
mass ratio of PEL:'siRNA was needed to achieve 50% siRNA
binding, PEI-OAl and PEI-StA2 required 0.026:1 and
0.019:1 polymer:siRNA ratios, respectively. Accordingly,
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Figure 1. Assessment of siRNA-polymer complexation by gel migration assay. (a) The indicated polymers at different
concentrations were incubated with a fixed amount of siRNA for 30 min at 37 °C, and the complexes were run on an
agarose gel. The amount of naked siRNA in each sample was calculated by densitometry and % binding was
calculated accordingly. % binding as a function of polymer concentration was plotted and sigmoidal curve fits were
added for each polymer. PEI-OA1 and PEI-StA2 showed higher binding efficiency than the parent PEI, given by lower
concentrations required for 50% binding of the siRNA. The insert shows an expanded region of the original graph.
Polymer ratios required for 50% binding of siRNA are listed in the table next to the graph. (b) Displacement of siRNA
from complexes by heparin competition. Complexes of 1:1 polymer:siRNA ratios were incubated for 1 h at 37 °C with
increasing concentrations of heparin sulfate, and the amount of free siRNA was determined by gel migration assay to
obtain the extent of dissociation. PEI-StA2 complexes (open squares) showed maximum stability in the presence of
heparin.

PEI-OA1 and PEI-StA2 were chosen for further analysis due
to their better siRNA binding capability.

To evaluate the stability of the formulations, siRNA
complexes of PEI, PEI-OAI, and PEI-StA2 were prepared
at polymer:siRNA mass ratio of 1:1 to ensure complete
condensation of siRNA by the polymers (Figure 1b). Upon
addition of serially diluted heparin, 50% of siRNA was
displaced from PEI complexes at heparin:polymer mass ratio
of ~8.5. However, with PEI-OA1, a heparin:polymer mass
ratio of ~9.45 was needed to reach the 50% siRNA
displacement value. PEI-StA2 complexes were even more
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stable, since a ratio of ~18.7 was needed to displace 50%
of siRNA from the formulation. Complete dissociation of
siRNA from all complexes was observed when the ratio of
heparin:polymer reached 50. These findings were in line with
the relatively higher siRNA binding of the hydrophobically
modified polymers compared to the unmodified PEI.

Zeta Potential of siRNA Complexes. Zeta potential
analysis was carried out for the complexes at polymer:siRNA
ratios of 1:1, 0.5:1, 0.25:1, and 0.125:1. The results (Figure
2) were consistent with the gel retardation assay where full
complexation between siRNA and polymers was detected
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Figure 2. Determination of net surface charge by zeta
potential analysis. The complexes were prepared at the
indicated 4 different polymer:siRNA ratios, and their
zeta potential was determined. The bars represent the
averages of 3 different measurements (£SD).

in all formulations at 0.25:1, 0.5:1 and 1:1 ratios. With PEI,
the complexes displayed increasing net surface charge
proportional to the increasing polymer ratio in the formula-
tions. Although the hydrophobically modified complexes did
not show a uniform increase in surface charge, the polymers
provided a sufficient net cationic charge on the particles at
the polymer:siRNA mass ratios greater than 0.25:1. It was
interesting to note that the modified polymers gave an
increased cationic nature to the complexes at the lowest
polymer:siRNA ratio, again indicating better binding of the
polymers to siRNA after hydrophobic modification.

Protection of siRNA in Complexes from Degradation
in Serum. Since siRNA is highly sensitive to degradation
by nucleases,* the protective effect of the complexes against
siRNA degradation was assessed in serum. We first inves-
tigated the kinetics of naked siRNA degradation in 10% and
25% FBS at 37 °C. As shown in Figure 3a, siRNA was
completely degraded in 10% FBS after 24 h of incubation,
while 4 h were sufficient for 25% FBS to completely degrade
siRNA. When the complexes of different polymer:siRNA
mass ratios were incubated in 25% FBS for 24 h, siRNA
was fully recoverable and was protected from FBS degrada-
tion (Figure 3b) at polymer:siRNA ratios starting from 0.125:
1. At the lower ratios 0.0625:1 and 0.03125:1, PEI-OA1 and
PEI-StA2 demonstrated a significant protective effect for
siRNA compared to parent PEL. The percentages of intact
siRNA in PEI-OA1 and PEI-StA2 complexes were ~72 and
~97%, respectively, compared to only 29% in the case of
PEI complexes at 0.0625:1 ratio.

Uptake of siRNA Complexes by B16 Melanoma Cells.
Naked siRNA uptake by B16 cells was determined in vitro.
B16 cells were treated with increasing concentrations of
naked siRNA (1—100 nM) for 24 h. Our results indicate that
the percentage of siRNA-positive cells increased in a

(43) Haupenthal, J.; Baehr, C.; Zeuzem, S.; Piiper, A. RNAse A-like
enzymes in serum inhibit the anti-neoplastic activity of siRNA
targeting polo-like kinase 1. Int. J. Cancer 2007, 121 (1), 206—
10.
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Figure 3. Determination of siRNA stability in presence of
serum. (a) A fixed amount of naked siRNA was
incubated with 10% and 25% FBS-containing medium
for 1, 4 and 24 h, and the amount of intact siRNA was
determined by gel migration assay. Control refers to
siRNA incubated in the absence of serum. Densitometry
was used to calculate the amount of intact siRNA
remaining after the incubation period and the intact
siRNA remaining was plotted as a function of time in
25% FBS (filled circles) and 10% FBS (open circles).
(b) siRNA/polymer complexes, at various
polymer:siRNA ratios, were incubated in 25% FBS for
24 h and the amount of intact siRNA was determined
by gel migration assay and densitometry. Bars show the
mean + SD of intact siRNA obtained at different
polymer:siRNA ratios for 3 different measurements (*; p
< 0.05). The modified polymers gave a higher amount
of intact siRNA at low polymer:siRNA ratios.

concentration-dependent fashion, but only ~5% of the cells
displayed significant uptake when incubated with naked
siRNA in the absence of any carriers (data not shown).
However, when formulated at 1:1 siRNA:polymer ratios,
over 98% of B16 cells were positive for siRNA with all
polymers, PEI, PEI-OA1, and PEI-StA2 (data not shown).
A time-course study of siRNA uptake was then investigated
to better characterize the uptake pattern. As shown in Figure
4a, the percentage of siRNA-positive cells with naked siRNA
was significant within 30 min of incubation and reached
~20%. It peaked after 1 h reaching 37% and then declined
to less than 5% after 24 h of incubation. When cellular uptake
of siRNA in 1:1 complexes was assessed, significant increase
in the percentage of siRNA-positive cells was detected as
compared to naked siRNA reaching over 50% within 30 min
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Figure 4. Cellular uptake of siRNA complexes by B16 cells. (a) Determination of siRNA-positive B16 cells over time
by FACS. The study was conducted using 100 nM FAM-siRNA either naked or in 1:1 complexes with the polymers.
Cells incubated with siRNA for indicated periods of time were harvested and analyzed in FACS. Percentage of
siRNA-positive cells of complexed siRNA with the polymers was found to be significantly higher than the naked siRNA
(a; p < 0.05). PEI-StA2 complexes showed significantly higher increase in siRNA-positive cells compared to the PEI
complexes, at early time points (*; p < 0.05). Data are shown as the average + SD of 3 experiments. (b) Confocal
microscopy analysis of intracellular siRNA when B16 cells were incubated with 100 nM naked FAM-siRNA (a) or
siRNA complexed with (b) PEIl, (c) PEI-OA1, and (d) PEI-StA2. Nuclei (blue) are stained with
4',6-diamidino-2-phenylindole (DAPI), and the scale bar for each image is 10 um. Note the lack of siRNA for cells
incubated with naked siRNA, unlike cells incubated with complexes that yielded distinct particles associated with the
cells. (c) Delivery of siRNA by hydrophobically modified polymers and other commercially available carriers to B16
cells. siRNA complexes with the polymers were prepared at 1:1 polymer:siRNA ratios. Serially diluted complexes of
1:1 polymer:siRNA ratios were incubated in 24-well plates with B16 cells for 24 h. Significant increase in
siRNA-positive cells was noticed with hydrophobically modified PEls compared to PEI, (*; p < 0.05), jetPEIl, (+; p <
0.05), and Metafectene ( *; p < 0.05). Data are shown as an average + SD of 3 experiments.

of incubation. After 1 h, PEI and PEI-OA1 complexes
associated with ~90% of the cells, while PEI-StA2 complex
was significantly higher reaching over 96% of the cells.
Unlike naked siRNA, the percentage of siRNA-positive cells
peaked after 4 h of incubation with the PEI and PEI-StA2
complexes while all complexes sustained this high level after
24 h of incubation.

Since flow cytometry cannot discriminate whether the
siRNA was cell-surface bound or internalized, we used
confocal microscopy to localize siRNA in B16 cells (Figure
4b). We chose a time point (3 h) where the percentage of
siRNA-positive cells was submaximal based on flow cy-
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tometry data. The results of the confocal microscopy
indicated the presence of the polymeric complexes of siRNA
to enter B16 cells after 3 h of incubation, as evident by
sequestration of complexes (green dots in Figure 4b, due to
FAM-labeled siRNA) in the cytoplasm, possibly inside
endosomes, and their localization around the nucleus (blue
structures, due to DAPI staining). At this time point, there
was no indication of naked siRNA inside the B16 cells.
Confocal microscopy did not indicate any qualitative dif-
ferences among the three polymers (PEI, PEI-OAL1, and PEI-
StA2) used for complex formation. These results were
consistent with our flow cytometry results, showing strong
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effect of the polymers to deliver the siRNA intracellularly.
A discrepancy between the confocal microscopy results
(indicated no uptake at 3 h) and flow cytometry results
(indicated some uptake at 4 h), however, was present for
naked siRNA (see Discussion on this issue).

The ability of the hydrophobically modified PEIs to deliver
a dose range of siRNA to B16 cells was compared to
commercially available transfecting reagents including the
following: INTERFERIn, which was specifically designed
for siRNA delivery, jetPEI, which was used to transfect
HepG2 cells with antisense RNA,* Lipofectamine 2000,
which demonstrated significant siRNA-mediated inhibition
of tumor growth in human gastric carcinoma in vitro,* and
Metafectene, which was used to mediate siRNA-silencing
of PCNA gene in leukemic cell line.*® All polymer formula-
tions were prepared at mass ratios of 1:1; for INTERFERin
and jetPEI, the manufacturer’s recommendations were fol-
lowed for the amount of polymer used in the formulation.
B16 cells were pulsed with serially diluted complexes for
24 h where siRNA concentration in the formulations ranged
from 1.56 to 50 nM. As shown in Figure 4c, when 25 nM
of siRNA were delivered, PEI-OA1 and PEI-StA2 complexes
demonstrated ~1.6-fold and ~3-fold increase in the percent-
age of siRNA-positive cells than the parent PEI, respectively.
At 50 nM siRNA, ~1.3-fold and ~2-fold increase the
percentage of siRNA-positive cells was observed with PEI-
OAl and PEI-StA2 compared to parent PEIL. At this
concentration, PEI-OA1 also showed significant increase in
the percentage of siRNA-positive cells which was ~2.6-fold
higher than Metafectene and ~4.3-fold higher than jetPEIL.
Similarly, PEI-StA2 demonstrated ~4-fold increase in the
percentage of siRNA-positive cells than Metafectene and ~6-
fold higher than jetPEIL. PEI-StA2 was also found to be as
efficient as Lipofectamine 2000 for siRNA delivery to B16
cell line. INTERFERin was the most effective delivery
vehicle at all concentrations of siRNA. When compared to
INTERFERIin, PEI-StA2 was only ~1.6-fold less efficient
in cellular uptake while PEI showed at least 3-fold reduction
in cell uptake.

Effect of Polymer Ratio in Complexes on siRNA
Delivery. In order to investigate the effect of polymer content
on siRNA delivery, siRNA complexes were formulated with
polymer:siRNA mass ratios of 1:1, 0.5:1, 0.25:1, and 0.125:
1. As shown in Figure 5, reducing the polymer ratio in the
formulation resulted in proportional reduction in the percent-
age of siRNA-positive cells. At 0.5:1 ratio, siRNA delivery
by PEI-OA1 and PEI-StA2 complexes was shown to be 1.4-

(44) Liang, S. J.; Xiao, W. L.; Mu, D. Z.; Wu, H. N.; Wang, X. J.
[IL-1beta antisense RNA enhanced sensitivity of HepG2 cells to
NK cell mediated cytotoxicity.]. Xibao Yu Fenzi Mianyixue Zazhi
2007, 23 (8), 719-22.

(45) Miao, G. Y.; Lu, Q. M.; Zhang, X. L. Downregulation of survivin
by RNAI inhibits growth of human gastric carcinoma cells. World
J. Gastroenterol. 2007, 13 (8), 1170-4.

(46) Merkerova, M.; Bruchova, H.; Brdicka, R. [Specific silencing of
PCNA gene expression in leukemic cell lines using siRNA]. Cas.
Lek. Cesk. 2005, 144 (7), 472-5.
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Figure 5. Effect of polymer:siRNA ratio on siRNA
delivery. Complexes were prepared at the indicated
polymer:siRNA ratios, incubated with the cells for 24 h,
and siRNA uptake was subsequently determined by
FACS. The study was done using 100 nM siRNA in
each sample. (a) Changes in FACS histograms
indicative of siRNA-positive cells as a function of
polymer:siRNA ratios (indicated in the upper right
corner of each histogram). Shaded areas represent
background, dotted lines represent PEl complexed
group, gray lines represent PEI-OA1 complexed group,
and black lines represent PEI-StA2 complexed group.
(b) Bars represent quantitative analysis of FACS
histograms in (a) to obtain percentage of cells positive
for the siRNA. Data are shown as an average + SD of
3 experiments (*; p < 0.05).

fold and 2.4-fold less than PEI, respectively. Further drop
in polymeric content results in further reduction in the
percentage of siRNA-positive cells. At ratios lower than 0.25:
1, the percentage of siRNA-positive cells was comparable
in all groups including naked siRNA. These results indicate
that although complete siRNA condensation was achieved
at 0.25:1 polymer:siRNA ratio with PEI, PEI-OA1, and PEI-
StA2, higher polymer ratios are required in the formulation
to achieve better siRNA delivery.

Knockdown of Integrin o(v) by siRNA Using
Modified PEIs. We examined the ability of hydrophobically
modified PEIs to obtain functional siRNA silencing of
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Figure 6. Inhibition of integrin a(v) expression by siRNA
complexes in B16 cells exposed to three doses of
siRNA. Increasing concentrations of (a) an siRNA
targeting murine integrin a(v) or (b) a scrambled siRNA
were incubated with B16 cells either naked or in
complexes of 1:1 polymer:siRNA ratios for 36 h.
Significant inhibition of integrin a(v) expression was
noticed with all complexes compared to naked siRNA
(a; p < 0.05). Significant difference was also present
between the hydrophobically modified PEls compared
to PElI (*; p < 0.05), and between PEI-StA2 and
PEI-OA1 at 50 nM siRNA (+; p < 0.05). Data are
shown as an average of 3 experiments (+SD).

Integrin o (v) Expression (%)

integrin a(v) subunit on B16 cells. As shown in Figure 6a,
all siRNA complexes significantly decreased surface expres-
sion of integrin a(v) compared to naked siRNA. Moreover,
hydrophobic modification seemed to further enhance siRNA
silencing over parent PEI; PEI-OA1 formulation mediated
up to 27% reduction in surface expression of integrin ou(v),
while PEI-StA2 formulation mediated up to 45% reduction
in integrin a(v) surface expression compared to parent PEI.
At 50 nM siRNA, PEI-StA2 complexes gave marginal yet
significant silencing of integrin a(v) as compared to PEI-
OA1, but such a difference was not evident at the 100 and
200 nM siRNA doses. A scrambled siRNA, used as a control
in this study, did not cause any reduction of surface integrin
o(v) levels by naked siRNA or the corresponding siRNA
complexes (Figure 6b).

Cytotoxicity Studies. The cytotoxic effect of the polymers
on B16 cells was assessed by the MTT assay. Cytotoxicity
studies were conducted to explore whether the polymer
concentrations used for siRNA delivery had any indirect
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Figure 7. Cytotoxicity study for assessment of toxic
effect of the siRNA complexes on B16 cells. The
complexes were prepared at polymer:siRNA ratio of 1:1.
(a) Complexes at polymer concentrations of 0.35 to 2.8
mg/mL were incubated with the cells for 72 h. (b)
Complexes at polymer concentration of 2.8 ug/mL were
incubated with the cells over a period of 72 h. This
concentration is at least 2-time higher than the polymer
concentration used in cellular uptake studies.
Percentage of relative cell viability was determined by
the MTT assay. Data are shown as mean (+SD) of 7
replicates for each sample.

effect on siRNA uptake due to disruption of cell viability.
After 72 h of incubation, the results revealed that PEI, PEI-
OA1l, and PEI-StA2 were not toxic to B16 cells at the
polymer concentrations (<3 ug/mL) used in this study
(Figure 7a). The cytotoxicity of the highest concentration
was further examined by MTT assay over time and no
significant changes in cell viability were noted over 72 h
(Figure 7b).

Discussion

siRNA-based therapy is a promising approach for cancer
treatment.'>'® It has been demonstrated that targeting
laryngeal cancer cells with siRNA induced early or late stage
apoptosis.*” Moreover, growth of laryngeal cancer has been
inhibited in vivo when targeted with siRNA.*® However,
successful siRNA delivery has always been one of the major
challenges to the therapeutic applications of siRNA in



Formulation and Delivery of siRNA

articles

clinic.* The therapeutic potential of siRNA is abrogated by
low cellular uptake and poor stability profile; these negative
consequences have affected the anticipated move of siRNA-
based therapeutics from bench to bedside. Therefore, there
has been an increasing interest in developing suitable systems
for siRNA delivery.?03%3%-3¢

In our studies, we evaluated the ability of hydrophobically
modified derivatives of branched PEI (25 kDa) to condense,
protect, and successfully deliver siRNA to B16 melanoma
cells in vitro. Our findings demonstrated that PEI-OA1 and
PEI-StA2 were able to condense siRNA at lower concentra-
tions as compared to PEI (Figure la), indicating better
binding affinity. This has been confirmed by siRNA dis-
placement using the polyanion heparin (Figure 1b). Yet, we
expect that the electrostatic interaction might not be the only
mechanism by which hydrophobically modified PEIs form
complexes with siRNA. In fact, based on our zeta potential
results (Figure 2), the expected increase in the net surface
charge proportional to polymer ratio was observed only with
the PEI complexes. With modified PEIs, we attributed the
variability in surface charge, in spite of the increasing
polymer ratio in the formulation, to the relatively flexible
three-dimensional conformation of the grafted fatty acids.
The flexibility of the fatty acids is able to create a nonuniform
surface charge distribution on the particle, leading to
unpredictable response in an electric field. Although we did
not expect to see a reduction in zeta potential with increasing
polymer content, this could be explained by the concomitant
increment of the noncationic fatty acid content. Therefore,
we suggest that the flexibility of the aliphatic fatty acids could
also allow for physical encapsulation of siRNA, which may
explain the superior condensing and protective effect of the
modified polymers over PEI in spite of variable zeta
potentials. The hydrophobically modified complexes, nev-
ertheless, demonstrated a net cationic surface charge which
was sufficient for successful cell uptake. This was confirmed
by the efficient siRNA delivery by hydrophobically modified
PEIs compared to naked siRNA, which was evident in our
confocal microscopy study (Figure 4b). Confocal micros-
copy, more so than the flow cytometry, revealed the
beneficial effect of polymers on siRNA; no uptake was
visible for naked siRNA with confocal microscopy, whereas
some uptake was evident from flow cytometry. Differences
in sample preparation procedures, possible quenching of
fluorescence in confocal microscopy (as observed by Li, SD

(47) Gao, L. F.; Xu, D. Q.; Wen, L. J.; Zhang, X. Y.; Shao, Y. T.;
Zhao, X. J. Inhibition of STAT3 expression by siRNA suppresses
growth and induces apoptosis in laryngeal cancer cells. Acta
Pharmacol. Sin. 2005, 26 (3), 377-83.

(48) Gao, L. F.; Wen, L. J.; Yu, H.; Zhang, L.; Meng, Y.; Shao, Y. T.;
Xu, D. Q.; Zhao, X. J. Knockdown of Stat3 expression using
RNAI inhibits growth of laryngeal tumors in vivo. Acta Phar-
macol. Sin. 2006, 27 (3), 347-52.

(49) Gilmore, 1. R.; Fox, S. P.; Hollins, A. J.; Akhtar, S. Delivery
strategies for siRNA-mediated gene silencing. Curr. Drug Delivery
2006, 3 (2), 147-5.

et al. °°), or nonspecific association of siRNA with cells under
flow conditions, might have led to such a difference.
Although exact reasons for such a difference are unknown
in our studies, an independent study also noted some
differences between the two methods using the analysis of
viral binding and uptake.”'

The time-dependent decline noted in the percentage of
siRNA-positive cells after incubation with naked siRNA
might be attributed in part to the instability of naked siRNA
in culture medium (Figure 4a). This gradual reduction in the
percentage of siRNA-positive cells from 37% after 1 h of
incubation to ~2% after 24 h of incubation was consistent
with the serum degradation profile after siRNA incubation
with 10% FBS where the levels of siRNA declined from
41% after 1 h of incubation to 2% after 24 h of incubation
(Figure 3a). A recent study has related the loss of siRNA
activity after incubation with serum to RNase A-like en-
zymes.*® Haupenthal et al. clearly demonstrated that the
antitumor activity of siRNA directed against polo-like kinase
1 was lost after 2 h of incubation with human serum at 37
°C; this effect was prevented by the addition of RNaseOUT,
which is a potent inhibitor for RNase A.** On the other hand,
the prolonged siRNA delivery and persistent percentage of
siRNA-positive cells achieved with siRNA complexes could
be also explained by the polymer-protective effect from
serum degradation (Figure 4a). Others have addressed the
protective effect of polymers on siRNA. It was reported that
almost complete degradation of siRNA occurred after 8 h
of incubation in 50% FBS, while micellar formulation of
PEG-conjugated siRNA in PEI was able to protect the siRNA
from degradation even after 48 h of incubation.*® In addition,
it was shown that siRNA degradation in 20% FBS could
occur as soon as 30 min of incubation, while cholesterol-
conjugated PEI efficiently protected siRNA from degrada-
tion.?” The protective effect of polymer complexation against
nucleases will be vital after systemic administration of
siRNA. Cholesterol conjugation to branched PEI (1.8 kDa)
also showed significant increase in siRNA uptake by PC-3
cells compared to unmodified PEI and promote antiangio-
genic effect in vitro and in vivo.>” Although a relatively
higher polymeric ratio was required in that system to achieve
successful siRNA delivery, these results strongly support our
findings where hydrophobic modification of PEI improved
siRNA delivery to target cells. Although PEI-StA2 com-
plexes did not possess higher positive charge than PEI
complexes at the experimental conditions used for cell
uptake, they were found to demonstrate a significant increase
in the percentage of siRNA-positive cells within the first hour
of incubation compared to parent PEI (Figure 4a). Yet, when
the ratio of PEI-StA2 was reduced in the formulation (Figure

(50) Li, S. D.; Chono, S.; Huang, L. Efficient gene silencing in
metastatic tumor by siRNA formulated in surface-modified
nanoparticles. J. Controlled Release 2008, 126 (1), 77-84.

(51) Pizzato, M.; Marlow, S. A.; Blair, E. D.; Takeuchi, Y. Initial
binding of murine leukemia virus particles to cells does not require
specific Env-receptor interaction. J. Virol. 1999, 73 (10), 8599—
611.
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5), the percentage of siRNA-positive cells was significantly
less than parent PEI. This indicated that excess polymer
might be important for siRNA delivery, since it is shown
from gel retardation assay, zeta potential analysis, and serum
stability studies that polymer:siRNA mass ratio of 0.25:1 was
enough for siRNA condensation to occur. This has been
previously noticed with DNA, when Derouazi et al. reported
that although complete DNA condensation by branched PEI
(25 kDa) was detected at N/P ratio of 2, successful gene
transfer was only observed at N/P of 6 or more, reaching
optimum transfection level at N/P of 13.°> Presumably,
excess polymer enhances the plasma membrane permeability
directly, and/or prevents undesirable binding of the com-
plexes to anionic surfaces that might cause loss of the
particles.

Consistent with our findings on siRNA condensation, PEI-
OA1 and PEI-StA2 demonstrated a significant improvement
in delivering a range of siRNA doses as compared to parent
PEI. Others have also shown that lipid component in
polymers positively influenced siRNA delivery, for example
by the cholesterol-substituted PEI in PC-3 cells.*” Behr and
colleagues demonstrated that cationic lipoplexes can promote
siRNA delivery to the brain at picomolar level which was
significantly higher than linear PEL.5®> We also found that
the lipid-containing commercially available transfecting
agents, INTERFERin and Lipofectamine 2000 are more
efficient in delivering siRNA than jetPEI and Metafectene.
We presumed that the hydrophobic moieties could enhance
complex—plasma membrane interactions, which may facili-
tate endocytosis process in turn. Furthermore, the superior
ability to condense, protect, and deliver siRNA that was
obtained with PEI-StA2 might be related to the chemical
structure of stearic acid. The free-rotation property of the
saturated carbon atoms in stearic acid was expected to give
the molecule more flexibility to move inward or project
outward the complex. Hence, it was not surprising to find
PEI-StA2 showing the highest siRNA binding, protection,
and delivery among the PEI derivatives.

Our results on integrin o(v) inhibition in vitro were
consistent with the findings on siRNA delivery by flow
cytometry. Integrin o(v) is an attractive target for cancer
therapy since it forms a larger subunit of many integrins
which are directly involved in tumor angiogenesis, growth,
survival, proliferation, invasion, migration and metastasis.>*
Integrin o(v) was found to be involved in mediating

(52) Derouazi, M.; Girard, P.; Van Tilborgh, F.; Iglesias, K.; Muller,
N.; Bertschinger, M.; Wurm, F. M. Serum-free large-scale
transient transfection of CHO cells. Biotechnol. Bioeng. 2004, 87
(4), 537-45.

(53) Hassani, Z.; Lemkine, G. F.; Erbacher, P.; Palmier, K.; Alfama,
G.; Giovannangeli, C.; Behr, J. P.; Demeneix, B. A. Lipid-
mediated siRNA delivery down-regulates exogenous gene expres-
sion in the mouse brain at picomolar levels. J. Gene Med. 2005,
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melanoma tumorigenicity in human® and was also associated
with higher metastatic ability of murine melanoma B16.F10
cells.’® We found that the polymeric formulations mediate
siRNA silencing of integrin ou(v) in vitro in a dose-dependent
manner compared to naked siRNA, while scrambled siRNA
had no silencing effect either naked or formulated. Although
both PEI-OAT1 and PEI-StA2 showed higher silencing effect
of siRNA compared to PEI, PEI-StA2 still provided a
significant enhancement of siRNA silencing at a 50 nM
concentration over PEI-OA1. This may be due to the higher
stability of the formulation provided by PEI-StA2 (Figure
1b) and better protection from nuclease degradation (Figure
3b). Therefore, it is feasible that PEI-StA2 may exert this
better efficiency through mediating siRNA protection and
stability in the endosomal compartment, which allow for a
higher amount of intact siRNA to reach the cytoplasm; the
fact that both modified polymers were equipotent at higher
siRNA concentrations (100 and 200 nM) may support this
hypothesis. The reasons behind this issue, however, remain
to be explored. Moreover, attempts to target integrin o(v)
in melanoma using monoclonal antibodies have clearly
demonstrated that blocking integrin a(v) on tumor cells
directly mediated antitumor effects which was not due to
the known antiangiogenic effect of integrin o(v) antagonists.>*>’ >
A recent study by Cao et al. used siRNA targeting integrin
a(v) in combination with radiotherapy as a strategy for breast
cancer therapy, since they noted an upregulation of integrin
o(v)B(3) expression on MDA-MB-435 cells after irradiation,
leading to radioresistance as compared to integrin o(v)3(3)-
negative MCF-7 breast cancer cells. The authors found that
siRNA treatment was able to effectively reduce integrin ou(v)
and integrin a(v)3(3) expression and increase the radiosen-
sitivity of MDA-MB-435 cells.®” This collective experience
indicated that the functional reduction of cell surface integrin
a(v) by hydrophobically modified PEIs might be an impor-
tant target for clinical applications. Our future studies will
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articles

focus on exploring this aspect of the siRNA delivery by
hydrophobically modified PEIs.

We consider these polymers promising for therapeutic
application, especially that they showed no signs of toxicity
over prolonged time of incubation (Figure 7). Although it
was reported that up to 50% reduction in cell viability
occurred in mouse fibroblasts after 24 h of incubation with
10 ug/mL of PEL®! our systems did not display significant
toxicity presumably due to (i) the intrinsic resistance of B16
melanoma cells, or (ii) lower concentrations used in our
system. The concentrations used in our toxicity assessment
were based on concentrations found to be effective for siRNA
delivery in our hands. The toxicity issue is not critical for
cancerous cells, since toxicity on the target cells will actually
be a beneficial effect in addition to the specific siRNA
therapy. The toxicity issue, however, is critical for normal
cells since the latter will inevitably get exposed to siRNA/
polymer complexes after systemic administration, and com-
plexes that can provide good cellular internalization without
directly affecting cell viability will lead to more tolerable
formulations. Further studies are planned on this issue where
the toxicity of the proposed hydrophobic PEIs will be
evaluated at higher concentrations.
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Conclusions

Nontoxic polymeric systems were developed for siRNA
delivery to B16 melanoma cells based on hydrophobic
modification of PEI with oleic and stearic acids. Substituting
these long-chain endogenous lipids onto PEI contributed to
significantly better binding to siRNA, as well as better
protection in a serum-containing medium. These two factors
might have contributed to enhancement in siRNA delivery
to the cells as compared to parent PEI. We found out that
the presence of the hydrophobic moieties was indispensable
to formulate stable and efficient delivery systems for siRNA,
especially at low concentrations. The desired siRNAs were
effectively delivered to almost all cells (>90%) in culture,
and a resultant decrease in cell surface integrin o(v) levels
was noted by using a functional siRNA against this target.
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