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ABSTRACT: In recent years, siRNA technology has emerged as a promising strategy for gene silencing in cancer therapy. We
have designed novel CD44-targeted polyion complexes (PICs) composed of poly(ethylene glycol)-block-polyethylenimine
(PEG-b-PEI) and laminin-derived peptides (mA5G27D or mA5G27F) for in vivo siRNA delivery and gene silencing in tumors.
The full-length A5G27 peptide (RLVSYNGIIFFLK), from which mA5G27D and mA5G27F are derived, binds to CD44v3 and
CD44v6 and inhibits tumor cell migration, invasion, and angiogenesis. Thus, when attached to the surface of PICs, A5G27-based
peptides can serve both as targeting ligands to navigate siRNA molecules directly to CD44-overexpressing tumors, and as antimigratory agents to inhibit tumor progression. The mA5G27D- or mA5G27F-harboring PEG-b-PEI copolymers strongly
condensed siRNA molecules into nanosized PICs presenting positive surface charges, low in vitro cytotoxicity, and high serum
stability. mA5G27D- or mA5G27F-bearing PICs demonstrated high eﬃcacy and selectivity in delivering siRAC1 into CD44overexpressing cells, thereby silencing RAC1 mRNA and protein levels in such cells. These PICs presented substantial antimigratory features in vitro and accumulated signiﬁcantly in SK-OV-3 tumor-bearing mice, following 3 sequential intraperitoneal
(i.p.) injections. Treatment of mice with 8 or 9 sequential parenteral (intravenous, (i.v.) or i.p.) injections of mA5G27F-PEG-bPEI/siRNA eﬃciently inhibited tumor growth in two diﬀerent CD44-overexpressing tumor mouse models (A549 and SK-OV-3),
regardless of the type of siRNA (siPLK1 or siLUC) used. The results thus reveal the potential utility of this system for targeted
delivery of siRNA molecules into solid tumors to prolong the survival time of mice, while at the same time reducing potential
toxicity.

■

from degradation and to enhance endosomal escape,12−15 thus
enabling high transfection eﬃciency. However, the overall
positive charge of such polyion complexes (PICs) could lead to
undesired outcomes, including adsorption and cytotoxicity to
nontarget cells, interaction with negatively charged blood
components, and recognition by immune system components,
resulting in rapid clearance from the circulation. Block
copolymers containing cationic PEI and hydrophilic poly(ethylene glycol) (PEG) segments could eliminate these

INTRODUCTION
siRNA-mediated silencing of important oncogenic regulators
that play major roles in tumor transformation, growth, and
metastasis is considered a promising strategy for cancer
therapy.1−4 However, the clinical use of siRNA is limited due
to its inherent instability in biological ﬂuids and its poor uptake
by target cells and tissues.5−7 To alleviate these obstracles,
researchers have exprored various delivery systems, to increase
the stability, cellular uptake, and tissue bioavailability of
siRNAs. Polyethylenimine (PEI) is one of the most useful
polycations for gene delivery, capable of binding and condense
a large amount of oligonucleotides, together with a high pH
buﬀering capacity, which is believed to protect oligonucleotides
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Figure 1. 1H NMR spectra of PEG-b-PEI, mA5G27D-PEG-b-PEI, mA5G27Dscrm-PEG-b-PEI, mA5G27F-PEG-b-PEI, and mA5G27Fscrm-PEG-bPEI in D2O indicating the chemical shifts of PEI (δ2.8−3.1) and PEG (δ3.6−3.8). The presence of the peptide is indicated by the aromatic proton
chemical shifts (δ6.5−7.5) of 2× phenylalanine in mA5G27F-PEG-b-PEI and mA5G27Fscrm-PEG-b-PEI, and 2× phenylalanine and 1× tyrosine in
mA5G27D-PEG-b-PEI and mA5G27Dscrm-PEG-b-PEI but not in the PEG-b-PEI conjugate.

maintained full CD44 binding activity, whereas the shorter Ntruncated peptide A5G27F (GIIFFLK) lost most of this
binding activity.37
We hypothesized that when attached to PEG-b-PEI
copolymer, A5G27-based peptides can be utilized both as
anti-migratory agents and as targeting peptides able to navigate
siRNA directly to CD44-overexpressing tumors to inhibit
cancer progression. As such, C-terminally modiﬁed A5G27D or
A5G27F (mA5G27D or mA5G27F, respectively) were attached
to PEGylated PEI and complexed with siRNA to give rise to
nanosized PICs that passively accumulated at the tumor areas
due to the enhanced permeability and retention (EPR)
eﬀect38,39 and actively targeted cancer cells by CD44-mediated
interactions. Since these nanosized complexes cannot penetrate
the tight endothelium of normal blood vessels, their localization
in healthy tissues that express high CD44v3 or CD44v6 levels
(i.e., skin keratinocytes, squamous epithelium of the cervix,
epithelium of the cornea) should be limited. Furthermore, the
multiple copies of A5G27D and A5G27F on the surface of the
PICs can result in multivalent binding to transmembrane
CD44v3 and CD44v6, thus increase the binding aﬃnity to the
receptor. We ﬁrst assessed the binding and speciﬁcity of
mA5G27D-PEG-b-PEI/siRNA and mA5G27F-PEG-b-PEI/
siRNA to CD44-overexpressing cells and then tested for
inhibition of Ras-related C3 botulinum toxin substrate 1
(RAC1) and Polo-like kinase 1 (PLK1) expression in vitro and
in vivo, respectively. RAC1, a small GTPase of Rho family, has
been implicated in a diverse array of cellular events, including
proliferation, diﬀerentiation, migration, cytoskeleton remodeling, cell adhesion, and lamellipodia formation.40,41 RAC1 plays
a key role in tumor cell movement and metastasis formation,
making it an attractive target for cancer gene therapy.41−44
PLK1, a serine/threonine-protein kinase, plays an essential role
in the onset of both G2/M transition and cytokinesis and is
overexpressed in a variety of human cancers.45 PLK1 inhibits
the pro-apoptotic activity of the tumor suppressor protein p53,
resulting in uncontrolled cell proliferation.46 Several reports
have indicated that PLK1 inhibition or depletion suppresses the
growth of cancer cells.45,47−49We also tested whether
mA5G27D-PEG-b-PEI/siRNA and mA5G27F-PEG-b-PEI/
siRNA can aﬀect in vitro tumor cell migration. This study is,

obstacles. Such block copolymers spontaneously associate in
aqueous solutions through electrostatic interactions with
oligonucleotides to produce PICs8−11 with a micelle-like
sturucture that can protect the oligonucleotide against
degradation and reduce nonspeciﬁc interactions with biological
components. Moreover, PEGylated PEI exhibits additional
advantages over PEI/RNA complexes, including increased
solubility, higher colloidal stability, prolonged circulation time
in the blood owing to lower uptake by macrophages and
reduced toxicity. Yet, PEG−PEI/oligonucleotide complexes
demonstrate poor transfection eﬃciencies as compared to PEI/
oligonucleotide complexes and, by nature, lack cell speciﬁcity.
Accordingly, the coupling of targeting ligands (including
transferrin, epidermal growth factor (EGF), hyaluronic acid
(HA), folate or galactose, among others)16−23 to PEG−PEI has
proven eﬀective for siRNA-mediated silencing in target cells
while minimizing oﬀ-target silencing in bystander cells.
CD44 receptor, which is overexpressed on the cell surface of
a broad variety of tumors, can be utilized to actively target
therapeutic molecules to cancer cells. CD44 is involved in
diverse cellular activities, such as adhesion, migration, and
invasion, and plays an important role in several rate-limiting
steps of cancer metastasis.24,25 It is the primary receptor for
HA, osteopontin, collagen, ﬁbronectin, selectin, and laminin,
and is expressed by many cell types, including leukocytes,
ﬁbroblasts, epithelial cells, keratinocytes, and some endothelial
cells.26,27 Overexpression of CD44 variants, in particular,
CD44v3 and CD44v6, has been identiﬁed in various types of
malignancies but was not found in non-metastatic tumors and
the corresponding benign tissues.28−32 CD44v3 and CD44v6
can thus serve as a potential target for cancer therapy and
diagnostic.
The laminin-derived peptide A5G27 (primary sequence
RLVSYNGIIFFLK)33 binds speciﬁcally to the glycosaminoglycan (GAG) side chains of CD44v3 and CD44v6 on cancer cells
and inhibits tumor cell migration, invasion, and angiogenesis by
blocking ﬁbroblast growth factor 2 (FGF2) binding to the GAG
side chains of CD44.33−35 When encapsulated in a gel culture
system with cancer cells, A5G27 abolished breast cancer
tumorsphere formation in vitro and in vivo.36 An N-terminally
truncated version of the peptide, A5G27D (YNGIIFFLK),
948

DOI: 10.1021/acs.bioconjchem.6b00020
Bioconjugate Chem. 2016, 27, 947−960

Article

Bioconjugate Chemistry

Figure 2. Physiochemical characterization of CD44-targeted PICs. (A) % of released siRNA, as determined by gel retardation assay for PICs
prepared at diﬀerent N/P ratios. Quantiﬁcation of the siRNA signal by EZQuant software marked N/P = 12 as the ideal ratio for complexation. Data
is given as % of free siRNA (N/P = 0). The means ± SD of 3 independent experiments are shown. (B) Cryo-TEM micrographs of vitriﬁed aqueous
solutions of mA5G27D-PEG-b-PEI/siRNA and mA5G27F-PEG-b-PEI/siRNA at N/P = 12. Bar = 500 nm.

Table 1. Characteristics of siRNA Polyplexesa

therefore, the ﬁrst testing of the combination of mA5G27D or
mA5G27F (serving as cell-targeting ligands and anti-migratory
compounds) with siRNA in nanosized PICs as agents of genespeciﬁc knockdown in cancer therapy.

siRNA polyplex
PEI
PEG-b-PEI
mA5G27D-PEG-b-PEI
mA5G27F-PEG-b-PEI

■

RESULTS
Chemistry. To generate PEGylated PEI, the primary and
secondary amine groups on linear PEI were conjugated to
maleimide-PEG-N-hydroxysuccinimide ester (MAL-PEGNHS) via the terminal N-hydroxysuccinimide (NHS) ester
protecting group. The N-terminal cysteine-harboring
mA5G27D and mA5G27F peptides were synthesized on solid
phase as described in detail in the Experimental Procedures,
and then conjugated to PEG-b-PEI copolymers by Michael
addition at pH 7.2 to produce peptide-modiﬁed PEG-b-PEI
copolymers. The products were puriﬁed by dialysis. 1H NMR
spectra (in D2O) showed the characteristic shifts of PEI (δ2.8−
3.1) and PEG (δ3.6−3.8) in all block copolymers. The proton
chemical shift representing the aromatic amino acids of the
peptides was only detected in the proﬁles of mA5G27D-PEG-bPEI, mA5G27Dscrm-PEG-b-PEI, mA5G27F-PEG-b-PEI and
mA5G27Fscrm-PEG-b-PEI (Figure 1). The results thus
conﬁrm the production of block copolymers of the desired
composition. The peptide content of the block copolymers was
calculated as the ratio of the areas of the aromatic amino acid
side chains of mA5G27D or mA5G27F (δ6.5−7.5, 14H and
10H, respectively) and PEG (δ3.6−3.8, 316H) peaks. The
results conﬁrmed a PEG to peptide ratio of 1:1. The ratio of
PEG groups conjugated to PEI (δ2.8−3.1, 2326H) in the
copolymers were determined in the same manner and
calculated to be 3.5:1 (PEG to PEI).
In Vitro Characterization of the CD44-Targeted PICs.
To establish the minimal N/P ratio needed for maximal
complexation, complexes at N/P ratios ranging 2−20 were
loaded on a 2% agarose gel and subjected to a gel retardation
assay. According to the results depicted in Figure 2A, an N/P
ratio of 12 was suﬃcient for generating good complexation as
this ratio allowed for minimal siRNA escape from the wells,
with the smallest expense of block-polymers. Further experiments were, therefore, performed with complexes of N/P = 12.
DLS and ζ-potential measurements were performed to
determine the mean hydrodynamic size and the surface charge,
respectively, of the polyplexes formed at N/P = 12. The values
obtained are summarized in Table 1. All polyplexes displayed
positive ζ-potentials due to an excess of positively charged PEI.
The measurement recorded for PEG-b-PEI/siRNA,
mA5G27D-PEG-b-PEI/siRNA, and mA5G27F-PEG-b-PEI/
siRNA were signiﬁcantly lower (7.4 ± 1.8, 6.0 ± 1.6, and 6.3

mean particle size (nm)
219.5
144.3
158.6
128.7

±
±
±
±

0.1
9.5
0.2
3.9

ζ-potential (mV)
19.9
7.4
6.0
6.3

±
±
±
±

2.9
1.8
1.6
1.2

a
Each value represents the average calculated from 2 diﬀerent
preparations.

± 1.2 mV, respectively) than the ζ-potential observed for PEI
polyplexes (19.9 ± 2.9 mV). PEI/siRNA particles were the
largest, with a mean diameter of 219.5 ± 0.1 nm. PEG-b-PEI/
siRNA polyplexes demonstrated a smaller hydrodynamic size,
with a mean diameter of 144.3 ± 9.5 nm. These results are in
accordance with previous reports in the literature indicating the
contribution of PEGylation to reduced aggregation and
enhanced condensation of PEI/siRNA polyplexes.50 The sizes
of mA5G27D-PEG-b-PEI/siRNA and mA5G27F-PEG-b-PEI/
siRNA (158.6 ± 0.2 and 128.7 ± 3.9 nm, respectively) were
comparable to that of PEG-b-PEI/siRNA (144.3 ± 9.5 nm).
Cryo-TEM analysis revealed a spherical morphology for both
mA5G27D-PEG-b-PEI/siRNA and mA5G27F-PEG-b-PEI/
siRNA, with mean diameter below 200 nm (Figure 2B). The
smaller size of the targeted PICs, relative to PEI/siRNA,
indicated that conjugation of the targeting ligands had limited
or no inﬂuence on the size of the PEGylated polyplexes. Thus,
PICs obtained by complexation of siRNA with the peptidemodiﬁed block copolymers present a nanoscale diameter
suitable for systemic administration.
CD44-Targeted PICs Are Taken Up by CD44-Overexpressing Cells. We ﬁrst determined CD44 expression levels
in several cell lines using confocal microscopy (Figure 3A). In
accordance with previously reported results, A549, SK-OV-3,
CT26, and mMSC cells all express a high level of CD44,21,51−54
whereas HEK293 cells do not express this receptor,55 and thus
can be used as a CD44-negative cell line for further in vitro
experiments. The binding and internalization of polyplexes into
cells was evaluated by confocal microscopy (Figure 3B). After a
48 h incubation, Cy5-labeled-siRNA was taken up more
signiﬁcantly by CD44-overexpressing cells treated with
mA5G27D-PEG-b-PEI/siRAC1 and mA5G27F-PEG-b-PEI/
siRAC1, as compared to PEI/siRAC1 and PEG-b-PEI/
siRAC1 complexes. The uptake of siRNA by cells treated
with PICs bearing scrambled versions of these peptides
(mA5G27Dscrm-PEG-b-PEI/siRAC1, mA5G27Fscrm-PEG-bPEI/siRAC1) was insigniﬁcant (Figure 3C). Of the diﬀerent
PICs, mA5G27D-PEG-b-PEI/siRAC1 was the most eﬃcient
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Figure 3. Intracellular uptake of Cy5-labeled siRAC1-loaded PICs. (A) CD44 expression in A549, SK-OV-3, CT26, mMSC, and HEK293 cells as
determined by confocal microscopy. Blue: DAPI; green: CD44. (B,C) Representative confocal ﬂuorescent microscope images of diﬀerent cell lines
treated with PICs containing Cy5-labeled siRAC1 (red): (B) CD44-targeted PICs; (C) Non-targeted PICs.

CD44-overexpessing cells (Figure 1S). These results suggest
that mA5G27D-PEG-b-PEI/siRAC1 and mA5G27F-PEG-bPEI/siRAC1 bind speciﬁcally to the GAG side chains of
CD44v3 and CD44v6 on cancer cells, and not to the HA
binding domain of CD44.
PEGylated PICs Exhibit Reduced Cytotoxicity, as
Compared to PEI/siRAC1. Cytotoxicity was studied by
following growth inhibition of A549 cells upon addition of
the block copolymers and the diﬀerent PICs 48 h posttransfection. Figure 5A depicts that the PEGylated PICs
exhibited reduced cytotoxicity when compared to PEI/siRAC1,
an observation in agreement with previous reports in the
literature.56−58 In addition, cytotoxicity increased in a dosedependent manner, with 95.9% ± 7.2%, 56.9% ± 1.2%, and
43.8% ± 11.3% viable cells remaining following treatment with
mA5G27F-PEG-b-PEI/siRAC1 together with 100 nM, 200 nM,
and 500 nM siRNA, respectively. The block copolymers

transfection reagent, and can also transfect CD44-negative cells
(HEK293), but to a signiﬁcant lesser extent than with CD44overexpressing cells. mA5G27F-PEG-b-PEI/siRAC1 was taken
up less eﬃciently by nontarget HEK293 cells.
Heparin Inhibits PICs Binding and Intracellular
Uptake to CD44-Overexpressing Cells. The ability of
heparin to block mA5G27D-PEG-b-PEI/siRAC1 and
mA5G27F-PEG-b-PEI/siRAC1 binding to CD44-expressing
cells was further studied. Heparin, a competitive inhibitor of
CD44v3 and CD44v6 interactions, inhibited the binding of the
CD44-targeted PICs to A549 and SK-OV-3 by 50% and 80%,
respectively (Figure 4A). Accordingly, the internalization of
mA5G27D-PEG-b-PEI/siRAC1 and mA5G27F-PEG-b-PEI/
siRAC1 was totally blocked by the addition of 1000-fold excess
heparin (Figure 4B), indicating a receptor-mediated internalization process. Moreover, HA did not inhibit mA5G27D-PEGb-PEI/siRAC1 and mA5G27F-PEG-b-PEI/siRAC1 binding to
950
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Figure 4. Inhibitory eﬀect of heparin on PICs-binding and uptake to CD44-overexpressing cells. (A) A549 and SK-OV-3 cells were incubated for 1 h
at 4 °C with mA5G27D-PEG-b-PEI/Cy5-siRAC1 and mA5G27F-PEG-b-PEI/Cy5-siRAC1 (red) in the presence or absence of heparin (1000-fold
molar excess relative to peptide content on the PICs). Data is given as % of Cy5-siRNA positive cells, and reﬂect the means ± SD of at least 3
independent experiments. (B) Representative confocal images of A549 and SK-OV-3 cells treated with PICs containing Cy5-labeled siRAC1, in the
presence or absence of heparin.

Figure 5. In vitro cytotoxicity of PICs and block copolymer. Cell viability of A549 cells was measured 48 h following treatment with (A) PICs
complexed with 100, 200, and 500 nM siRAC1, or (B) diﬀerent concentrations of free block copolymers (without siRNA molecules, at equivalent
concentrations used for complexation with 100, 200, and 500 nM siRAC1). Data is given as percent of control (nontransfected cells) levels and
reﬂects the means ± SD of at least 3 independent experiments.

themselves (Figure 5B) were more toxic than were the PICs
(Figure 5A), most probably due to adsorption of the cationic
block copolymers to the negatively charged cell membranes.
CD44-Targeted PICs Decrease RAC1 mRNA and
Protein Levels. The ability of siRNA to reduce RAC1
mRNA was analyzed by qRT-PCR 48 h following transfection
of A549 cells with diﬀerent siRAC1 concentrations. Both
mA5G27D-PEG-b-PEI/siRAC1 and mA5G27F-PEG-b-PEI/
siRAC1 exhibited dose-dependent inhibition of RAC1 mRNA
levels in CD44-overexpressing cells (Figure 6A). mA5G27DPEG-b-PEI or mA5G27F-PEG-b-PEI complexed with 200 nM
siRNA elicited 2.5- and 3.2-fold decreases in RAC1 mRNA

levels, respectively, as compared to PEG-b-PEI. Luciferase
reporter gene silencing at a dose of 200 nM siRAC1 (Figure
6B) correlated well with the qRT-PCR results. The gene
silencing eﬀect of siRNA was further conﬁrmed by Western
blot analysis (Figure 6C). RAC1 protein expression levels were
signiﬁcantly decreased to 68.4% ± 11.2% and 72.8% ± 9.9% 48
h after transfection with mA5G27D-PEG-b-PEI or mA5G27FPEG-b-PEI encapsulating 200 nM siRAC1, respectively. Figure
6D depicts that RAC1 protein levels did not change following
transfection into HEK293 cells that do not express CD44,
demonstrating once again the selective targeting toward CD44overexpressing cells.
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Figure 6. Silencing eﬃcacy of PICs. (A) RAC1 mRNA levels 48 h after transfection of A549 cells with diﬀerent siRAC1 concentrations. (B)
Luciferase activity and (C) RAC1 protein levels 48 h after transfection of A549 cells with 200 nM siRAC1. (D) RAC1 protein levels 48 h after
transfection of HEK293 cells with 200 nM siRAC1. RAC1 mRNA and protein levels were normalized to GAPDH mRNA and protein levels,
respectively. Data is given as percent of control (nontransfected cells) levels and correspond to the means ± SD of 3 independent experiments. *p <
0.05, ***p < 0.001, as compared to PEG-b-PEI/siRNA-transfected cells.

Figure 7. anti-migratory activity of PICs in vitro. A549 cells were transfected with 200 nM siRNA (siRAC1 and siEGFP) complexed within diﬀerent
PICs or incubated with an equivalent amounts of free mA5G27D or mA5G27F peptides (24 h, 37 °C). (A) Representative images of A549 cells
treated with mA5G27F-PEG-b-PEI/siRAC1 or mA5G27D-PEG-b-PEI/siRAC1. (B) Quantiﬁcation of migration obtained from ﬁve measurements of
every treatment from three independent experiments ± SD. ***p < 0.001, as compared to PEG-b-PEI/siRNA-transfected cells.

PICs Bearing A5G27-Based Peptides Exhibit AntiMigratory Features. The eﬀect of PICs bearing the A5G27based peptides on the migration of A549 cells was studied by a
scratch assay (Figure 7 and Figure 2S). mA5G27D-PEG-b-PEI/
siRNA and mA5G27F-PEG-b-PEI/siRNA signiﬁcantly reduced
A549 cell migration following 24 h of incubation, regardless of
the type of siRNA used (siRAC1 or siEGFP) and to a similar
extent as did free peptides (Figure 7A,B and Figure 2S). As

expected, PEG-b-PEI failed to inhibit the migration of A549
cells.
In Vivo Toxicity. The MTD of mA5G27F-PEG-b-PEI/
siRAC1 after a single i.v. dose administered to healthy female
and male C57BL/6 mice was 10 mg/kg siRNA, with the mice
tolerating >40 mg/kg siRNA when administered via intraperitoneal (i.p.) route. No incidences of lethality or other signs
of acute toxicity were observed at the indicated doses 7 days
after treatment (data not shown).
952
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Figure 8. Pharmakokinetics and biodistribution of PICs. (A,B) RAC1 siRNA blood levels in sprague-dawley (SD) rats (n = 3) injected with 1 mg/kg
(A) PBS/siRAC1 or (B) mA5G27F-PEG-b-PEI/siRAC1. (C) Average siRAC1 accumulation in mouse tumor tissue following 3 i.p. injections of
mA5G27F-PEG-b-PEI-based polyplexes encapsulating 5 mg/kg siRAC1. SK-OV-3 tumor-bearing mice (n = 8) were treated with mA5G27F-PEG-bPEI/siRAC1, naked siRAC1, or saline. *p < 0.05, as compared to naked siRAC1-treated mice.

Pharmakokinetics and Biodistribution. Since
mA5G27F-PEG-b-PEI-based PICs were much more stable in
human serum than were mA5G27D-PEG-b-PEI/siRNA complexes (Figure 3S), and was taken up less eﬃciently by
nontarget cells (Figure 3B), the former were used for further in
vivo studies. 1 mg/kg doses of naked siRAC1 and mA5G27FPEG-b-PEI/siRAC1 was administered i.v. to rats and the total
quantity of RAC1 siRNA was determined by qPCR at diﬀerent
time points. Although the absolute quantity of siRNA in naked
siRNA-treated mice was higher than in the PIC-treated group,
naked siRAC1 was cleared faster from the circulation than was
mA5G27F-PEG-b-PEI/siRAC1 (Figure 8A,B). mA5G27FPEG-b-PEI/siRAC1 could be detected in the plasma for up
to 6 h after injection. Thirty minutes after injection, only 16.1%
of the initial siRAC1 concentration (reﬂected as the 10 min
measurement in Figure 7B) was detected in the samples,
whereas when complexed within mA5G27F-PEG-b-PEI, more
than 30% of siRAC1 could still be detected. In biodistribution
analysis, when mouse organs and tumors were dissected and
analyzed as whole mounts by qPCR, 40-fold higher levels of
RAC1 siRNA were detected in mice treated with mA5G27FPEG-b-PEI/siRAC1 than in those treated with naked siRAC1
(p < 0.05) (Figure 8C). At the same time, no RAC1 siRNA was
detected in other organs (data not shown).
mA5G27F-PEG-b-PEI/siPLK1 Complexes Reduce
Tumor Growth in Human Alveolar Adenocarcinomaand Human Ovarian Carcinoma-Bearing Mice. To
demonstrate the potential use of mA5G27F-PEG-b-PEI/

siRNA in cancer therapy, mA5G27F-PEG-b-PEI was complexed with siRNA against PLK1 (siPLK1), and intravenously
(i.v.) injected into athymic nu/nu female mice bearing s.c. A549
(human alveolar adenocarcinoma) tumors. We compared the
growth rates (Figure 9A) and weights (Figure 9B) of the
tumors at the end of the study (day 52 post-tumor inoculation),
following 8 injections of 5 mg/kg PLK1 siRNA, relative to
mA5G27F-PEG-b-PEI/siLuciferase (siLUC)- or saline-treated
animals (control group). mA5G27F-PEG-b-PEI/siRNA complexes reduced tumor progression regardless of the type of
siRNA (i.e., siPLK1 or siLUC) used (Figure 9A). 87.5% of the
animals in the control group developed tumors exceeding 1000
mm3, wherease only 50% and 37.5% of the animals in the
siPLK1- and siLUC-treated groups, respectively, developed
tumors larger in size (Figure 4S). Moreover, the weights of the
excised tumors in the saline-treated group were signiﬁcantly
higher than those of the mA5G27F-PEG-b-PEI/siRNA-treated
groups (p < 0.05; Figure 9B). The results thus point to the
beneﬁcial eﬀects of mA5G27F-PEG-b-PEI/siRNA polyplexes
on solid tumor growth.
The in vivo antitumor eﬃcacy of mA5G27F-PEG-b-PEI/
siRNA was further evaluated in athymic nu/nu female mice
inoculated i.p. with mCherry-labeled human ovarian carcinoma
cells (SK-OV-3-mCherry). The mice were treated with
mA5G27F-PEG-b-PEI/siPLK1 complexes by 9 i.p. injections
of 10 mg/kg siPLK1, and the growth rates of tumors (Figure
9C) and mouse survival rates (Figure 9D) were compared to
those of mA5G27F-PEG-b-PEI/siLUC- or saline-treated
953
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Figure 9. In vivo gene silecing by PICs in CD44-overexpressing mouse tumor models. (A,B) Kinetics of A549 tumor growth following intravenous
injections of 5 mg/kg mA5G27F-PEG-b-PEI/siRNA. Mice (n = 8) bearing ∼100 mm3 tumors were treated by repeated i.v. injection (8 injections) of
mA5G27F-PEG-b-PEI/siPLK1, mA5G27F-PEG-b-PEI/siLUC, or saline. (A) Growth of A549 tumors. (B) Tumor weight at the end of study. *p <
0.05, as compared to naked siRAC1-treated mice. (C,D) Kinetics of mCherry-labeled SK-OV-3 tumor growth following intraperitoneal injections of
10 mg/kg mA5G27F-PEG-b-PEI/siRNA. Mice (n = 6 or 8) were treated by repeated i.p. injection (9 injections) of mA5G27F-PEG-b-PEI/siPLK1,
mA5G27F-PEG-b-PEI/siLUC, or saline every other day, starting on the ninth day after cell inoculation. (C) Antitumor eﬃcacy measured by
intravital noninvasive ﬂuorescence imaging of SK-OV-3-mCherry carcinomas. (D) Mouse survival.

not internalized into CD44-overexpressing cells, conﬁrming
that the PIC-targeting is derived from the precise sequences of
the mA5G27D and mA5G27F peptides, and not from
hydrophobic interactions of these peptides with the cell
membrane. mA5G27D-PEG-b-PEI/siRNA complexes were
taken-up into CD44-overexpressing cells more eﬃciently than
were mA5G27F-PEG-b-PEI/siRNA complexes. This is in
accordance with previously published data demonstrating
lower attachment activity of A5G27F to CD44-overexpressing
cells, as compared to mA5G27D.37 Binding and internalization
of mA5G27D-PEG-b-PEI/siRNA and mA5G27F-PEG-b-PEI/
siRNA to CD44-overexpressing cells was inhibited by heparin
(and not HA), thus conﬁrming that attachment to cells is
mediated by the GAG side chains of CD44v3 and CD44v6.
CD44-negative cells (HEK293) can also take up mA5G27DPEG-b-PEI/siRNA, albeit to a signiﬁcantly lower extent, most
probably due to hydrophobic interactions between the extra
Tyr or Asn residue in the mA5G27D sequence and the cell
membrane. The ﬁnding that PICs with the shortest version of
the peptide (mA5G27F-PEG-b-PEI/siRNA) was taken up less
eﬃciently by HEK293 cells supports this assumption. The
results, moreover, support the general applicability and the high
degree of speciﬁcity of the PICs for targeting tumors that
overexpress the CD44v3 or CD44v6.
Cytotoxicity studies showed that the CD44-targeted PICs
were relatively nontoxic at the concentration required for gene
silencing (200 nM siRAC1), as calculated in dose−response
experiments using qPCR. At this concentration, the CD44targeted PICs reduced RAC1 mRNA levels by ∼80%, some 2.5fold more than the PEG-b-PEI polyplexes. The ability of the
CD44-targeted PICs to reduce RAC1 mRNA and protein levels
was further validated by a dual-luciferase assay and Western

animals (control group). Fluorescence measurments were
performed up to day 57 post tumor inoculation, since most
animals survived to this point. Tumor progression in mice
treated with mA5G27F-PEG-b-PEI/siRNA complexes was
signiﬁcantly inhibited, as compared to control-treated mice (p
< 0.001), again regardless of the type of siRNA used.
mA5G27F-PEG-b-PEI/siPLK1 and mA5G27F-PEG-b-PEI/
siLUC signiﬁcantly increased mouse survival, relative to
control-treated mice (p < 0.01).

■

DISCUSSION

In this study, we evaluated the use of PEG-b-PEI-based PICs
presenting diﬀerent CD44-targeting peptides (mA5G27D and
mA5G27F) as potential carriers for delivery of siRNA to
tumors. The targeting peptides were conjugated to PEG-b-PEI
to give rise to block copolymers that can spontaneously selfassemble with siRNA molecules at N/P ratio of 12 to form
nanosized PICs with smaller hydrodynamic sizes, lower surface
charge, and high stability in human serum, when compared to
PEI building blocks. All PEGylated PICs remained positively
charged, as required for enhanced gene delivery of such
complexes into cells, and exhibited an appropriate size range for
selective passive tumor accumulation in vivo via the EPR eﬀect.
We then characterized the binding and internalization of the
complexes. The extent of siRNA internalization into cancer
cells following complexation with mA5G27D-PEG-b-PEI or
mA5G27F-PEG-b-PEI was higher than with PEG-b-PEI or
PEI/siRAC1 polyplexes. Signiﬁcant uptake of mA5G27D-PEGb-PEI/siRNA and mA5G27F-PEG-b-PEI/siRNA was observed
only in CD44-overexpressing cells, strongly indicating that the
cellular uptake of such complexes is mediated by the CD44
receptor. PICs presenting scrambled controlled peptides were
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target multiple signaling pathways and therapeutic targets,
thereby improving anticancer eﬃcacy.

blot analysis, respectively. The transfection eﬃciency of the
CD44-targeted PICs was very close to that of the positive PEI/
siRAC1 control, indicating that the targeting peptides were able
to recover almost 100% of PEI transfection eﬃciency that was
lost upon PEGylation. Nevertheless, the PEG-b-PEI/siRAC1
polyplexes induced higher transfection rates than expected. We
suspect that this is the result of electrostatic interactions
between the still positively charged PICs and the cell
membrane.
It was previously published that A5G27 peptide has an antimigratory eﬀect as it inhibited the migration of B16−F10
melanoma cells in a pulmonary metastasis model.33 To the best
of our knowledge, we are the ﬁrst to report that shorter
derivatives of the full-length peptide (i.e., mA5G27D and
mA5G27F) maintained the ability to block migration of cancer
cells as free peptides and, moreover, when attached to PEG-bPEI copolymer. While mA5G27D and mA5G27F are hydrophobic and require organic solvents for their solubilization,
mA5G27D-PEG-b-PEI and mA5G27F-PEG-b-PEI are watersoluble. Thus, these novel PICs can be easily introduced into
biological ﬂuids, exhibit high degrees of selectivity to CD44overexpressing cells, and possess in vitro anti-migratory
features.
The anticancer eﬃcacy of mA5G27D-PEG-b-PEI/siRNA
complexes was studied in vivo in two diﬀerent tumor-bearing
mouse models (i.e., A549 and SK-OV-3) and following two
routes of administration (i.e., i.v., and i.p.). mA5G27F-PEG-bPEI/siRAC1 accumulated more signiﬁcantly in SK-OV-3
tumors as compared to naked siRAC1 following i.p. injection.
When applied i.p., mA5G27F-PEG-b-PEI/siRNA complexes
(with siPLK1 and siLUC) signiﬁcantly decreased the rate of
tumor progression in the SK-OV-3-mCherry model, prolonging
survival of the mice. Similarly, upon i.v. administration,
mA5G27F-PEG-b-PEI/siRNA inhibited the progression of
A549 tumors in mice, regardless of the type of siRNA used.
The generation of oﬀ-target gene silencing oﬀers an explanation
for the lack of diﬀerences between mice treated with siPLK1loaded PICs and the siLUC-loaded PIC-treated group. It is
well-documented that delivering siRNA into cells can suppress
the expression of genes other than the desired targets through
various mechanisms.59−61 This phenomenon is clearly unwanted as it can lead to unpredictable eﬀects on cell activity and
viability.62 Although some modiﬁcations to minimize oﬀ-target
silencing were made in the siRNAs sequences used in this
study, nonspeciﬁc siRNA-mediated gene silencing can still
occur in vivo. Alternatively, the signiﬁcant reduction in tumor
progression attained following mA5G27F-PEG-b-PEI/siLUC
treatment might be attributed to the peptide mA5G27F itself.
Our results clearly show that PICs bearing the mA5G27F
peptide signiﬁcanly inhibited the migration of A549 cells in
vitro to a similar extent as did the free peptide. Thus, it is
reasonable to assume that mA5G27F-PEG-b-PEI/siRNA also
holds some anti-migratory features and hence can limit tumor
progression. Further experiments using PICs with and without
the mA5G27F peptide shall reveal the inhibitory eﬀects of
mA5G27F-modiﬁed PICs on migration and invasion in vivo.
Due to the heterogeneous nature of cancers, combination
therapy, namely, the use of strategies that attack multiple
targets important for tumorigenesis, is often proposed to
improve treatment outcome. The combination of therapeutic
siRNA and CD44-targeting peptides with anti-migratory
features onto a single polyplex particle as described here can

■

CONCLUSIONS
This study demonstrates for the ﬁrst time that mA5G27F-PEGb-PEI/siRNA complexes inhibit primary tumor growth and
prolong mouse survival in two diﬀerent mouse models. The
mA5G27F-PEG-b-PEI copolymer exhibits the appropriate
physicochemical properties required for eﬃcient in vivo
siRNA delivery with negligible cytotoxicity revealed by in
vitro study. This system selectively targets CD44-overexpressing cancer cells, accumulates to signiﬁcant levels in solid tumor
tissues, and silences the gene of interest. The system further
exhibits anti-migratory features, and will be tested for its ability
to inhibit the formation of cancer metastases.

■

EXPERIMENTAL PROCEDURES

All chemicals were of reagent grade and obtained from Bio-Lab
(Jerusalem, Israel), unless otherwise mentioned. 9-Fluorenylmethoxycarbonyl (Fmoc)-protected (l) amino acids, O(benzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium hexaﬂuorophosphate (HBTU) and Rink-amide MBHA (4-Methylbenzhydrylamine) resin were purchased from Novabiochem (Darmstadt, Germany). Maleimide-PEG-N-hydroxysuccinimide ester
(MAL-PEG-NHS; 3.5 kDa) was from JenKem Technology
(Allen, TX) and linear PEI “Max” Mw 40 000 (equivalent to
Mw 25 000 in free base form) was from Polysciences
(Warrington, PA). Human anti-CD44 pan speciﬁc antibodies
were purchased from BioLegend (San Diego, CA). Human
anti-RAC1 antibodies were purchased from BD Transduction
Laboratories (Franklin Lakes, NJ). Human anti-GAPDH
antibodies were purchased from Santa Cruz Biotechnology
(Dallas, TX). HRP-conjugated goat anti-mouse antibodies and
Alexa488-conjugated goat anti-rat antibodies were purchased
from Jackson ImmunoResearch Laboratories (West Grove,
PA). Horseradish peroxidase-conjugated donkey anti-rabbit
antibodies were from Amersham (Piscataway, NJ). Lipofectamine2000 and Opti-MEM I were from Invitrogen (Carlsbad,
CA). N,N-Diisopropylethylamine (DIPEA), triisopropylsilane
(TIS), ethanedithiol (EDT), cysteine, and protease inhibitor
cocktail were from Sigma-Aldrich (St. Louis, MO). siRNAs
(RAC1, Cy5-labeled RAC1, PLK1, and luciferase) were from
QBI (Ness Ziona, Israel).
Cell Lines. All cells used in the present study were obtained
from the American Type Culture Collection. Human alveolar
carcinoma cells (A549), murine colon carcinoma cells (CT26),
and human embrionic kidney 293 cells (HEK293) were
cultured in Dulbecco’s modiﬁed Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum, 2 mM L-glutamine,
100 μg/mL streptomycin, and 100 units/mL penicillin (all
from Biological Industries, Kibbutz Beit-Haemek, Israel).
Human ovarian carcinoma cells (SK-OV-3) were cultured in
Roswell Park Memorial Institute (RPMI)-1640 medium
supplemented with 10% fetal bovine serum, 2 mM L-glutamine,
100 μg/mL streptomycin, and 100 units/mL penicillin. Murine
mesenchymal stem cells (mMSC) were cultured in DMEM
supplemented with 15% fetal bovine serum, 2 mM L-glutamine,
100 μg/mL streptomycin, 100 units/mL penicillin, 0.1 mM βmercaptoethanol, 1% MEM nonessential amino acids, and 1%
glutathione. All cells were grown in a humidiﬁed atmosphere of
95% air and 5% CO2 at 37 °C.
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Cryo-TEM Imaging. Vitriﬁed samples were prepared on a
copper grid coated with a perforated lacy carbon 300 mesh
(Ted Pella, Redding, CA) in a controlled environment
vitriﬁcation system. Typically, a 4 μL drop of solution was
applied to the grid and blotted with ﬁlter paper to form a thin
liquid ﬁlm. The blotted sample were immediately plunged into
liquid ethane at its freezing point (−183 °C) using a Lieca EM
GP Plunger. The vitriﬁed specimens were transferred into
liquid nitrogen for storage until use. The samples were studied
using a FEI Tecnai 12 G2 TEM (FEI, Hillsboro, OR) at 120 kV
in low dose conditions with a Gatan cryo-holder maintained at
−180 °C. Images were recorded with a Gatan slow scan cooled
charge-coupled device CCD camera and analyzed using Gatan
Digital Micrograph 3.1 software package.
Determination of N/P Ratio by Gel Retardation Assay.
The ideal N/P ratio for complexation (i.e., the ratio of PEI
amine groups to siRNA phosphate groups) was determined by
a ethidium bromide and gel retardation assay as described
earlier.64 In short, samples with diﬀerent N/P ratios (2, 5, 10,
12, 20) were loaded onto a 2% agarose gel containing ethidium
bromide, and electrophoresed for 45 min at 100 V. Unmodiﬁed
siRNA served as a positive control. RNA signals outside the
wells, representing noncomplexed RNA, were quantiﬁed using
EZQuant software (EZQuant-Gel 2.11, EZQuant Biology
Software Solutions, Israel).
Immunoﬂuorescent Analysis of CD44 Expression. For
visualization of CD44, A549, SK-OV-3, CT26, mMSC, or
HEK293 cells (3 × 104) were seeded in a 24-well plates
containing coverslips. Twenty-four hours after seeding, the
medium was aspirated and the cells were washed with PBS,
ﬁxed for 8 min with −20 °C methanol, and blocked with 3%
BSA for 30 min. The cells were then exposed to pan anti-CD44
antibodies (BioLegend) diluted 1:50 in PBS containing 1%
BSA and incubated for 1 h at room temperature. The cells were
then carefully washed and incubated with Alexa-488 conjugated
anti-rat antibodies (Jackson ImmunoResearch Laboratories)
diluted 1:200 in PBS containing 1% BSA and incubated for 0.5
h at room temperature. Finally, the cells were washed and
mounted in mounting medium containing DAPI (DapiFluoromount-G, SouthernBiotech, Birmingham, AL). Images
were obtained using a Olympus FluoView confocal laser
scanning microscope with excitation at 488 nm and emission at
520 nm.
Cellular Uptake Analysis of Targeted PICs. Cellular
uptake of the complexes was analyzed by confocal microscopy.
Cells (3 × 104) were seeded in 24-well plates on coverslips.
After 24 h, the cells were transfected with cy5-labeled siRNA
complexed in PICs. Following a 48 h incubation, the cells were
washed with PBS, ﬁxed with −20 °C methanol, washed again,
and mounted using mounting medium containing DAPI.
Images were obtained with an Olympus FluoView confocal
laser scanning microscope with excitation at 633 nm and
emission at 670 nm.
Binding Competition Assay in the Presence or
Absence of Heparin. A549 or SK-OV-3 cells (5 × 105)
were incubated for 30 min with 3% BSA, washed twice with
cold PBS, and incubated for 20 min with heparin (1000-fold
molar excess relative to peptide content on the PICs). Cells
were then treated with mA5G27D-PEG-b-PEI/Cy5-siRAC1 or
mA5G27F-PEG-b-PEI/Cy5-siRAC1 for 1 h at 4 °C. The cells
were washed twice with cold PBS, and the cell-associated
ﬂuorescence was determined immediately using GUAVA easy
Cyte (excitation at 640 nm, emission at 670 nm).

Animals. All animals were obtained from Harlan Biotech
(Rehovot, Israel). Animals were used at 6−8 weeks of age and
housed in accordance with approved institutional guidelines. All
experiments were approved by the Ben-Gurion University and
Tel Aviv University Committees for the Ethical Care and Use
of Animals in Research.
Peptide Synthesis. Targeting peptides to CD44
(mA5G27D: C-YNGIIFFLR; mA5G27F, C-GIIFFLR) and
the scrambled control peptides (mA5G27Dscrm, C-FIGKFLINY, 1244.5 g/mol; mA5G27Fscrm, C-FGFLRII, 967.2
g/mol) were synthesized by a solid-phase synthesis method on
Rink-amide MBHA resin using Fmoc-α-amine-protected amino
acids. The C-terminal lysine residues in the original A5G27D
and A5G27F sequences were replaced with arginines
(designated as mA5G27D and mA5G27F, respectively) to
avoid reaction with the NHS group of unconjugated MALPEG-NHS. Cysteine was added at the N-terminus of each
ligand as a means of conjugating it to the activated PEG
through the maleimide (MAL) group. Each amino acid was
activated by HBTU, coupled in the presence of DIPEA, and
deprotected by 25% piperidine in N,N-dimethylformamide
(DMF). The peptides were cleaved from the resin following
exposure to a cleavage mixture containing 94% triﬂuoroacetic
acid (TFA), 2.5% double-distilled water, 1% TIS, and 2.5%
EDT for 135 min. The solution was then evaporated and the
peptides were precipitated in cold ether, centrifuged, dried, and
characterized using MALDI-TOF. Molecular weight of
mA5G27D: calculated, 1244.5 g/mol; measured, 1244.6 g/
mol. Molecular weight of mA5G27F: calculated, 967.2 g/mol;
measured, 967.5 g/mol.
Synthesis of PEI-b-PEG-A5G27-Based Targeting Peptide Block Copolymers. Copolymers were synthesized by a
one-pot synthesis method in two steps, as described
previously.63 NHS-PEG-MAL (3.5 kDa) was reacted with a
25 kDa linear PEI in the presence of DMSO for 1 h at room
temperature with shaking. The amine groups of PEI reacted
with the carbonyl of NHS to yield the intermediate product,
PEI-b-PEG-MAL. Peptides dissolved in DMSO were then
added and reacted for 2 h at room temperature with shaking.
The thiol group of cysteine attacked the MAL double bond to
give the ﬁnal product, PEI-b-PEG-peptide. Conjugation was
terminated in a 1 h reaction with excess free cysteine (SigmaAldrich) to block unreacted MAL. Unconjugated moieties
(PEG and peptides) were dialyzed using dialysis bags with a
molecular weight cutoﬀ of 12−14 kDa (Cellu-Sep T4,
Membrane Filtration Products, Seguin, TX). Final products
were then lyophilized (FreeZone Plus 2.5 Freeze-Dry System,
Labconco), and characterized by 1H NMR.
Complexation of Block Copolymers with RNA and
Characterization. Block copolymers and siRNA were
separately dissolved in equal volumes of 150 mM NaCl,
vortexed, and collected by centrifugation. Block copolymers
were then added to the siRNA solution, vortexed for 15 s,
collected by centrifugation, and incubated for 20 min at room
temperature for spontaneous complexation. Polyplexes were
diluted 1:10 in double-distilled water and their sizes were
characterized by dynamic light scattering (DLS, CGS-3 LSE5004, ALV-Laser Vertriebsgesellschaft, Langen, Germany) at a
scattering angle of 90° at room temperature. ζ-Potential
measurements were performed to determine surface charge
(Zetasizer Nano ZS, Malvern Instruments, Worcestershire,
UK).
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anti-RAC1 antibodies (1:1000 dilution) overnight at 4 °C.
After three washes with TBST, membranes were incubated with
horseradish-peroxidase-conjugated anti-mouse IgG (1:5000,
Jackson ImmunoResearch Laboratories) for 1 h at room
temperature. Immunoreactivity was detected using an EZ-ECL
Chemiluminescence Detection Kit (Biological Industries)
followed by exposure to X-ray ﬁlm (Fuji medical X-ray ﬁlm,
FujiFilm). GADPH expression served as the loading control.
Semiquantitative analysis was carried out using a computerized
image analysis system (EZQuant-Gel 2.1, EZQuant Biology
Software Solutions).
Dual Luciferase Assay. A psiCHECK-2-based (Promega)
construct was prepared by cloning the guide sequence of RAC1
siRNA molecule into the multiple cloning sites located
downstream of the Renilla luciferase translational stop codon
in the 3′-UTR region.
A549 cells were seeded in a 24-well plate (1 × 105 cells/well)
and incubated for 24 h (37 °C, 5% CO2) following which time
the cells were transfected in triplicate with the desired vector
using Lipofectamine2000 according to the manufacturer’s
instructions. Four hours later, the medium was replaced with
fresh complete medium and the cells were transfected with 200
nM RAC1 siRNA complexed in PICs. Luciferase gene
expression was monitored 48 h after transfection using the
Dual Luciferase Reporter System (Promega) according to the
product manual. Relative luminescent units (RLU) were
evaluated by a microplate reader (Inﬁnite M200, Tecan).
Renilla luciferase gene expression was normalized to ﬁreﬂy
luciferase serving as an internal control and expressed in terms
of relative gene expression. The results presented correspond to
the percent of control cells not transfected with siRNA.
Migration Assay. The eﬀect of A5G27-bearing copolymer
on cell migration was studied by a scratch assay. A549 cells (2 ×
105) were seeded in 24-well plates in 1 mL of DMEM and
grown for 24 h. A scratch was then made in each well using a
sterile tip and each well was photographed using a Nikon
eclipse TS100 light microscope (Nikon Instruments, Melville,
NY). The cells were then transfected with 200 nM siRNA
(siRAC1 or siEGFP) complexed in PICs or incubated with an
equivalent amount of the free peptides, mA5G27D or
mA5G27F. After 24 h of incubation, each well was photographed again to evaluate the anti-migratory eﬀect of each
treatment. The width of a scratch was calculated at ﬁve diﬀerent
points in each picture taken, using Adobe Illustrator software.
Cell migration was calculated as the percent of the width of the
scratch at t = 24 h, as a function of the width of the scratch at t
= 0.
MTD Determination. A goal of this study was to determine
the MTD of PICs containing RAC1 siRNA following a single
(i.v. or i.p.) dose in C57BL/6 mice using a stepwise procedure.
Administration was performed at a constant volume dosage
based on individual body weight (8 mL/kg i.v. or 20 mL/kg
i.p.). An initial single mA5G27F-PEG-b-PEI/siRNA target dose
of 1.78/1 mg/kg was i.v. or i.p. administered to one group of 3
male and 3 female mice. Depending on the observed presence
or absence of lethality incidence and/or severe adverse
reactions to treatment, additional groups were subsequently
administered with either higher or lower appropriately
interspaced dose levels. Dosing was sequential and the interval
between the treatments was approximately 24 h. All dosed
animals that survived were observed for a total of 7 days.
Pharmacokinetics Studies. Concentrations of RAC1
siRNA in blood samples from 3 males Sprague−Dawley (SD)

Inhibition of Intracellular Uptake of Targeted PICs by
Heparin. Cells (3 × 104) were seeded in 24-well plates on
coverslips. After 24 h, cells were transfected with Cy5-siRNA
complexed in PICs in the presence or absence of heparin
(1000-fold molar ratio relative to peptide content on the PICs).
After 48 h, the cells were washed with PBS, ﬁxed with −20 °C
methanol, washed again, and mounted using mounting medium
containing DAPI. Images were obtained by Olympus FluoView
confocal laser scanning microscope with excitation at 633 nm
and emission at 670 nm.
Cytotoxicity Assessment by MTT Assay. Cytotoxicity of
the diﬀerent PICs to A549 cells was assessed using a modiﬁed
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolinium bromide
(MTT) assay. Brieﬂy, cells were seeded into 96-well microtiter
plates at a density of 5000 cells/well, allowed to grow for 24 h
(37 °C, 5% CO2), and transfected with 100, 200 and 500 nM
siRNA complexed in PICs. After 48 h at 37 °C, cell survival was
assayed by discarding the medium and adding 100 μL of fresh
medium containing 1 mg/mL MTT solution to each well and
incubating for 1.5 h. The medium was then discarded and 200
μL of DMSO were added to dissolve formazan crystals. The
absorbance of each sample was measured at 570 nm by a
microplate reader (Inﬁnite M200, Tecan, Switzerland).
Cytotoxicity is expressed as a percentage of untransfected cells.
Real-Time PCR. Isolation and puriﬁcation of total RNA
from A549 cells 48 h after transfection with PICs was carried
out using an EZ-RNA Kit (Biological Industries) according to
the manufacturer’s instructions. RNA quantity and purity were
assessed at 260 nm using a NanoDrop2000 Spectrophotometer
(Thermo Scientiﬁc). One microgram of total RNA was used for
reverse transcription using a High Capacity cDNA RT kit
(Applied Biosystems) in 20 μL reaction volume, according to
the manufacturer’s protocol.
RAC1 mRNA was measured by real-time quantitative PCR
(RT-qPCR) using TaqMan probes and primers for human
RAC1 and GAPDH in the Applied Biosystems Real Time PCR
7500 system (Applied Biosystems) according to the manufacturer’s protocol. The cycling conditions for all primers were
as follows: hold for 10 min at 95 °C, followed by 40 cycles
consisting of two steps, 15 s at 95 °C (denaturing), and 1 min
at 60 °C (annealing-extension). The threshold cycle, which
correlates inversely with the mRNA levels of target, was
measured as the cycle number at which the ﬂuorescent
emission of the reporter increased above a threshold level.
RAC1 mRNA levels were normalized to GAPDH mRNA in the
same samples. Results were analyzed using 7500 Software v
2.0.4 (Applied Biosystems).
Western Blot Analysis. A549 cells (3 × 105) were seeded
in 6-well plates. After 24 h, the cells were transfected with 200
nM RAC1 siRNA complexed in PICs. Forty-eight hours after
incubation, total protein was extracted in lysis buﬀer (20 mM
HEPES, pH 7.4, 150 mM NaCl, 1 mM EGTA, 1 mM EDTA,
10% glycerol, 1 mM MgCl2, 10 μL/mL protease inhibitor
cocktail) and sonicated for 10 s (Sonicator ultrasonic processor,
Misonix, Missouri City, TX). Cell nuclei and debris were
pelleted at 600 g, 10 min, 4 °C. Protein concentrations were
measured using the Bradford assay (Bio-Rad Laboratories,
Hercules, CA). Equal amounts of total proteins were separated
in 10% sodium dodecyl sulfate (SDS) polyacrylamide gels and
transferred to a 0.45 μm nitrocellulose membranes using Trans
blot Transfer Medium (Bio-Rad). The membranes were
blocked in 5% nonfat dry milk in Tris-buﬀered saline Tween20 (TBST) for 1 h at room temperature and incubated with
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Statistical Analysis. A one-way ANOVA test followed by
Bonferroni corrections was used to determine the statistical
signiﬁcance between experimental and control groups, and
considered signiﬁcant if the P value was less than 0.05. The
Kaplan−Meier method and log-rank tests were used to evaluate
mouse survival.

rats aged 7−8 weeks following a single i.v. injection of 1 mg/kg
siRNA (modiﬁed to be undegradable by RNases) were
measured. On Day 0, all animals were subjected to a single
i.v. bolus injection into one of the tail veins. Administration was
performed at a constant volume dosage based on individual
body weight (2.5 mL/kg). All blood samples were obtained by
tail tip amputation performed on the day before dosing and at
10 and 30 min and 1, 2, 4, 6, and 24 h post-dosing. At each
bleed time point, approximately 150 μL of whole blood were
collected. Blood samples were then processed for plasma
separation by centrifugation (2500 g, 15 min, room temperature). Separated plasma was immediately snap-frozen in liquid
nitrogen and kept at −80 °C until analyzed. The quantity of
RAC1 siRNA was determined by stem-loop qPCR.
Tumor Accumulation of Complexed siRNA. The ability
of A5G27F-PEG-b-PEI to deliver siRNA to tumor tissues were
studied by analyzing the accumulation of siRAC1 in SK-OV-3
tumor-bearing mice. Twenty-four athymic nude female mice
(6−8 wk old) were injected i.p. with 10 × 106 SK-OV-3 human
ovarian carcinoma cells. On the 28th day after cell inoculation,
the mice were divided into 3 groups (n = 6 or 8) and treated for
3 days with daily i.p. injections of 5 mg/kg of RAC1 siRNA
complexed within mA5G27F-PEG-b-PEI, 5 mg/kg naked
siRNA, or physiological saline (control group). At approximately 24 h after the third i.p. injection, the animals were
euthanized by CO2 asphyxiation, tumors were collected, snapfrozen in liquid nitrogen, and kept at −80 °C until analysis. The
quantity of RAC1 siRNA was determined by stem-loop qPCR.
Inhibition of Tumor Growth. The ability of A5G27FPEG-b-PEI/siRNA polyplexes to inhibit tumor growth was
studied in 2 diﬀerent models. In the ﬁrst experiment, following
an acclimation period of at least 3 days, 24 athymic nu/nu
female mice (7−8 weeks old) were injected subcutaneously
with 4 × 106 A549 cells/100 μL into the right ﬂank region. The
mice were evaluated for tumor progression and discomfort on a
daily basis. On the 13th day after inoculation, when tumor size
reached ∼100 mm3, the mice were divided into 3 groups (n =
8) and treated with 8 i.v. injections of 5 mg/kg of PLK1 siRNA
or luciferase siRNA complexed with mA5G27F-PEG-b-PEI or
in physiological saline (control group). The 8 injections were
performed twice weekly at 3−4 day intervals after the tumors
had reached the desired volume (starting on day 13 after
inoculation). Tumor volume length (a) and width (b) were
measured with a caliper twice a week. Tumor volumes were
calculated as (a × b2)/2.65 Mice were maintained for 14 days
after the last injection, at which point they were euthanized.
Tumors were collected and weighed.
In the second experiment, following an acclimation period of
at least 3 days, 24 athymic nu/nu female mice (6−8 wk old)
were injected i.p. with 8 × 106 mCherry-labeled SK-OV-3
human ovarian carcinoma cells. The mice were evaluated for
tumor progression and discomfort on a daily basis. On the
ninth day after inoculation, the mice were divided into 3 groups
(n = 6 or 8) and treated with 9 i.p. injections of 10 mg/kg of
PLK1 siRNA or luciferase siRNA complexed within mA5G27FPEG-b-PEI or physiological saline (control group). The 9
injections were performed 3 times weekly at 2−3 day intervals
(i.e., days 9, 11, 14, 16, 18, 21, 23, 25, 28). A CRI Maestro
noninvasive ﬂuorescence imaging system was used to follow
tumor progression. Body weight was also monitored. After
treatment, the mice were maintained for up to 22 weeks and
monitored for survival.
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