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Abstract
Nanoparticle-based delivery has become an important strategy to advance therapeutic
oligonucleotides into clinical reality. Delivery by nanocarriers can enhance access of
oligonucleotides to their pharmacological targets within cells; preferably, targeting ligands are
incorporated into nanoparticles for targeting oligonucleotides to disease sites, often by conjugation
to delivery carriers. In this study, a splice-switching oligonucleotide (SSO) was conjugated to a
bivalent RGD peptide, and then, the RGD-SSO conjugate was formulated into polyplexes with a
cationic polymer polyethylenimine. The resultant polyplexes of RGD-oligonucleotide conjugate
demonstrated dramatic increase in the pharmacological response of splicing correction compared
to free RGD-SSO conjugate or the polyplexes of unconjugated SSO, through integrin-mediated
endocytosis and rapid endosomal release. This study has shown that coupling a targeting ligand to
cargo oligonucleotide can maintain the integrin targeting ability after the peptide-oligonucleotide
conjugate is complexed with cationic polymer. Preliminary study also revealed that integrin
targeting redirects intracellular trafficking of the polyplexes to caveolar pathway and thereby
generates greater effectiveness of the oligonucleotide. This study provides a new platform
technology to construct multifunctional delivery systems of therapeutic oligonucleotides.
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INTRODUCTION
Antisense and siRNA oligonucleotides have shown mounting promise to become
mainstream therapeutic entities. As of 2010, 43 therapeutic oligonucleotides were in clinical
trials.1,2 For example, a splice-switching oligonucleotide (SSO), capable of altering
alternative splicing of pre-mRNA in the nucleus, has shown to restore dystrophin function in
patients with Duchenne muscular dystrophy in a phase II clinical trial.3 In spite of the
promise, full potential of oligonucleotide-based therapeutics has not been unleashed, as
oligonucleotides can theoretically regulate expression of any gene and there are over 1000
disease-related genes in the human genome and even more in human pathogens.4,5 The
underlying hurdle is the enormous difficulty for oligonucleotides, which are hydrophilic and
often charged macromolecules, to cross cellular membranes and then traffic to their sites of
action in the cytosol or nucleus.6–8 One strategy to overcome this barrier is to complex
oligonucleotides with lipids,9 polymers,10 or cell-penetrating peptides,11 and then the
resultant nanoparticles allow intracellular delivery of the oligonucleotides to their
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intracellular sites of action. Preferably, targeting ligands are incorporated into these
nanoparticles to improve delivery to target cells in disease and minimize side effects to
irrelevant cells. For example, polymer-based nanoparticles coated with transferrin were able
to deliver siRNAs to solid tumors overexpressing transferrin receptors and cause gene
specific RNAi activity in humans;12 this clinical study highlights the importance of targeted
delivery for siRNA therapeutics.

Arginine-glycine-aspartic Acid (RGD) peptide has been widely used to modify
nanoparticles for targeting gene and drugs to tumors, as it specifically binds to integrin
αvβ3, a cell surface glycoprotein that is preferentially expressed in angiogenic endothelia
and in certain tumor types including melanomas.13 In these applications, RGD peptide is
often conjugated to nanocarriers including cationic lipids and polymers, and then the RGD-
carrier conjugates are complexed with negatively charged nucleic acids to form
nanoparticles.13 For example, polyethylenimine (PEI) was conjugated directly to a RGD
peptide, and then the RGD-PEI was condensed with plasmid DNA into nanoparticles that
demonstrated greater in vitro transfection efficiency.14 In vivo behaviors of an integrin-
targeted nanoparticle can be improved by incorporating polyethylene glycol (PEG) to
decrease non-specific binding.15–17 Thus, in the latter study, RGD-PEG-PEI particles
selectively delivered VEGFR2 siRNA to integrin-expressed tumor tissues and suppressed
tumor growth and angiogenesis in tumor-bearing mice.17

Delivery of gene-specific SSOs into tumor cells can redirect alternative splicing of Bcl-x18

and STAT319 and cause apoptosis of the tumor cells. Thus, coupling tumor-targeting ligands
such as RGD peptide with antitumor SSOs in nanoparticles will provide a novel strategy for
targeted tumor therapy. In the current study, a SSO, which is designed to correct splicing of
an aberrant intron inserted into an eGFP reporter gene, was used as model oligonucleotide. It
was conjugated to a bivalent RGD peptide, and then, the RGD-SSO conjugate was
formulated with PEI into nanoparticles. Functional delivery of the targeted polyplexes was
tested in integrin αvβ3 expressing A375SM cells that had been stably transfected with the
eGFP gene interrupted by the abnormally spliced intron. Successful delivery of the SSO to
the cell nucleus would lead to up-regulation of eGFP expression, providing a positive read-
out. The results showed that the polyplexes of RGD-SSO conjugate produced greater and
faster reporter gene induction compared to free RGD-SSO conjugate, or polyplexes of free
SSO, through integrin-mediated endocytosis and efficient endosomal release. Preliminary
study also demonstrated that integrin-targeting changes intracellular trafficking of the
nanoparticles and thereby produces greater effectiveness of the oligonucleotide.

MATERIALS AND METHODS
Syntheses of RGD-oligonucleotide Conjugate

Peptide-oligonucleotide conjugates were constructed as described previously.20 Briefly, the
SSO (5'-GTTATTCTTTAGAATGGTGC-3') is a 2'-O-Me oligonucleotide with
phosphorothioate linkages. The 3’-TAMRA conjugates were synthesized using
phosphoramidites of the ultraMILD-protected bases on CPG supports (Glen Research,
Sterling, VA, USA) in a AB 3400 DNA synthesizer (Applied Biosystems, Foster City, CA,
USA) and a thiol linker was introduced at the 5′-end of the oligonucleotide. The 5′-thiol
functionality was generated by treating the disulfide bond of the oligonucleotide with 100
mM of aqueous DTT (Fig 1A). The 5'-thiol oligonucleotide was reacted with the maleimide-
containing bivalent cyclic RGD peptides for 3 h to prepare peptide conjugate (Fig 1A). The
reaction mixture was then purified by HPLC using a 1 mL Resource Q column (GE
Healthcare, Uppsala, Sweden). The purified conjugate was dialyzed versus milli-Q water,
and analyzed by MALDI-TOF (Applied Biosystem).
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Cell Lines
Integrin αvβ3 expressing A375SM cells were cultured in DMEM medium (Invitrogen,
Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS) (Sigma, St. Louis,
MO, USA). The A375SM cells were stably transfected with eGFP gene inserted by an
aberrant intron as described previously,21 and were referred to as A375/eGFP654 cells. They
were cultured in DMEM medium containing 10% FBS and 200 µg/mL hygromycin B
(Roche, Mannheim, Germany). M21+ melanoma cells with high expression of integrin
αvβ3, as well as M21− cells that lack this integrin, were obtained from Dr. D. Cheresh
(University of California, San Diego)22 and were cultured in DMEM medium (Invitrogen)
supplemented with 10% FBS (Sigma).

Preparation of Polyplexes
To prepare polyplexes at different N/P ratios, variable amounts of jetPEI™ (Polyplus,
Illkirch, France) were diluted into 100 µl of 150 mM NaCl solution and were then mixed by
vortex with an equal volume of NaCl solution containing 120 pmoles of the SSO or RGD-
SSO. The resultant dose solution contained 600 nM SSO or RGD-SSO. After 20-min
incubation at room temperature, the polyplexes were then added to the cells. N/P ratio was
calculated as a ratio between the positively charged amine groups of PEI and negatively
charged phosphate groups of SSO. N/P molar ratios were calculated based on the fact that
there are 7.5 nitrogen residues per µl of jetPEI™ solutions as per manufacturers’ instructions.

Particle Size and Zeta Potential Measurement
The average particle sizes of the polyplexes in 150 mM NaCl solution were determined
using a Coulter N5 Plus Sub-Micron Particle Sizer (Beckman Coulter, Miami, FL, USA) at a
fixed angle of 90° and a temperature of 25°C. Light scattering intensity was maintained
within the required range of the instrument (5 × 104 to 1 × 106 counts/sec) in all the
measurements. Each sample was analyzed in triplicate. The same polyplexes were placed in
the dip cell of Zetasizer Nano Z (Malvern Instruments, Westborough, MA, USA) to
determine zeta potential. Each sample was analyzed in quintuplicate.

Cellular Transfection by Polyplexes
A375/eGFP654 cells were seeded on 24-well plates at 6 × 104 cells per well in various
experiments. The following day, 100 µl of the polyplexes at the concentration of 600 nM
were then added to each well containing 500 µl Opti-MEM I medium (Invitrogen), which
made up the 0.6 mL dose solution containing 100 nM SSO. Following the 4-h treatment at
37 °C, the cells were subsequently washed with PBS and were then replenished with fresh
media for another 20-h culture. Then functional delivery was examined by measuring eGFP
expression with flow cytometry. In one experiment, A375/eGFP654 cells were treated with
the polyplexes of SSO or RGD-SSO (25 nM, N/P = 6) in the absence or presence of 10 µM
cyclic RGD peptide RGDfV (Peptides International Inc., Louisville, KY, USA). In another
experiment, the polyplexes were added to the wells containing DMEM media or the same
media plus 10% FBS in order to examine serum effect on transfection.

In a dose-dependence experiment, A375/eGFP654 cells were treated with increasing
concentrations of the PEI/SSO or PEI/RGD-SSO polyplexes (N/P = 6) for 4 h. After another
20-h culture, eGFP expression was measured by flow cytometry. In a time-dependence
experiment, A375/eGFP654 cells were dosed with the PEI/SSO or PEI/RGD-SSO
polyplexes (25 nM, N/P = 6) at the same time. Then, the dose solution was removed and
changed to fresh media at various times and eGFP expression was measured by flow
cytometry 24 h after dosing, so that the total time of treatment and following culture
remained constant for all the time point groups.
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Flow Cytometric Analysis
Total cellular uptake of the TAMRA-labeled SSO and eGFP expression induced by the SSO
were measured by flow cytometry using a LSR II cell analyzer (Becton-Dickenson, San
Jose, CA, USA). After treatment with the polyplexes and further culture, the cells were
trypsinized and analyzed by flow cytometry, with a 488 nm laser coupled with a 525/50
filter for eGFP and a 561 nm laser coupled with a 582/15 emission filter for TAMRA. In
two-color flow cytometry, the cells containing a single fluorophore were used as controls to
set up compensation.

Confocal Fluorescence Microscopy
Intracellular distribution of the oligonucleotides and induced eGFP expression in living cells
were examined using an Olympus Confocal FV300 fluorescent microscope with 60× oil
immersion objectives. A375/eGFP654 cells (for induction experiment) or A375SM (for
colocalization experiment) were plated in 35 mm glass bottom microwell dishes (MatTek,
Ashland, MA, USA) and were then transfected with the polyplexes of SSO-TAMRA or
RGD-SSO-TAMRA (100 nM, N/P = 6). Cellular accumulation of the TAMRA-labeled
oligonucleotides and eGFP induction were visualized after 4-h transfection plus 20-h
culture. Colocalization of the oligonucleotides (100 nM) with Alexa 488-labeled transferrin
(Tfn) or cholera toxin B (CTB) (Invitrogen), as markers for clathrin-coated vesicles or lipid
rafts, respectively, was also accomplished via confocal microscopy. Cellular distribution of
the oligonucleotides was observed by confocal microscopy after 2-h transfection, and
transferrin (20 µg/mL) and cholera toxin B (4 µg/mL) were used for 15 and 30 min,
respectively, prior to live cell imaging.

Cytotoxicity Assay
The cytotoxicity of polyplexes was measured with the Alamar Blue assay.23 In brief, A375/
eGFP654 cells were seeded in 96-well plates at 3000 cells/well. After 24 hours, the cells
were exposed to different concentrations of polyplexes (N/P = 6) for 4 h. Polyplex-
containing medium was replaced with fresh medium, and cells were incubated for another
20 h. Alamar Blue reagent was added and incubated for 2 hour. The samples were read in a
FLUOstar Omega microplate reader (BMG LABTECH, Cary, NC, USA) set at 540 nm
excitation wavelength and 590 nm emission wavelength.

Data Analysis
Data are expressed as mean ± SD from three measurements unless otherwise noted.
Statistical significance was evaluated using t-test for two-sample comparison or ANOVA
followed by Dunnet’s test for multiple comparisons. The data were analyzed with GraphPad
Prism 5 (GraphPad Software, Inc., La Jolla, CA, USA).

RESULTS
Syntheses and Characterization

The chemical structure of the final oligonucleotide conjugate is shown in Figure 1B. A
TAMRA fluorophore was introduced at the 3'-end of the oligonucleotide. The bivalent RGD
peptide with maleimide functionality was coupled with the 5'-thiol oligonucleotide. After
purification by chromatography and dialysis, the identity of the final products were
confirmed by MALDI-TOF mass spectroscopy (SSO-TAMRA: calculated mass = 7692.0
(M+H)+ and mass found = 7691.8 (M+H)+; RGD-SSO-TAMRA: calculated mass = 9427.3
(M+H)+ and mass found = 9427.4 (M+H)+).
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Particle Sizes and Zeta Potentials of Polyplexes
Average particle sizes and zeta potentials for the polyplexes at the N/P value of 6 are
summarized in Table 1. The diameters for the PEI/SSO and PEI/RGD-SSO polyplexes were
352.5 and 325.4 nm, respectively, and were not statistically different, indicating that
incorporating RGD peptide does not change the polyplex formation. Polydispersity index
(P.I.) values were small (< 0.15), indicating uniform and monodispersed nanoparticles. Both
PEI/SSO and PEI/RGD-SSO polyplexes showed positive zeta potential around 20 mV.

Functional Delivery of Polyplexes
Treatment of the polyplexes of SSO or RGD-SSO at the concentration of 100 nM for 4 h
and further 20-h culture produced dramatic increases in eGFP expression, whereas direct
treatment with free SSO or RGD-SSO under the same condition failed to produce induction
at similar levels (Fig 2A). In all the ratios of the amounts of PEI and the SSO tested, the
RGD-SSO polyplexes produced significant higher transfection than the PEI/SSO
polyplexes, and the optimal transfection with the polyplexes was achieved when the N/P
ratio was 6 (Fig 2B). At this ratio, PEI/RGD-SSO produced 4.1-folded higher expression
levels than PEI/SSO, and the transfection efficiency of PEI/RGD-SSO was 65% while that
of PEI/SSO was 17% (Fig 2C). The decrease of eGFP induction at the N/P ratio of 9 (Fig
2B) might be due to the cytotoxicity of the polyplexes to the transfected cells at the high N/P
ratio.

Integrin-Mediated Cellular Delivery and Serum Effect
In order to test whether the superior transfection of the PEI/RGD-SSO polyplexes is due to
receptor-mediated endocytosis involving integrin αvβ3, cellular uptake of the polyplexes
was evaluated in integrin αvβ3-expressing M21+ cells as well as M21− cells that lack this
integrin. Uptake of the PEI/RGD-SSO polyplexes was 4-fold higher in M21+ cells than that
in M21− cells, whereas uptake of the PEI/SSO polyplexes showed similar uptake in these
two cell lines (Fig 3A). This indicated that the PEI/RGD-SSO polyplexes undergo integrin-
mediated endocytosis to enter the cells. To further confirm this mechanism, the biological
effect of the polyplexes was tested under coincubation with excess amounts (10 µM) of a
cyclic RGD peptide (RGDfV) that is known to be a selective inhibitor of integrin αvβ3. Co-
incubation with this peptide led to an inhibition of the effect of PEI/RGD-SSO on eGFP
expression but did not affect that of PEI/SSO (Fig 3B). This observation supports the
concept that the effect of PEI/RGD-SSO on splicing largely depends on its initial uptake via
the integrin receptor.

The presence of 10% FBS in polyplex-containing media increased eGFP induction by 198%
and 151% for PEI/SSO and PEI/RGD-SSO, respectively, when compared to those in serum-
free media (Fig 3C). This indicated that both PEI/SSO and PEI/RGD-SSO polyplexes are
stable in the presence of the serum and that the serum does not interfere with the integrin
targeting of the PEI/RGD-SSO polyplexes. The effects of serum on nanoparticle-mediated
gene transfection are variable, largely depending on carrier property, cell type, and complex
stability,24 but this result supported the notion that serum proteins can enhance PEI-
mediated gene delivery.25

Dose- and Time-Response Studies
Functional delivery of the polyplexes was evaluated as a function of concentration with 4-h
treatment followed by 20-h culture. The eGFP induction by PEI/RGD-SSO as a function of
concentration was saturable, while that by PEI/SSO was linear up to 100 nM (Fig 4A),
supporting the notion that PEI/RGD-SSO utilizes a saturable receptor-mediated mechanism
for functional delivery.26
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The time-dependence response of eGFP induction to the polyplexes was examined by
removing the dose solution at various times. The result in Fig 4B showed a quick onset for
both the PEI/SSO and PEI/RGD-SSO polyplexes. Both polyplexes showed dramatic
increase of transfection at the first 2 h, and further treatment only produced moderate
increase in the effect, which might result from the rapid endosomal release of the PEI
polyplexes.

Cytotoxicity
There was little toxicity associated with the use of the polyplexes of SSO or RGD-SSO (N/P
= 6) at the concentrations examined. Thus in the Alamar Blue assay, the viability of the cells
treated with up to 100 nM oligonucleotides in polyplexes were over 90% of the control cells
(Fig 5). In the dose-response and time-response studies, the cells treated by the polyplexes
showed similar profiles in the forward scattering and side scattering as compared to the
untreated control cells in flow cytometry analysis (data not shown), and additionally, the
cells treated with the polyplexes maintained normal morphology as illustrated in the
confocal images of Figs 6B and 7.

Functional Delivery of SSO Depends on Its Nuclear Entry
In order to examine the correlation between cellular uptake of the SSO polyplexes and their
pharmacological responses, two-color flow cytometry was used to simultaneously measure
uptake of the polyplexes of TAMRA labeled oligonucleotide (the abscissa) and the
functional induction of eGFP reporter (the ordinate) (Fig 6A). The population of A375/
eGFP654 cells without any treatment (the control cells) only appeared in Q3 in the flow
graph. The cell populations in Q2 and Q4 had higher TAMRA fluorescence, indicating that
SSO-TAMRA was taken up by these cells; however, only the cells in Q2 expressed higher
eGFP levels, indicating successful delivery of SSO to their site of action in the nucleus.
Transfection with the SSO formulated into the polyplexes led to functional eGFP induction
due to correct splicing of an aberrant intron inserted into this reporter gene (Fig 6A). The
result indicated that functional induction requires high accumulation of SSO in the cells
since the cells with higher eGFP expression in Q2 also had higher accumulation of SSO-
TAMRA. The result also showed that 48% of the cell population transfected with the PEI/
RGD-SSO polyplexes was in Q2, comparing to 13% of the cells transfected with the PEI/
SSO polyplexes (Fig. 6A). In addition, the level of TAMRA-labeled oligonucleotide in Q2
was higher for the PEI/RGD-SSO polyplexes than that for the PEI/SSO polyplexes, which
may partially explain the greater efficacy of the PEI/RGD-SSO polyplexes.

In Fig 6B, after transfection and following culture, A375/eGFP654 cells were observed with
confocal microscopy for the intracellular distribution of SSO-TAMRA (shown in red) and
functional eGFP expression (shown in green). The results demonstrated a correlation of
nuclear entry of the oligonucleotide and functional eGFP induction. The cells with the SSO-
TAMRA in the nucleus (labeled with white arrows) tended to show strong eGFP expression,
indicating that the ability of oligonucleotide to traffic to the nucleus, the site of splicing
correction, determines its effectiveness as a therapeutic oligonucleotide. The cells treated
with PEI/RGD-SSO showed stronger nuclear accumulation of SSO, and thus the eGFP
expression was higher compared to that of PEI/SSO (Fig 6B), indicating that greater nuclear
entry of oligonucleotide by targeted polyplexes is responsible for their superior
effectiveness.

Subcellular Localization
As seen in Figs 7A and 7B, RGD-SSO-TAMRA delivered by the PEI polyplexes entered the
nucleus in large amount within 2 h, while some of the material continued to be vesicular and
some modest cytosolic fluorescence was discernible. RGD-SSO-TAMRA without
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complexation with PEI displayed substantial uptake into vesicular structures in the cytosol
(Figs 7C and 7D), these presumably being various types of endosomes, indicating that low
eGFP induction by the oligonucleotide conjugate is due to poor endosomal release. In order
to more precisely identify the endomembrane compartments involved in the uptake and
trafficking of the polyplexes, A375SM cells were coincubated with the TAMRA-labeled
oligonucleotide (red) in the polyplexes and Alexa 488 (green) labeled markers for well-
known endocytotic pathways. Thus, transferrin is known to be internalized via the clathrin
coated pit pathway, while cholera toxin B is substantially internalized via the caveolar
pathway or other lipid raft dependent pathways.27 As seen in Fig 7A, at 2 h there was
virtually no overlap of the labels for transferrin and RGD-SSO-TAMRA delivery by PEI; in
contrast there was substantial overlap of the cholera toxin B and the RGD-SSO-TAMRA in
the vesicles (Fig 7B). Similar colocalization was observed for free RGD-SSO-TAMRA
without PEI complexation (Figs 7C and 7D). This suggests that the initial uptake pathway
for RGD-SSO-TAMRA, either complexed with PEI or not, involves caveolae; this
observation is consistent with literature on the mechanism of internalization of integrin
αvβ3.28 In contrast, there was no overlap of the labels for cholera toxin B and SSO-
TAMRA delivered by the PEI polyplexes (Fig 7E), indicating that the SSO polyplexes enter
the cells by the endocytotic pathways that do not involve caveolae, and incorporating RGD
peptide to oligonucleotide in the polyplexes changes the uptake pathway of the polyplexes.
This change of the uptake pathway may contribute to the greater effectiveness of the
targeted polyplexes.

DISCUSSION
There are mounting efforts in maturing antisense and siRNA oligonucleotides into
therapeutic entities as evidenced by the 43 siRNA and antisense drugs in clinical trials as of
2010.1,2 In most of these clinical trials, oligonucleotides are given as ‘free’ molecules, and
this has led to suboptimal efficacy and limited tissue distribution.8 Receptor-targeted
delivery systems not only improve cellular uptake, but also allow preferential delivery of
therapeutics to particular tissues and cell types of interest.8 One simple approach for targeted
delivery is to covalently link therapeutic oligonucleotide to receptor ligand, so that the
resultant conjugate can bind to the receptor at disease sites and undergo endocytosis for
intracellular delivery.29 Antisense and siRNA oligonucleotides have been conjugated to
ligands with high affinity for integrin αvβ3,20,30,31 for a G protein-coupled receptor,26 or for
the sigma receptor.32 Although peptide-oligonucleotide conjugates demonstrate much higher
effectiveness than free oligonucleotides in cellular models, they often need long treatment
time for optimal response to occur.26,31 As it is more difficult to achieve long retention time
of the conjugates around the target cells in animal models, “free” RGD-SSO only showed
moderate activity in vivo (unpublished data). Persistent endosomal localization of the
conjugates in the cells suggests that endosomal release may occur at a slow rate and may
present the rate-limiting step for the pharmacological action.26,31

This study aimed to increase the endosomal release of oligonucleotides by coupling an
endosomal releasing agent to the targeted conjugates. Gene delivery by PEI polyplexes has
proven a successful strategy thanks to the effective endosomal release property of PEI via
the proton sponge effect.33 Therefore, PEI has been chosen to be complexed with RGD-
oligonucleotide conjugate. The results from this study demonstrated that PEI/RGD-SSO
showed dramatic increase of eGFP induction with only 2-h treatment (Fig 4B), and the
pharmacological response was significantly higher than the polyplexes of free SSO. Free
SSO and RGD-SSO were equally effective in splicing correction when delivered directly to
the cytosol by scrape-loading or electroporation,30 indicating that there is no difference in
the intrinsic efficacy or nuclear entry rate between them. In fact, nuclear entry is not the
rate-limiting step for monomeric oligonucleotides in light of the observation that
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oligonucleotide rapidly accumulates in the nucleus within minutes after being microinjected
into the cytoplasm of mammalian cells.34 Thus, the enhancement in transfection should be
due to the different cellular uptake and the followed intracellular transport processes. The
enhancement of induction by PEI/RGD-SSO can be reversed by coincubation with an excess
amount of RGDfV peptides, whereas these RGD peptides do not affect the transfection by
PEI/SSO. Collectively, the enhancement in functional delivery of the RGD-SSO polyplexes
is due to integrin αvβ3-mediated endocytosis.

RGD-surface-modified nanoparticles, including polyplexes and liposomes, have been
utilized to deliver therapeutic genes for a decade.13 RGD peptide is often chemically
conjugated to cationic carriers such as PEI; however, the different conjugation methods have
produced variable outcomes in functional delivery of nucleic acids. The simplest
conjugation method is to directly conjugate PEI with a RGD peptide, and RGD-PEI
complexes of plasmid DNA demonstrated enhanced in vitro transfection efficiency.14 PEG
has been used as a spacer between PEI and RGD peptide in order to overcome nonspecific
binding of PEI polyplexes.16,17 However, another study indicated that using PEG as spacer
impairs gene transfection, possibly by shielding RGD-integrin binding,15 while a recent
study indicated that RGD-PEI-PEG is a better construct than RGD-PEG-PEI for gene
delivery.35 The disparity may rise from the complicated chemical reactions involving
heterogeneous polymers, in which the targeting peptides may be inactivated.36 This study
showed that conjugating RGD peptide to the cargo oligonucleotide can maintain the integrin
targeting ability after the peptide-oligonucleotide conjugate is complexed with PEI.
Conjugation of targeting peptides to oligonucleotides involves relatively simple chemical
reactions and generates the monomeric ligand-oligonucleotide conjugates with defined
molecular weight,20,26 which may provide an advantage in drug development. In addition,
multiple functionalities, including targeting ligands and endosomal release agents, are
required to be incorporated into the delivery systems for superior transfection efficiency.
Thus, the method of coupling the targeting ligands to oligonucleotides provides flexibility
for constructing multifunctional nanoparticles.

The results in this study also revealed that the RGD modified polyplexes may utilize an
internalization pathway that is different from the unmodified polyplexes. Previous study has
shown that the SSO polyplexes may arrive at the nucleus, the site of action, via a
combination of multiple noncaveolar and clathrin-independent endocytosis pathways.21 In
this study, a larger amount of RGD-SSO delivered by PEI enters the nucleus and thus
produces greater pharmacological response compared to the PEI/SSO polyplexes (Fig 6B).
Further colocalization of the polyplexes to endocytosis markers demonstrated that the RGD
modified polyplexes utilize the caveolar pathway, whereas the nontargeted polyplexes do
not (Fig 7). This may indicate that the caveolar pathway is a productive mechanism for
functional delivery of nucleic acids. In another study, RGD-PEG-block-poly(lysine) was
shown to improve plasmid transfection dramatically in Hela cells expressing integrin
αvβ3.37 Initial studies supported that the presence of RGD peptide changed the intracellular
trafficking route of the polyplexes to the caveolar pathway followed by trafficking to the
perinuclear region, thereby avoiding the lysosomal degradation of delivered genes.37

Despite these exciting preliminary observations, the enormous complexity of intracellular
trafficking of therapeutic oligonucleotides has just begun to be elucidated38 and more
mechanism studies are warranted to advance the understanding of the key cellular steps
underlying targeted delivery of nucleic acids.

In conclusion, the study showed that coupling a targeting ligand to a cargo oligonucleotide
can maintain the integrin targeting ability after the peptide-oligonucleotide conjugate is
complexed with cationic polymer. A preliminary study also demonstrated that integrin
targeting alters intracellular trafficking of the nanoparticles and thus leads to superior

Ming and Feng Page 8

Mol Pharm. Author manuscript; available in PMC 2013 May 07.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



effectiveness of the oligonucleotide. This study provides a novel platform technology to
construct multifunctional delivery systems of therapeutic oligonucleotides. As SSOs have
demonstrated antitumor activity,18,19 integrin-targeted delivery system will bring
oligonucleotide-based therapeutics even closer to clinic reality.
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CTB cholera toxin B

eGFP enhanced green fluorescence protein

PEI polyethylenimine

P.I. polydispersity index

RGD Arginine-Glycine-Aspartic Acid

SSO splice-switching oligonucleotide

Tfn transferrin
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Fig. 1.
(A) Synthetic scheme for the conjugation of oligonucleotide to the bivalent RGD peptide.20

(B) Chemical structure of the RGD-SSO-TAMRA.
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Fig. 2.
Functional delivery of polyplexes of SSO or RGD-SSO. A. Comparison of eGFP induction
by the treatments of free SSO, RGD-SSO, and their PEI polyplexes with the N/P ratio of 6.
B. Induction of eGFP by PEI/SSO or PEI/RGD-SSO polyplexes prepared with the N/P
ratios at 3, 4.5, 6 and 9. Data represent mean ± S.D. of a representative experiment in
triplicate. Statistical significance between the PEI/SSO and PEI/RGD-SSO treatments was
evaluated using unpaired t tests. *** indicates p < 0.001. C. Flow cytometry of the control
A375/eGFP654 cells and those treated by the PEI/SSO or PEI/RGD-SSO polyplexes with
the N/P ratio of 6.
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Fig. 3.
Integrin-mediated cellular delivery and serum effect. A. Uptake of PEI/SSO or PEI/RGD-
SSO polyplexes (25 nM SSO) was compared in αvβ3 positive M21+ cells and M21− cells
that do not express this integrin. B. Free RGDfV peptide at the concentration of 10 µM was
added to the cells 30 min, prior to transfection with either PEI/SSO or PEI/RGD-SSO
polyplexes at the concentrations of 25 nM SSO for 4 h. C. A375/eGFP654 cells were treated
with either PEI/SSO or PEI/RGD-SSO polyplexes in the absence or presence of 10% FBS
for 4 h. Data represent mean ± S.D. of a representative experiment in triplicate. Statistical
significance between the control and the treatments was evaluated using unpaired t tests. **
indicates p < 0.01 and *** indicates p < 0.001.
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Fig. 4.
Dose- and time-dependent responses to the polyplexes. A. In the dose-dependence
experiment, A375/eGFP654 cells were treated with increasing concentrations of the PEI/
SSO or PEI/RGD-SSO polyplexes for 4 h followed by another 20-h culture. B. In the time-
dependence experiment, A375/eGFP654 cells were dosed with the PEI/SSO or PEI/RGD-
SSO polyplexes at the concentration of 25 nM. Then the dose solution was changed to fresh
media at various times and eGFP expression was measured 24 h after dosing by flow
cytometry.
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Fig. 5.
Cytotoxicity of the polyplexes. The cytotoxicity of the PEI/SSO and PEI/RGD-SSO
polyplexes (N/P = 6) to A375/eGFP654 cells was measured in 96-well plates with the
Alamar Blue assay.
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Fig. 6.
Relationship between cellular uptake and functional induction of the polyplexes. A. A375/
eGFP654 cells were transfected for 4 h with the PEI polyplexes of SSO or RGD-SSO that
were labeled with TAMRA. After another 20-h culture, the accumulation of SSO-TAMRA
(abscissa) and induction of eGFP (ordinate) were analyzed with flow cytometry. The
population of A375/eGFP654 cells without any treatment (the control cells) only showed in
Q3 in the flow cytometry graph. The cell populations showing in Q2 and Q4 had higher
TAMRA fluorescence and had taken up SSO-TAMRA; however, only the cells in Q2 had
higher eGFP expression levels, which resulted from functional delivery of SSO to their
pharmacological sites in the nucleus. B. A375/eGFP654 cells were seeded on the cover glass
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and then transfected with the polyplexes of SSO-TAMRA or RGD-SSO-TAMRA. After 20-
h culture, the distribution of SSO-TAMRA (shown in red) and induction of eGFP (shown in
green) were observed with a confocal microscope. Representative cells showing nuclear
staining of SSO-TAMRA were marked with white arrows, whereas the cells without nuclear
entry of SSO-TAMRA were labeled with blue arrows.
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Fig. 7.
Subcellular localization of the polyplexes. A375SM were treated with PEI/SSO-TAMRA,
PEI/RGD-SSO-TAMRA, or RGD-SSO-TAMRA at the concentration of 100 nM for 2 h.
Alexa 488-labeled Tfn (20 µg/mL) or CTB (4 µg/mL), was added to the dose solutions 15
and 30 min, respectively, prior to live cell imaging. Colocalization of the TAMRA-labeled
SSO with endocytosis markers was observed by confocal fluorescence microscopy as
described in the materials and methods section. A. PEI/RGD-SSO with Tfn; B. PEI/RGD-
SSO with CTB; C. RGD-SSO with Tfn; D. RGD-SSO with CTB; E. PEI/SSO with CTB.
Representative cells showing co-localization were marked with white arrows.
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Table 1

Particle sizes of the polyplexesa

Particle Size (nm) P.I. Zeta Potential (mV)

PEI/SSO 352.5 ± 8.3 0.136 ± 0.136 18.5 ± 2.4

PEI/R-SSO 325.4 ± 20.5 0.117 ± 0.249 23.4 ± 1.5

a
Results are expressed as mean ± SD (n = 3 or 5)
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