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Abstract
The use of antisense oligodeoxynucleotides (ODNs) to inhibit the expression of specific mRNA
targets represents a powerful technology for control of gene expression. Cationic lipids and polymers
are frequently used to improve the delivery of ODNs to cells, but the resulting complexes often
aggregate, bind to serum components, and are trafficked poorly within cells. We show that the
addition of a synthetic, pH-sensitive, membrane-disrupting polyanion, poly(propylacrylic acid)
(PPAA), improves the in vitro efficiency of the cationic lipid, DOTAP, with regard to oligonucleotide
delivery and antisense activity. In characterization studies, ODN complexation with DOTAP/ODN
was maintained even when substantial amounts of PPAA were added. The formulation also exhibited
partial protection of phosphodiester oligonucleotides against enzymatic digestion. In Chinese
hamster ovary (CHO) cells, incorporation of PPAA in DOTAP/ODN complexes improved two- to
threefold the cellular uptake of fluorescently tagged oligonucleotides. DOTAP/ODN complexes
containing PPAA also maintained high levels of uptake into cells upon exposure to serum. Addition
of PPAA to DOTAP/ODN complexes enhanced the antisense activity (using GFP as the target) over
a range of PPAA concentrations in both serum-free, and to a lesser extent, serum-containing media.
Thus, PPAA is a useful adjunct that improves the lipid-mediated delivery of oligonucleotides.

Introduction
Since its discovery nearly 30 years ago1, antisense technology has been used extensively as a
research tool for sequence-specific gene silencing in elucidation of gene function and in drug
target validation2, and it is currently being developed towards clinical application as well3,4.
In theory, the concept of antisense technology is elegant. Short synthetic oligodeoxynucleotides
(ODNs) bind selectively to the complementary mRNA transcript of a targeted gene via Watson-
Crick hybridization, thereby inhibiting mRNA translation into the corresponding protein
through any of several mechanisms, such as translational arrest or mRNA cleavage by
ribonuclease H5. However, the practical application of antisense oligonucleotides has proven
challenging, largely owing to their susceptibility to degradation by cellular nucleases and the
difficulty in delivering efficacious and safe doses. To enhance their stability against nucleolytic
degradation, as well as to increase their affinity for the target and decrease their toxicity,
antisense oligonucleotides with various chemical modifications have been synthesized. These
include among others phosphorothioate ODNs, methylphosphonates and phosphoramidate
ODNs, 2′-O-modified RNA, locked nucleic acids and peptide nucleic acids3,6,7. Another
longstanding problem exists in the delivery of antisense oligonucleotides to cells and tissues.
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Various nonviral oligonucleotide delivery systems have been developed to address several
criteria such as improved stability under physiological conditions, efficient internalization by
targeted cells, resistance to intracellular nucleases, and reduced nonspecific interactions with
other macromolecules. Despite considerable research in this area, efficiency and specificity of
delivery are not yet satisfactory in many cases8.

The core component of most oligonucleotide delivery systems is a synthetic polymer or a lipid
(or lipid mixture). Commonly used for delivery of plasmids carrying therapeutic genes, cationic
lipids are also promising reagents for oligonucleotide delivery.9,10 Cationic lipid/DNA
complexes are usually formulated using an excess of positive charge (contributed by the lipid
component), thus conferring upon the resulting particle more efficient interaction with the
negatively charged cell membrane. Following cellular internalization, endosomes become
acidified and progress to lysosomes, where their contents are degraded. Crucial, then, to the
success of antisense downregulation is the efficient release of oligonucleotides from this
endosomal-lysosomal pathway into the cytoplasm11. In view of this, some synthetic vectors
are formulated with endosomal escape moieties (pH-sensitive chemical groups) that promote
membrane disruption and release of DNA from the endosome into the cytoplasm. One approach
is the incorporation of a neutral phospholipid, such as dioleylphosphatidylethanolamine
(DOPE), which undergoes bilayer destabilization at the lower pH (5 to 6) of the endocytic
compartment, fuses with the endosomal membrane and destabilizes the endosome, thereby
releasing the DNA cargo into the cytoplasm.12 Synthetic, pH-responsive, amphipathic
peptides such as GALA and JTS-1 have been designed as alternatives to the helper lipid
approach13,14.

Prior studies have shown that the binding of negatively charged serum components to positively
charged DNA complexes can significantly decrease transfection efficiency15,16. In order to
decrease or reverse the overall particle charge and hence reduce serum opsonization, anionic
polymers have been employed as an additional component of the delivery vector17-19.
Previously, it was shown that a synthetic anionic polymer, poly(propylacrylic acid) (PPAA),
was able to enhance the intracellular delivery of plasmid DNA by the commercially available
cationic liposome, DOTAP, even in the presence of up to 50% serum. The presence of PPAA
also increased the transfection of plasmids encoding antisense RNA in a mouse model20. While
improved delivery of plasmids has been demonstrated by combining PPAA with DOTAP, this
system has not been studied previously with respect to oligonucleotide delivery. Despite the
considerable disparity in the molecular weights and topologies of plasmid DNA and
oligonucleotides, each type of DNA interacts electrostatically with DOTAP14,15. We
hypothesized that incorporating PPAA in the formulation would provide a means to improve
the cationic liposome-mediated delivery of oligonucleotides. To address this question, we
report the physicochemical characteristics of DOTAP/ODN complexes incorporating graded
PPAA loadings (i.e. giving rise to various charge ratios), their cellular uptake by CHO cells,
and their antisense inhibition in a model system consisting of CHO cells stably expressing
pd1EGFP.

Experimental section
Materials

A phosphodiester oligonucleotide (5′-ATT GCA AGT AAA CAC AG-3′, RBG33)21 was used
for preliminary physicochemical and stability studies. An oligonucleotide of identical sequence
but fluorescently tagged with carboxyfluorescein (F-RBG33) was used for the cellular uptake
studies. The 20mer phosphorothioate oligonucleotide (5′-TTG TGG CCG TTT ACG TCG
CC-3′, EGFP157), previously selected for downregulation of EGFP (Dunham et al.,
manuscript in preparation), was used for the antisense effect studies. All ODNs were obtained
from Integrated DNA Technologies (Coralville, IA) and delivered as HPLC grade. Before use,
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the lyophilized ODNs were resuspended to 1 mg/ml (phosphodiester ODNs) or 100 μM
(phosphorothioate ODNs) concentration in TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH
8.0). The cationic liposomal formulation N-[1-(2,3-dioleyloxy)propyl]-N,N,N-
trimethylammonium methyl sulfate (DOTAP) was purchased from Roche Applied Science
(Indianapolis, IN). Poly(α-propylacrylic acid) (PPAA) with 27,000 number average MW and
polydispersity (Mw/Mn) of 1.8 was obtained from Polymer Source Inc. (Dorval, Quebec,
Canada). The polymer was received as a dried powder and solubilized in a small quantity of
tetrahydrofuran before further dilution (approx. 10-fold) to a concentration of 10 mg/ml in
HEPES buffered saline (HBS; 20 mM HEPES, 150 mM NaCl, pH 7.4). All other reagents and
solvents were purchased from Sigma-Aldrich (St. Louis, MO) and were used as received, unless
noted otherwise. All buffers were prepared in MilliQ ultrapure water and filtered (0.22 μm)
prior to use.

Vector preparation
The complexes were formed in HBS at a final DNA concentration of 1 μg/ 120μl for
physicochemical assays and cellular uptake studies. Antisense experiments using CHO-
pd1EGFP cells were performed at an ODN concentration of 300 nM. The components of the
ternary complexes — DOTAP (D), PPAA (P) and ODN (O) — were prepared at a
DOTAP:ODN (D:O) weight ratio of 10:1, corresponding to D:O charge ratios (+/-) of
approximately 4. All DOTAP/PPAA/ODN complexes were formed by first pipette mixing
together equal volumes of DOTAP and ODN followed by incubating for 30 minutes. PPAA
was then added to the DOTAP/ODN solution, at concentrations producing the desired charge
ratios. DOTAP and DNA were assumed to be completely ionized, and the share of negative
charge due to the PPAA addition was calculated assuming 33% PPAA ionization at pH
7.420,22. DOTAP/ODN complexes were formed by mixing equal volumes of DOTAP and
ODN, the former at appropriate concentrations to produce the desired charge ratios. All
complexes were prepared in 1.5-ml Eppendorf tubes immediately before analysis or
transfection.

OliGreen assay for ODN in complexes
Complexes (1 μg ODN per 120 μl) were formulated in HBS as previously described. The single-
stranded DNA-binding reagent OliGreen (Invitrogen-Molecular Probes, Carlsbad, CA) was
diluted 1:50 with HBS. The OliGreen working solution (60 μl) was added to 60 μl of D/P/O
or D/O complex solution in a polystyrene 96-well black plate with clear bottoms (Corning,
Corning, NY). The OliGreen fluorescence intensity was measured at excitation and emission
wavelengths of 485 and 530 nm, respectively, with a Cytofluor 4000 Fluorescence Multi-well
Plate Reader (Applied Biosystems, Foster City, CA). After background subtraction, each data
point was normalized to that from uncomplexed ODN.

Zeta potential
The electrophoretic mobility of the DOTAP/PPAA/ODN and DOTAP/ODN complexes was
determined by phase analysis light scattering using a Brookhaven ZetaPALS analyzer
(Brookhaven Instruments Corp., Holtsville, NY). The phase shift is measured by comparing
the phase of the light scattered by the particles with the phase of a reference beam. The software
then computes the zeta potential (ζ) from the measured electrophoretic mobility using the
Smoluchowski equation23. Complexes (120 μl) were diluted with 1.5 ml HBS in a standard 1
cm light path polystyrene cuvette, and a parallel plate electrode was inserted. The cuvette was
placed in a temperature-controlled holder, after which measurements were performed ≥ 5 times
at 25°C within 30 minutes of complex preparation and averaged for each sample.
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Cell culture
The CHO-K1 cell line (ATCC CCL-61) was maintained in F-12K medium (Kaighn’s
modification of Ham’s F-12; ATCC, Manassas, VA) supplemented with 10% fetal bovine
serum (FBS), 100 units/mL penicillin and 100 mg/mL streptomycin. A CHO-K1 cell line
containing a stably integrated destabilized EGFP (d1EGFP) transgene was produced by
transfecting CHO cells with the 4.9-kb pd1EGFP-N1 plasmid (BD Biosciences Clontech, Palo
Alto, CA, USA), and maintained under constant selective pressure by G418 (500 μg/ml)
(Dunham et al., manuscript in preparation). All cell lines were cultivated in a humidified
atmosphere of 5% CO2 at 37°C.

Transfection
CHO-K1 or CHO-pd1EGFP epithelial cells were plated at a density of 5 × 104 cells/well in
24-well plates ∼18 h prior to transfection. Cells were transfected with 1 μg of F-ODN or 0.9
μg (∼300 nM final concentration) anti-GFP ODN per well for the cellular uptake or antisense
experiments, respectively. Prior to transfection, 380 μl of Opti-MEM reduced serum medium
(Invitrogen) or medium containing 39% FBS, for experiments performed in the absence or
presence of 30% serum, respectively, was added to each well. The transfection mixtures,
prepared in 120 μl of HBS, were then added to the wells, and the cells were incubated with the
complexes for 4 h. Thereafter, the cells were assayed by flow cytometry for F-ODN uptake,
or in the case of the antisense experiment, the transfection medium replaced with normal growth
medium containing 10% FBS and the cells cultured for a further 20 h before being assayed for
EGFP activity.

Flow cytometry
Replicate wells of cells were washed in phosphate buffered saline (PBS; Invitrogen), detached
with trypsin-EDTA (Invitrogen), washed with serum-containing medium, pelleted by
centrifugation for 5 min at 200 g, washed with PBS, resuspended in 500 μl of PBS containing
1 μg/ml 7-aminoactinomycin D (7AAD; Sigma-Aldrich) and maintained on ice before being
subjected to flow cytometry analysis. The DNA-intercalating agent 7AAD was used for
excluding nonviable cells from the analysis. Mean cellular fluorescence intensities for 10,000
cells were determined on a FACSCalibur three-laser flow cytometer (BD Biosciences).
CellQuest software was used to acquire and analyze the results. Viable cells were gated
according to their typical forward/side scatter characteristics and 7AAD staining. The flow
cytometer was calibrated with fluorescent beads (CaliBRITE Beads, BD Biosciences) prior to
each use to ensure comparable readings over the period of the study.

Confocal fluorescent microscopy
Complexes were formulated as previously described but using an anti-GFP ODN labeled on
the 5′ end with the fluorophore Cy5 (Integrated DNA Technologies). For the uptake study,
250,000 CHO-pd1EGFP cells were seeded onto 35-mm tissue culture dishes (MatTek
Corporation) in 2 ml complete growth medium (containing 500 μg/ml G418) and grown
overnight. DOTAP/ODN (D:O weight ratio = 10:1; charge ratio = 4) and DOTAP/PPAA/ODN
(charge ratio 0.025) containing Cy5 anti-GFP ODN as well as naked Cy5 anti-GFP ODN were
placed on the cells in serum-free media (Opti-MEM) at 300 nM final concentration of the ODN.
After a 4 h incubation the cells were washed twice with PBS and incubated with complete
growth for another 20 h. GFP fluorescent cells were then visualized at 63X magnification, 488
nm excitation and 500-555 nm emission using a Leica TCS SP2 microscope (Leica
Microsystems, Inc., Exton, PA). Cy5 fluorescence was excited at 633 nm and light emission
collected at 650-750 nm.
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Results
DNA accessibility in complexes

The interaction of DOTAP/ODN with PPAA was analyzed using OliGreen, a dye that
fluoresces upon binding to single-stranded DNA (closed symbols in Figure 1)24. The molar
charge ratio represents the ratio of positive charge contributed by the cationic lipid component
(DOTAP) to the sum of the negative charges from the DNA and PPAA components; thus,
increasing amounts of PPAA in the ternary complex correspond to decreasing charge ratios
(from left to right, on the x-axis). The highest charge ratio, approximately 4, corresponds to
DOTAP and ODN only without PPAA. At this ratio, roughly 25% of the fluorescence
remained, indicative of ODN that is complexed by the DOTAP but still accessible to dye. We
have observed comparable patterns of dye binding for ODN complexation with the cationic
polymer, poly-L-lysine24. Addition of increasing concentrations of PPAA caused an increase
in the fluorescence of the solution, indicating increased availability of the ODNs for dye
binding. The effect of added PPAA was relatively minor until the charge ratio became less
than approximately 0.1, at which point the fluorescence increased significantly above the
baseline. Negligible fluorescence, comparable to background, appeared in samples containing
only DOTAP or DOTAP/PPAA (data not shown).

The electrokinetic properties of the DOTAP/PPAA/ODN complexes formed at varying ratios
of constituents were examined using phase analysis light scattering (open symbols in Figure
1). The zeta potential of DOTAP alone, at a concentration corresponding to that in DOTAP/
PPAA/ODN complexes, was found to be 28.3 ± 2.6 mV (data not shown). The zeta potential
of DOTAP/PPAA/ODN complexes is positive for charge ratios greater than 2 (only that for a
charge ratio of 4 is shown), which is roughly the point at which the DOTAP concentration
exceeds its critical aggregation concentration (c.a.c.) of 70 μM25. Similar to the OliGreen
assay, the effect of added PPAA was relatively minor until the charge ratio became less than
approximately 0.1, at which point the zeta potential exhibited a transition from positive to
negative values (open symbols in Figure 1).

One role of vectors used for oligonucleotide delivery is to protect the DNA from digestion by
nucleases. Hence, we evaluated the effect of PPAA on ODN recovery and integrity in serum-
free and serum-containing media. Samples of ODN, DOTAP/ODN (charge ratio 4.0) and
DOTAP/PPAA/ODN (charge ratio 0.025) were incubated at 37°C with media containing 0%
or 10% fetal bovine serum, and the ODN recovery measured over 24 h. Under serum-containing
conditions, the ODN was nearly completely digested, regardless of whether they were
complexed by DOTAP or DOTAP/PPAA (results not shown). Since, under the conditions
studied, neither DOTAP nor DOTAP/PPAA aids in protection against serum, any beneficial
effects of these compounds are due to other effects. No degradation occurred and significant
recovery of ODN was observed under serum-free conditions (results not shown).

Enhancement of DOTAP/F-ODN uptake into cells by PPAA
Previously, it was shown that PPAA enhances drug and gene delivery mediated by
DOTAP20,26. To determine the effect of PPAA on the cellular uptake levels of fluorescently
labeled oligonucleotides complexed with DOTAP, we followed the cell-associated
fluorescence in Chinese hamster ovary (CHO) cells (Figure 2). The delivery experiments were
performed both in the absence and in the presence of 30% serum, a level intermediate between
standard cell culture (10%) and the work of Kyriakides et al.20, who investigated plasmid
transfection in serum levels up to 50%. The cells were treated with DOTAP/PPAA/F-ODN
complexes for 4 h, after which they were analyzed by flow cytometry. The negative control,
comprising complexes containing the untagged ODN previously used in the physicochemical
studies, exhibited negligible background fluorescence, similar to that of cells treated with
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vehicle buffer (data not shown). When F-ODNs were added alone in culture medium, no uptake
was observed. In contrast, complexation of F-ODN to DOTAP led to increased cellular
fluorescence intensity in both serum-free and serum-containing media (Figures 2A and B,
respectively). We then decreased the charge ratio by adding increasing amounts of PPAA to a
fixed amount of DOTAP/F-ODN (1 μg ODN and 10 μg DOTAP per well in 24-well plates,
corresponding to an initial charge ratio of 4). Increasing PPAA concentrations resulted in an
increase of cellular uptake. The trends were fairly similar under serum-free and serum-
containing conditions. However, significantly greater uptake was observed in serum-free
medium, as shown by the approximately 10-fold mean cell fluorescence compared to those in
serum-containing medium (see raw mean fluorescence intensities).

Inhibition of d1EGFP expression by DOTAP/PPAA/ODN complexes
Recent studies on the mechanism by which cationic liposomes deliver antisense
oligonucleotides into cells have suggested that the ability of complexes to destabilize the
endosomal membrane and release their DNA cargo into the cytoplasm is critical for achieving
antisense inhibition8,27. We hypothesized that, due to its pH-dependent membrane
destabilization ability26,28, PPAA addition to DOTAP/ODN complexes would result in
improved antisense activity. To evaluate the biological activity of antisense oligonucleotides,
we employed a model cellular system consisting of a clonal CHO-K1 cell line stably transfected
with destabilized EGFP. A synthetic phosphorothioate AS ODN, previously determined as
effective in our laboratory (Dunham et al., manuscript in preparation), was directed against the
pd1EGFP mRNA. The short (1 h) intracellular half-life of the protein encoded by pd1EGFP
provides a close coupling between silencing at the mRNA level and downregulation of protein
levels. Furthermore, this system allows the extent of target downregulation to be quantitatively
assessed by flow cytometry.

The inhibition of d1EGFP following exposure of pd1EGFP-CHO cells to complexes of
DOTAP/PPAA/ODN at various charge ratios for 4 h was investigated in the absence (Figure
3A) or presence (Figure 3B) of 10% serum. A non-complementary phosphorothioate ODN
served as a sequence control. All data, shown as the geometric mean fluorescence intensity of
the cells, were normalized to GFP levels of control cells (i.e., CHO-pd1EGFP treated with
HBS vehicle). Under serum-free conditions, addition of PPAA to the AS ODN complexed with
DOTAP enabled significant downregulation levels, in contrast with quite modest inhibition
(∼30%) for the DOTAP/ODN formulation (in the absence and presence of serum,
respectively). Large amounts of PPAA (corresponding to the lowest net charge ratios) led to
strikingly high effectiveness, with approximately 90% downregulation exhibited by cells
treated with DOTAP/PPAA/ODN complexes at the lowest tested charge ratio of 0.025 (Figure
3A). Control treatments of ternary complexes, where the DOTAP or PPAA component was
replaced by vehicle buffer or buffer containing a small amount of tetrahydrofuran (equivalent
to that in which the PPAA stock was formulated), did not differ from the blank or DOTAP/
ODN equivalent, respectively (data not shown). Very few cells were excluded by the 7-AAD
analysis, indicating that the relatively short treatment time (4h) prevented excessive toxicity
effects from compromising the results.

When serum was present in the medium, the effectiveness of the ODNs was greatly reduced
under all conditions. Without PPAA, DOTAP/ODN was completely ineffective at inhibiting
pd1EGFP expression. Large amounts of PPAA (net charge ratios ≤ 0.05) were required to
produce downregulation levels of up to 30%. Taken together, the cellular uptake and antisense
activity assays suggest that PPAA improves the efficiency of DOTAP/ODN delivery.

A common complication in the use of phosphorothioate oligonucleotides for antisense
experiments is the presence of nonspecific effects on irrelevant genes29. Indeed, in our studies
a nonspecific AS ODN sequence (control: D/P/O ct in Figure 3A) was able to mediate partial
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GFP downregulation, which also suggests the possibility that nonspecific inhibition of other
cellular proteins could also take place. It is generally believed that more efficient delivery
systems will result in lower ODN doses and thus fewer nonspecific effects30,31. Thus, further
optimization of this system to enhance efficiency may also enhance specificity.

Endosomal escape and nuclear accumulation of DOTAP/PPAA/ODN complexes
To determine the effect of PPAA on the intracellular fate of DOTAP/ODN complexes,
fluorescently labeled ODNs and pd1EGFP were monitored by confocal microscopy. The stably
expressing CHO-pd1EGFP cells were treated with complexes containing anti-GFP ODNs that
were 5′-end labeled with a Cy5 (blue) fluorescent tag and incorporated into DOTAP/PPAA/
ODN complexes at a charge ratio of 0.025. Compared to cells treated with vehicle buffer only
(Figure 4A), those treated with ODN in the absence of vehicle exhibited a low level of punctuate
ODN fluorescence and no decrease in GFP fluorescence (Figure 4B). Delivery of ODN using
DOTAP without PPAA resulted in higher levels of ODN fluorescence, but the intracellular
distribution remained punctate and only modest inhibition of GFP fluorescence was observed
(Figure 4C). In stark contrast, visibly significant silencing of GFP expression was detected in
cells treated with DOTAP/PPAA/ODN complexes (Figure 4D). Furthermore, the ODN
fluorescence distribution in these cells is considerably more uniform, encompassing the
cytoplasm and the nucleus, indicative of PPAA-mediated release of the Cy5-ODN from
DOTAP and endosomes. These results corroborate and provide a mechanistic basis for the
flow cytometric analyses showing the effect of PPAA on DOTAP/ODN complexes.

Discussion
Most gene and oligonucleotide delivery systems utilize endocytotic pathways for entry11.
Thus, for efficient antisense activity to occur in the cytosol or nucleus, oligonucleotides must
escape from endolysosomal compartments before lysosomal degradation occurs. Poly
(propylacrylic acid) (PPAA), a synthetic anionic polymer that exhibits membrane disruption
over a narrow pH range, is known to enhance transfection for both cationic lipid- and polymer-
based gene delivery20,32-34,35. In view of this, we have employed PPAA for antisense
oligonucleotide delivery. The transfection reagent DOTAP, by itself and in combination with
other lipids or polymers, has been employed previously for antisense ODN delivery14,15,36.
Our study represents the first attempt to apply the DOTAP/PPAA/DNA formulation to
antisense oligonucleotides. Possible ways in which PPAA might enhance ODN delivery are
altering the stability of the complexes, protection of the ODNs from extracellular and
intracellular nucleases, and/or destabilization of endosomal membranes.

A possible explanation for the increase in ODN uptake and antisense activity is stabilization
of DOTAP/ODN complexes with respect to serum and self-aggregation. The DOTAP/PPAA/
ODN formulation entailed pre-complexation of ODN with DOTAP, followed by the addition
of PPAA polymer. The extent of ODN complexation by DOTAP, prior to PPAA addition, was
found to be a function of DOTAP concentration, with maximal complexation requiring a
DOTAP concentration exceeding its c.a.c. of 70 μM25. No significant change was observed
in the particle size, as determined by light scattering, when PPAA was present (results not
shown), suggesting that PPAA did not exert its effects on ODN delivery by aggregating the
DOTAP/ODN complexes. Interestingly, PPAA also enhanced intracellular release and
antisense effectiveness when DOTAP/ODN/PPAA complexes were formulated at DOTAP
concentration below the c.a.c. (results not shown); however, the overall levels of uptake and
effectiveness were less than when DOTAP was used at levels above the c.a.c.

Previous work has shown that serum does not dissociate ODNs from DOTAP lipids but rather
inhibits cellular uptake15. Reducing the cationic charge of DOTAP/ODN complexes by
inclusion of neutral lipids, such as DOPE or cholesterol, enhances cellular uptake in the
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presence of serum15. Moreover, an anionic polymer, poly(acrylic acid), which does not possess
any membrane disruptive activity, enhanced the gene transfection efficiency of DOTAP/DNA
complexes in a manner that included avoidance of serum inhibition18. Thus, it is likely that
the addition of PPAA in our system exerted at least some of its effect by lowering vector
interactions with serum and/or extracellular matrix components via the change in electrostatic
properties of the DOTAP/ODN/PPAA complexes. It may be possible to exploit this mechanism
further and improve the efficiency of our formulation by the incorporation of altered or
additional amphipathic moieties.

Another potential mechanism of PPAA enhancement is protection of ODNs from rapid
degradation in the intra- and extracellular milieu, which is a major obstacle limiting the success
of antisense therapeutics, especially in vivo. The addition of PPAA at levels leading to
enhanced intracellular release (Figure 3) also causes increased accessibility of ODNs to
OliGreen. The exact mechanism for this behavior is not clear, but the fact that particles are still
detected by light scattering suggests that the lipoplexes are not completely dissociated, but
rather may be dynamically altered due to adsorption of the PPAA to the cationic lipid. Although
DOTAP has been reported to enhance nuclease resistance of ODNs 37, neither DOTAP/ODN
nor DOTAP/PPAA/ODN complexes exhibited appreciable differences in degradation rates in
serum-containing medium in vitro (results not shown); i.e., in all cases substantial degradation
of ODN occurred after 2 hours exposure to serum-containing medium. However, this is
sufficient time for cellular entry and thus not likely to be rate-limiting in our experiments38.

ODNs delivered with DOTAP typically reside in vesicular structures (endosomes) with a
relatively low rate of escape39. The unique characteristic of PPAA is its ability to disrupt
membranes in a pH-dependent fashion. As the pH drops from the extracellular value of 7.4,
protonation of the carboxylate anion form of PPAA increases, neutralizing the charge on the
polymer. In the uncharged state, the hydrophobicity of PPAA is enhanced, lending it the ability
to disrupt biological membranes. In hemolysis experiments, PPAA exhibited maximal
membrane disruption activity at pH 6, which corresponds to the pH of early endosomes.26 In
our work, complexes that did not contain PPAA demonstrated little or no antisense activity
against pd1EGFP (Figures 3 and 4). This result is consistent with the failure of the ODN to
move into the cytoplasm, a view that is supported by confocal microscopy images of the
distribution of ODN throughout the CHO cells when PPAA was included, in contrast to those
localized in punctuate, possibly endolysosomal, structures when it was not (Figure 4). This
effect on distribution is similar to that observed for chitosan/plasmid/PPAA complexes
delivered to HeLa cells 34.

If cytosolic delivery of antisense ODNs is indeed the limiting step in activity, we would expect
a correlation between the antisense activity and cellular uptake. We find that these quantities
are positively correlated for DOTAP/PPAA/ODN complexes, with a characteristic saturating
dose-response relationship (Figure 5). As with OliGreen®, the fluorescence of labeled ODNs
is masked by complexation, and thus the fluorescence uptake measured in our assays should
be interpreted as intracellular ODN that is released from complexes. Since lipids including
DOTAP are known to be left behind when ODNs are released from endosomes40, the measured
uptake likely consists primarily of cytoplasmic ODN, although contributions from
uncomplexed ODN in other compartments cannot be ruled out.

In summary, we have investigated a formulation which has the capability of overcoming one
of the major challenges associated with antisense oligonucleotide delivery, namely the release
of endocytosed DNA complexes into the cytoplasm of the cell. As with previous studies
investigating the use of PPAA in complexes of DOTAP and plasmid DNA20, we found
enhanced intracellular delivery of oligonucleotides in the absence and presence of serum.
Although the cellular antisense activity in the presence of serum was rather low, the favorable
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intracellular delivery and activity of the DOTAP/PPAA/ODN formulation make it a promising
basic formulation for antisense oligonucleotide delivery. The type and amount of lipid are
variables that may be optimized to improve the level of activity in the system employed here
or in transferring this concept to other systems. Furthermore, PPAA may prove useful for
enhancing delivery and facilitating endosomal escape of other ODN delivery systems.
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Figure 1.
DNA accessibility (closed symbols) and zeta potentials (open symbols) of DOTAP/PPAA/
ODN complexes. The complexes were prepared as described in Materials and Methods. Means
of three (fluorescence) or two (zeta potential) separate experiments ± SEM are shown.
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Figure 2.
Cellular uptake of DOTAP/PPAA/F-ODN in the (A) absence or (B) presence of 30% serum.
DOTAP/PPAA/ODN complexes containing a FAM-labeled ODN were presented to CHO-K1
cells in: (A) Opti-MEM or (B) complete growth medium (supplemented with 30% serum and
antibiotics). Secondary y-axis values represent the geometric mean fluorescence intensities
normalized to DOTAP/ODN (denoted D/F-O in the axis labels). The negative control is
fluorescent ODN without carrier (F-O). Error bars represent the SEM (n = 3) for each group.
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Figure 3.
Stably pd1EGFP-expressing CHO cells were treated with DOTAP/PPAA/ODN complexes
containing 300 nM ODN under: (A) serum-free or (B) 10% serum conditions. The RBG33
ODN was used as a sequence control (ct) and delivered using DOTAP/PPAA/ODN and
DOTAP/ODN at the lowest and highest charge ratios, respectively. GFP fluorescence values
were normalized to untreated control cells (100%) and are expressed as geometric mean ± SEM
(n = 3 for A; n = 4 for B).
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Figure 4.
Confocal fluorescence image of CHO-pd1EGFP cells transfected with: (A) vehicle buffer, (B)
ODN only, (C) DOTAP/ODN and (D) DOTAP/PPAA/ODN at a charge ratio of 0.025. Cells
were transfected with 300 nM final concentration of Cy5 (blue) labeled ODNs for 4 h, after
which they were washed and used for microscopy.
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Figure 5.
The relationship between GFP downregulation and cellular uptake. Each point represents one
charge ratio at which the percentage downregulation of GFP by complexes containing an
antisense oligonucleotide against pd1EGFP (y-axis) and geometric mean fluorescence value
of complexes containing a fluorescent oligonucleotide (x-axis) were measured. The data refer
to experiments performed under serum-free conditions.
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