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ABSTRACT: Negatively charged nucleic acids are often
complexed with polycationic transfection agents before
delivery. Herein, we demonstrate that a noncationic,
biocompatible polymer, polyethylene glycol, can be used
as a transfection vector by forming a brush polymer-DNA
conjugate. The brush architecture provides embedded
DNA strands with enhanced nuclease stability and
improved cell uptake. Because of the biologically benign
nature of the polymer component, no cytotoxicity was
observed. This approach has the potential to address
several long-lasting challenges in oligonucleotide ther-
apeutics.

Oligonucleotide-based gene therapy holds tremendous
promise for treating a variety of disorders with a genetic

basis, including cancers, neurological diseases, and metabolic
conditions.1 However, since its conceptualization in the 1970s,2

there have only been a relatively small number of commercial
successes (e.g., Vitravene, Macugen, and Kynamra),3 despite
powerful advancement in the understanding of the underlying
biology.4 This contrast exemplifies the difficulties in trans-
forming nucleic acids to drugs: poor accumulation at target
sites, unwanted innate and adaptive immune responses,
nuclease degradation, coagulopathy, poor cellular uptake, and
overall low biochemical efficacy.5

Cationic polymers’ ability to complex with nucleic acids and
deliver them to cells has been extensively explored as a route to
therapeutic intervention.6 Despite significant progress, however,
these materials are still prone to various degrees of cytotoxic
and immunogenic reactions, which limit their clinical
application.7 Recently, a new type of nucleic acid nanostructure,
termed spherical nucleic acids (SNAs), has emerged as a
noncationic, single-entity transfection agent.8 Consisting of tens
to hundreds of oligonucleotide strands densely arranged onto a
spherical core, SNAs are capable of entering cells in large
quantities despite their negative charge and knocking down
target genes without significant cytotoxicity and stimulation of
the innate immune system.9 Due to the dense arrangement, the
SNA oligonucleotides are more stable to nuclease degradation
than their free, linear counterparts.10 These observations led us
to suspect that the unusual ability of the SNA to act as an
antisense agent and its enzyme stability may not be a
coincidence. It is possible that enhanced nuclease stability is
an important factor for SNAs to survive the endocytotic
processing and eventually enter the cytosol to serve their
intended purpose.11 In other words, enhanced nucleic acid

stability may be a crucial if not the bottleneck junction in
oligonucleotide therapy for noncationic systems.
Inspired by the SNAs, we have developed a novel form of

polymer-DNA conjugate, termed polymer-assisted-compaction
of DNA (pacDNA), which consists of oligonucleotide (1−3
strands) covalently attached to the backbone of a sterically
congested brush polymer with polyethylene glycol (PEG) side
chains.12 By carefully designing the relative lengths of the DNA
strands and the PEG side chains, we have shown that the
pacDNAs can achieve >20-fold increase in half-life for DNase I,
while hybridization with complementary strands remains
kinetically unaffected. Therefore, we contemplate that it is
possible for the pacDNA to endure the endosome/lysosome
environment and, thus, enter the cytosol through normal
endosomal processing pathways13 and regulate gene expression
with minimal perturbation to the cell. In contrast, cationic
species often cause cell membrane/endosome perforation,
leading to toxicity.14 The use of PEG for oligonucleotide
delivery can also improve the biopharmaceutical properties of
the oligonucleotide by suppressing unwanted, nonantisense
interactions with various proteins.15 Furthermore, factors
previously recognized as important for cocarrier systems such
as nucleic acid dissociation from complex and proton buffering
capacity do not apply to the pacDNA, thereby simplifying
carrier design.11

To test our hypothesis, we have designed an antisense
pacDNA having 10 kDa PEG side chains that targets the
human epidermal growth factor receptor 2 (Her2) mRNA
(pacDNA10k, Scheme 1). Her2 is an important biomarker for
many cancers including several types of breast and ovarian
cancers,16 and antisense control of the Her2 gene has been
previously demonstrated.17 For controls, we use an improper
pacDNA with overly short side chains (5 kDa), and a Y-shaped
PEG-DNA conjugate (YPEG-DNA). The pacDNA5k is
incapable of effectively protecting the embedded DNA against
enzymatic degradation (vide inf ra). The YPEG is routinely used
to form bioconjugates and is found in commercial oligonucleo-
tide drug formulations (Macugen).18 However, because of the
low density of the PEG chains (2 chains), adequate enzymatic
protection to the DNA is not anticipated.
Previously, the pacDNA structure was synthesized by

coupling amine-modified DNA to diblock brush polymer
containing N-hydroxyl succininimide (NHS) groups in an
aqueous bicarbonate buffer. The reaction efficiency is affected
by the hydrolysis of NHS groups, requiring the use of large
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excesses (>20:1 mol:mol) of the DNA. In this study,
cyclooctyne-mediated copper-free click chemistry19 replaces
the amidation reaction, resulting in near-quantitative yields. To
achieve the coupling, the Her2 antisense DNA strand is
modified with 5′ dibenzocyclooctyne (DBCO) group (se-
quence: 5′ DBCO CTC CAT GGT GCT CAC TTT 3′), while
the brush polymer bears the azide groups. The brush polymers
are synthesized via sequential ring opening metathesis
polymerization (ROMP) of norbornenyl bromide (N-Br) and
norbornenyl PEG (N-PEG, Mn = 5 or 10 kDa, PDI < 1.05),
followed by azide substitution of the bromide.20 The resulting
brush is of a diblock structure, with the first, oligomeric block
(∼5 repeating units) serving as a reactive region for DNA
conjugation and the second, longer block (∼30 repeating units)
creating the brush architecture and the steric congestion
needed to protect the DNA. Dimethylformamide gel
permeation chromatography shows narrow molecular weight
distribution (PDI < 1.15) for the brush polymers (Table 1 and

Figure S1; polystyrene-equivalent MW is shown), and the
successful incorporation of the azide group is verified by
infrared spectroscopy, which shows characteristic vibration of
the azido group at 2029 cm−1 (Figure S2).21

Coupling of the DBCO-modified DNA strand to the brush
polymers and the YPEG is achieved by incubation in 2 M NaCl
solution at 40 °C for 48 h (3:1 alkyne:azide mol:mol). The
elevated salt concentration is required to achieve high DNA
loading by screening the charge between DNA strands. Purified
conjugates are free of unconjugated DNA as shown by aqueous
GPC and agarose gel electrophoresis (Figures 1A and S3). The
numbers of DNA strands per brush was determined by peak
integration of the GPC chromatograms recorded at 488 nm to
be 5.7 and 4.9 for pacDNA10k and pacDNA5k, respectively
(Figure S4). The pacDNAs exhibit a spherical morphology,
with a dry-state diameter of 18.2 ± 2.5 for pacDNA5k and 21.9
± 3.1 nm for pacDNA10k, as evidenced by transmission electron

microscopy (TEM) (Figures 1E,F and S5). These measure-
ments are consistent with dynamic light scattering analysis,
showing number-average hydrodynamic diameters of 17.0 ±
4.2 and 23.7 ± 5.9 nm for the 5k and 10k pacDNAs,
respectively (Figure 1C and D). Zeta potential measurements
indicate that pacDNAs and the YPEG-DNA have significantly
reduced negative surface charge (from −9.8 to −20.3 mV)
compared with free DNA in nanopure water (−47.4 mV, Figure
1B), which is expected from the dilution of surface charge for
the conjugates.
We next compare the ability of the DNA conjugates to

hybridize with complementary strands and resist nuclease
degradation. Hybridization is monitored by a fluorescence
quenching assay, where a quencher (dabcyl)-modified comple-
mentary strand is added to fluorescein-labeled conjugates. The
rate of fluorescence decrease is a direct indicator of the
hybridization kinetics (Figure 2A). Remarkably, both pacDNAs
and the YPEG-DNA hybridize rapidly with complementary
DNA (t1/2 < 10 s), with negligible difference compared with
free DNA (Figure 2B). When a dummy (noncomplementary)
dabcyl-DNA strand is added, fluorescence intensities are not

Scheme 1. Structures of pacDNA and Y-Shaped PEG-DNA
Conjugate

Table 1. GPC Analyses for the Brush Polymers Used

polymer composition Mn (kDa) Mw (kDa) PDI

brush5k pN-azide5-b-pN-PEG(5k)35 178.8 197.2 1.10
brush10k pN-azide5-b-pN-PEG(10k)28 285.5 329.1 1.15

Figure 1. (A) Aqueous GPC chromatograms and (B) zeta potential
measurements of free DNA, YPEG-DNA, pacDNA5k, and pacDNA10k.
(C−F) Number-average hydrodynamic diameter distributions for
pacDNA5k (C) and pacDNA10k (D), and corresponding TEM images
(E−F, images are negatively stained with uranyl acetate).

Figure 2. (A) Schematics of DNA hybridization and DNase I
degradation assays. (B−C) Hybridization and degradation kinetics of
pacDNAs, YPEG-DNA, and free DNA.
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affected, ruling out nonhybridization interactions. In order to
probe the extent of nuclease protection, DNase I is added to
fluorescein-labeled DNA conjugates that are prehybridized to
dabcyl-modified complementary strands. Upon DNase I action,
the fluorophore is released, which leads to an increase of
fluorescence (Figure 2A). The pacDNA10k exhibits significantly
extend half-life (t1/2) of ∼141.9 min compared with free DNA,
which is degraded rapidly with a t1/2 0f ∼ 6.0 min (Figure 2C
and Table S2). On the other hand, pacDNA5k has very limited
protective power, showing a t1/2 of ∼13.2 min. This is not
surprising because the fluorophore is located at the periphery
(3′) of the DNA; once the DNA extends beyond the PEG shell
of the brush, the exposed portion should experience a rapid
drop-off in steric protection. Similarly, the YPEG barely lends
any protection to conjugated DNA, with a t1/2 of ∼8.2 min,
despite having twice the length of the side chains of pacDNA10k.
These results suggest that both the brush side chain length and
steric congestion created by a densely grafted architecture are
critical to providing oligonucleotides with steric selectivity.
In order for the pacDNA to serve as an antisense agent, it

needs to efficiently enter cells. We evaluated the cell uptake
efficiency in SKOV3, a human ovarian cancer line. To enable
tracking, conjugates are labeled at the DNA component with
the fluorophore Cy3. Cells are incubated with the conjugates
and free DNA for 6 h, followed by flow cytometry analysis.
Interestingly, cell uptake appears to be a function of DNA
accessibility; the better hidden the DNA, the greater the cell
uptake (Figure 3C). This is an advantageous phenomenon

because DNA accessibility is inversely correlated with nuclease
stability. Confocal microscopy confirms the cell uptake of the
pacDNA. As shown in the Figures 3A,B and S6, free DNA-
treated cells produce a very small amount of fluorescence
signals, while the same concentration of DNA, when packaged
into pacDNA10k, results in much stronger fluorescence signals
under identical imaging settings. Quantification using cell
lysates shows that there are ∼7.7 × 105 pacDNA10k particles/

cell when the cells are incubated with an equivalent of 1 μM of
DNA for 6 h (Figure S7). While the pacDNA clearly improves
DNA uptake, the extent of uptake is still much below that of
the SNA, for which the number of particles/cell often exceeds
106 when similar DNA concentrations (∼10 nM SNA) are
used.22

Having demonstrated that the pacDNA has improved cell
uptake, we next studied its antisense activity toward Her2 in
SKOV3 cells, which is a Her2-overexpressing cell line. For
positive controls, Lipofectamine, an effective cationic liposomal
transfection agent, and SNAs with 13 nm gold nanoparticle
cores bearing identical antisense strands are used. PacDNA10k
containing a scrambled sequence (scr-pacDNA10k) and brush
polymers devoid of DNA strands are used as negative controls.
We verified that scr-pacDNA10k exhibits similar levels of cell
uptake and resistance to DNase I as the pacDNA10k bearing the
antisense sequence (Figures S8 and S9). SKOV3 cells were
treated with samples and controls at varying concentrations
(10−1000 nM DNA) for 20 h, followed by culturing for
another 48 h in fresh media. The total cellular protein for each
sample is harvested and analyzed by Western blot. It is found
that the Her2 levels are significantly reduced by pacDNA10k,
SNA, and Lipofectamine-complexed DNA (Figure 4). Strik-

ingly, even at a low concentration (10 nM), the pacDNA10k was
able to reduce Her2 expression to only 5% of untreated, as
determined by band densitometry analysis, while scrambled
pacDNA10k does not reduce Her2 expression. On the other
hand, pacDNA5k, YPEG-DNA, and free DNA show no Her2
expression reduction compared with untreated cells. These data
corroborate our hypothesis that DNA stability plays an
important role in noncationic gene regulation; only adequately
protected oligonucleotides are able to withstand the digestive
endosomal processing and perform downstream action.
Unprotected nucleic acids are efficiently cleaved and
deactivated by the cells. Because pacDNA consists of nontoxic
components (PEG and DNA), we anticipate its cytotoxicity to
be minimum. Indeed, MTT cytotoxicity assays for SKOV3 and
4T1 cells show essentially no cytotoxicity at 4000 ng of DNA,
the highest concentration tested (Figures 3D and S10), while
Lipofectamine results in significant cell death (>50%) above
400 ng of DNA.
In summary, our data suggest that efficient cell uptake and

enhanced oligonucleotide stability is a successful combination
for noncationic gene regulation; facilitated endosomal release
by a membrane-disrupting agent is not required. The pacDNA
have desired characteristics to make it an ideal noncationic
oligonucleotide delivery platform, thanks to the densely

Figure 3. Confocal fluorescence microscopy images of SKOV3 cells
incubated with 100 nM of free Cy3-DNA (A) or Cy-3 pacDNA10k (B).
Cell nuclei were stained with DAPI (blue). Scale bar is 20 μm. (C)
Flow cytometry measurements of cells treated with 100 nM Cy3-
labeled samples. (D) MTT cytotoxicity assay for SKOV3 cells.

Figure 4. Western blot analysis of pacDNAs and controls. Her2
expression reduction was observed for pacDNA10k, Lipofectamine, and
SNA, while pacDNA5k and YPEG-DNA did not show significant
antisense activity.
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arranged side chains of the brush and the biocompatibility of
PEG. Because of its ability to shield DNA from proteins and
bypass serum opsonization, the pacDNA has the potential to be
applied in vivo for many oligonucleotide-based applications.
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