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ABSTRACT: Polyvalent oligonucleotide�nanoparticle
conjugates possess several unique emergent properties,
including enhanced cellular uptake, high antisense bioactiv-
ity, and nuclease resistance, which hypothetically originate
from the dense packing and orientation of oligonucleotides
on the surface of the nanoparticle. In this Communication,
we describe a new class of polyvalent nucleic acid nanos-
tructures (PNANs), which are comprised of only cross-
linked and oriented nucleic acids. We demonstrate that
these particles are capable of effecting high cellular uptake
and gene regulation without the need of a cationic polymer
co-carrier. The PNANs also exhibit cooperative binding
behavior and nuclease resistance properties.

The natural defenses of biological systems for exogenous
oligonucleotides, such as synthetic antisense DNA and

siRNA, present many challenges for the delivery of nucleic acids
in an efficient, non-toxic, and non-immunogenic fashion.1�3

Indeed, because nucleic acids are negatively charged and prone
to enzymatic degradation, researchers have historically relied on
transfection agents such as cationic polymers,4�6 liposomes,7

and modified viruses8 to facilitate cellular entry and protect DNA
from degradation. However, each of these materials is subject to
several drawbacks, which include toxicity at high concentrations,
inability to be degraded biologically, and severe immunogeni-
city.9 The recently introduced polyvalent nucleic acid�nanopar-
ticle (NP) conjugates (inorganic NPs densely coated with highly
oriented oligonucleotides) pose one possible solution for cir-
cumventing these problems in the context of both antisense and
RNAi pathways.10�15 Remarkably, these highly negatively
charged structures (zeta potential < �30 mV) do not require
cationic transfection materials or additional particle surface
modifications and naturally enter all cell lines tested to date
(over 50, including primary cells). Further work has shown the
cellular uptake of these particles to be dependent upon DNA
surface density: higher densities lead to higher levels of particle
uptake.16 The high-density polyvalent nucleic acid surface layer is
believed to recruit scavenger receptors from the cells that
facilitate endocytosis.16,17 Moreover, the ion cloud associated
with the high-density oligonucleotide shell, combined with steric
inhibition at the surface of the particles, inhibits enzymatic
nucleic acid degradation and activation of the enzymes that
trigger the innate immune response of certain cells.18,19 These
surprising observations pose the question, will polyvalent nucleic
acids alone (lacking a particle core) readily enter cells without the
need for a cationic polymer co-carrier? If so, one could create new

gene regulation, drug delivery, and imaging systems based solely
on high-density polyvalent nucleic acid nanostructures (PNANs)
and bypass some of the issues that surround inorganic particle-
based systems,20�22 especially those pertaining to long-term
toxicity.23�25Herein, we report a strategy for synthesizingmono-
disperse, spherical high-density polyvalent DNA and DNA�
RNA hybrid nanostructures with no inorganic cores. These new
nanostructures are composed entirely of oligonucleotides, main-
tain the unique binding properties of nucleic acid�inorganic NP
conjugates (vide infra), exhibit the ability to enter cells without
co-carriers, and engage the RNAi pathway in human cells.

Recently, we discovered that propargyl-ether-modified poly-
mers could be adsorbed and cross-linked on AuNP surfaces in
water.26 Subsequent oxidative dissolution of the gold core yields
hollow nanostructures that closely match the size and shape of
the AuNP template. This novel approach takes advantage of the
AuNP’s ability to act as both a template and a catalyst. To
synthesize the PNANs, we prepared a novel class of oligonucleo-
tides with a sequence of thymine (T) bases modified with
propargyl ether groups linked through an amidohexylacrylamido
linker to the 5 position of the T base, and a subsequent spacer of
five unmodified T bases for flexibility and accessibility of the
remaining sequence of ∼20 base pairs (Scheme 1). The final
nucleotides can be composed of either DNA or RNA designed
for recognition purposes in the context of antisense or siRNA
gene knockdown, respectively. These structures readily adsorb
onto the surfaces of citrate-stabilized AuNPs (5, 10, 20, and
30 nm evaluated in this study) and can be loaded to∼90 strands
per 10 nm particle (at a density of ∼0.28 strands/nm2). Cross-
linking takes place between the propargyl groups on the surface
of the particle and along the modified bases, creating a densely
packed, cross-linked shell of DNA. Indeed, the loading is

Scheme 1. Synthesis of the PNAN from Alkyne-Modified
30-Thiolated DNA
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approximately twice the loading of oligonucleotides with only
alkylthiol groups under optimized conditions.27,28 Upon removal
of the AuNP template with 1 μM aqueous KCN, PNANs with
the shape of the original AuNP template are formed. The size of
the PNANs can also be easily controlled by choosing AuNP
templates of appropriate sizes (5�30 nm); larger PNANs made
of more DNA strands show lower mobility in agarose gel
electrophoresis (Figure 1A,B and Supporting Information,
Figure S1).

In contrast with citrate-capped AuNPs, which rapidly aggre-
gate and turn blue due to plasmon resonance red shifting upon
the addition of KCN,29 the gold particles encased in a shell of
alkyne-modified DNA do not aggregate during oxidative dissolu-
tion but rather slowly lose color with a concomitant blue shift in
the plasmon resonance from 524 to 515 nm, suggesting a
decrease in size of the particles (original size = 10 nm, Figure 1C).30

Indeed, transmission electron microscopy (TEM) images of
samples of the alkyne�DNA-coated AuNPs during this dissolu-
tion process are consistent with the conclusion that the gold core
is slowly dissolved and eventually yields hollow structures with a
cross-linked shell of DNA (visualized by uranyl acetate staining,
Figures 1D and S1). Highly polyvalent DNA nanostructures
often exhibit a high degree of cooperative binding with com-
plementary nucleic acids, as evidenced by their association and
thermal dissociation behavior.31 In principle, the PNAN struc-
tures should exhibit high cooperativity, as manifested in a sharp
melting transition when complexed with particles with comple-
mentary sequences. We prepared two sets of PNANs with
strands that are complementary to each other and labeled them
internally with fluorescein and Cy3, respectively; these two dyes
can form a fluorescence resonance energy transfer (FRET) pair
when they encounter each other through hybridization of the

particles (Figure 2A). When these particles are combined in
Nanopure water, one observes only the green fluorescence of
fluorescein under UV illumination. However, when the NaCl
concentration is raised to 150 mM, the orange fluorescence from
the Cy3 due to FRET is immediately observed, and within
minutes macroscopic DNA-interconnected assemblies of PNANs
form and begin to precipitate (Figure 2B). The green-to-orange
color change is reversible with increasing temperature and is
analogous to the red-to-purple plasmonic shift observed for
aggregated DNA�AuNPs.13 These visual observations are
further confirmed with fluorescence emission measurements.
Pre-hybridized PNANs show a dominant FRET signal at
565 nm with minimal donor fluorescence following excitation
at 450 nm (Figure 2C). Upon melting, the FRET signal
disappears, and donor fluorescence is observed at 520 nm.

We then analyzed the melting properties of these aggregates
by UV�vis spectroscopy, as the position and breadth of the
melting transition temperature (Tm) of the assembled NPs are
important parameters for evaluating the quality of the PNANs.
The free strand duplexes of the same sequences exhibit Tm ≈
24 �C and a typical broad full width at half-maximum (fwhm,
>10 �C) of the derivative of the melting curve. Remarkably, the
aggregates exhibit an increased (Tm ≈ 42 �C) and much
narrower melting transition (fwhm of the derivative ∼2 �C),
indicative of polyvalent DNA interactions (Figure 2D). The
melting behavior is identical to that of the undissolved AuNP
system, with a slight decrease in Tm (∼3 �C), which is likely due
to the swelling of the particles (with a concomitant decrease in
DNA density) as observed by dynamic light scattering (DLS)
(Figure S2). These data demonstrate that the recognition of the
DNA binding region of the propargyl-ether-modified strand is

Figure 1. (A) Agarose gel electrophoresis (1%) of PNANs synthesized
from a range of template sizes (5, 10, 20, 30 nm). (B) Number of DNA
strands per AuNP determined using 32P-radiolabeled DNA for AuNPs
of different sizes (5�30 nm). Line shows the relative surface area of
respective AuNPs. (C) UV�vis spectra corresponding to the TEM
images in (D) during the dissolution process, showing a blue shift of the
plasmon resonance from 524 to 518 nm as the AuNP core is oxidatively
dissolved. (D) TEM of alkyne�DNA-modified AuNPs (1), PNANs
encasing partially dissolved AuNPs (2), and fully formed PNANs
negatively stained with uranyl acetate (3).

Figure 2. (A) Schematic of two PNANs designed to exhibit FRET upon
hybridization, each having either a FITC or a Cy3 dye incorporated in
the alkyne�DNA strand. (B) Photographs of PNANs under UV
illumination: (1) FITC-labeled PNANs, (2) Cy3-labeled PNANs,
(3) mixture of FITC- and Cy3-labeled PNANs in Nanopure water,
(4) solution from 3 at 150 mM NaCl, and (5) solution from 4 after
30 min. (C) FRET signal (solid blue) is observed when the FRET
PNAN pair is hybridized at room temperature. Uponmelting, the FRET
signal (565 nm) disappears and donor fluorescence (520 nm) becomes
dominant (solid red). Dashed lines show respective Cy3- or FITC-
PNAN fluorescence. (D) Melting analysis of free DNA, DNA�AuNP
conjugate, and PNAN, each hybridized to a complementary DNA/
particle. PNANs exhibit a sharper melting transition, similar to that of
DNA�AuNPs, unlike free DNA duplexes.
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unaffected by the cross-linking chemistry occurring near the 30
region of the strand. Another measure of PNAN DNA density is
their ability to resist nuclease degradation due to their high local
sodium ion concentration and steric inaccessibility of the nu-
cleases to the DNA.18 We synthesized PNANs that were
modified with an internal Dabcyl quencher and hybridized them
to complementary fluorescein-labeled reporter strands (∼10 per
particle). The fluorescence of the reporter strand is quenched
when hybridized to the Dabcyl-functionalized PNANs; however,
when introduced to an enzyme specific for DNA duplex degrada-
tion (DNase I), the fluorophores are released and an increase in
fluorescence can be observed (Figure 3A). Upon incubation with
DNase I, the duplexes of the PNANs are more slowly degraded
(rate ∼4 times slower) as compared to the free duplexes and
nearly identical to PNANs that have not had their Au core
dissolved (Figure 3B).

With confirmation that PNANs retain cooperative binding
and nuclease resistance properties similar to those of the AuNP
system, we evaluated their ability to enter human cells and
facilitate gene knockdown via the RNAi pathway. Human
squamous carcinoma cells (SCC12) were incubated with
PNANs synthesized from 50-Cy5-labeled DNA for 24 h in the
absence of any cationic transfection agents. Strikingly, PNANs
readily enter these cells despite being composed of only nega-
tively charged oligonucleotides. Entry of PNANs into SCC12
cells was qualitatively analyzed by confocal fluorescence micro-
scopy (Figure 4A); however, fluorescence labeling in this case
may suffer from self-quenching due to the closely packed DNA
strands that comprise the PNAN, and therefore it is not ideal for
quantitative measurements. Radiolabeling provides a quantita-
tive way of measuring cellular uptake and internalization of the
PNANs, and to this end, we synthesized PNANs from 50-32P-
radiolabeled DNA, as the radioactivity of the free strand could be
correlated to both strands per particle and particle concentration.
Remarkably, PNANs enter cells in very high numbers (5.27 � 106

particles/cell) after 24 h incubation at 10 nM concentration, and
at nearly identical levels to the DNA�AuNP system (5.09� 106

particles/cell) (Figure 4B). It was previously revealed that
DNA�AuNP conjugates recruit extracellular proteins as a first
step in their cellular internalization, a phenomenon that results in
an increase in the hydrodynamic diameters of the particles upon
incubation in cell culture media.16 We monitored the size of the

PNANs in media by DLS. Comparing with the DNA�AuNP
system, which showed an increase of size from 29.1( 0.5 to 36.7
( 2.4 nm after 30 min incubation with cell growth media
containing 10% FBS, the PNANs also showed a size increase
from 40.2 ( 2.9 to 48.3 ( 7.8 nm. These data demonstrate that
high-density polyvalent DNA by itself can facilitate cellular entry
without the need for a cationic co-carrier or physical membrane
disruption, such as electroporation or sonication, which usually
lead to reduction in cell survival rates.32,33 Indeed, no cytotoxicity
is observed for PNANs, even at high concentrations (Figure 4C).
Conversely, Lipofectamine2000 reduces the cell survival rate to
0% when one attempts to transfer 20% of the DNA delivered by
PNANs into SCC12 cells.

After establishing that PNANs can enter cells through poly-
valent-DNA-mediated uptake, we synthesized siRNA-based
PNANs targeting the epidermal growth factor receptor (EGFR)
expressed in SCC12 cells. To compare the effectiveness of the
siRNA-functionalized PNANs to conventional transfection sys-
tems, SCC12 cells were incubated with DharmaFECT-com-
plexed EGFR siRNA, EGFR siRNA�AuNPs, scrambled siRNA�
AuNPs, EGFR siRNA-functionalized PNANs, and scrambled
siRNA-functionalized PNANs at a final concentration of 5 nM
for 72 h. The cells were then harvested and analyzed for their
protein content by Western blotting and mRNA levels by
quantitative real-time reverse transcriptase polymerase chain
reaction (qRT-PCR). Protein levels of EGFR were significantly
reduced by EGFR siRNA�AuNPs and EGFR siRNA PNANs,
relative to internal control glyceraldehyde 3-phosphate dehydro-
genase (GAPDH). Furthermore, mRNA levels of EGFR were
reduced by 81% when AuNP�siRNA conjugates were used, and
by 82% when siRNA-based PNANs were used (Figure 4D).

The results reported herein show that it is possible to use
nanostructures composed entirely of nucleic acids to effect
cellular transfection and gene regulation, provided the nucleic
acids are presented in a high density and oriented form. The work

Figure 3. (A) Schematic of nuclease degradation assay. DNase I is used
to degrade FITC-labeled DNA strand hybridized to a Dabcyl-labeled
PNAN, wherein FITC fluorescence is quenched. Upon enzyme action,
the fluorescence signal increases due to release of FITC-containing
fragments, and a degradation rate can be determined. (B) DNA
degradation following addition of DNase I to free DNA duplexes,
DNA�AuNPs, and PNANs monitored by fluorescence intensity.

Figure 4. (A) Confocal micrograph of SCC12 cells incubated with 1
nM Cy5-labeled PNANs for 24 h. Cell nuclei are stained with Hoechst
33342. (B) Cell uptake of DNA�AuNP conjugates and PNANs
quantified by using radiolabeled alkyne�DNA and expressed as the
number of particles per cell. Both constructs show similar high cell
uptake that is dependent on concentration. (C) Cytotoxicity measure-
ment of PNANs and Lipofectamine 2000 as measured by MTT assay.
(D) EGFR gene knockdown using DharmaFECT, siRNA�AuNP
conjugates, and PNANs, determined by qRT-PCR. Inset showsWestern
blot of EGFR when PNAN is used compared to non-treated cells.
GAPDH is used as an internal reference.
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challenges the notion that one must complex nucleic acids with
positively charged synthetic polymers, lipids, or metal ions to
create effective platforms for transfecting the nucleic acids across
cell membranes. Indeed, these PNANs are the first core-free
structures with high-density DNA shells that are capable of
cellular internalization and gene knockdown. As such, they have
the potential to bypass some of the disadvantages of conventional
co-carrier routes, including issues pertaining to immunogenicity
and nucleic acid lifetime. Previous efforts in developing agents
targeted for gene therapy have largely focused on the properties
of the transfection co-carrier.34,35 The results here imply that
future studies should look beyond the chemical and biological
traits of the co-carrier, to include the morphology, density, and
arrangement of the nucleic acid construct itself.
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