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Herein, we report a class of molecular spherical nucleic acid (SNA)
nanostructures. These nano-sized single molecules are synthesized
from T8 polyoctahedral silsesquioxane and buckminsterfullerene
C60 scaffolds, modified with 8 and 12 pendant DNA strands, re-
spectively. These conjugates have different DNA surface densities
and thus exhibit different levels of nuclease resistance, cellular
uptake, and gene regulation capabilities; the properties displayed
by the C60 SNA conjugate are closer to those of conventional and
prototypical gold nanoparticle SNAs. Importantly, the C60 SNA can
serve as a single entity (no transfection agent required) antisense
agent to efficiently regulate gene expression. The realization of
molecularly pure forms of SNAs will open the door for studying
the interactions of such structures with ligands and living cells
with a much greater degree of control than the conventional poly-
disperse forms of SNAs.
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Spherical nucleic acids (SNAs) are polyvalent nanostructures
made from particles chemically modified with a dense shell

of highly oriented oligonucleotides (1). The first SNAs were
made using gold nanoparticle (AuNP) cores (2), but the core
compositions explored since then have included a wide variety of
inorganic particles [silver (3), quantum dots (4), iron oxide (5),
and silica (6)], organic materials [liposomes (7, 8), polymers (9),
proteins (10), and other macromolecules (11, 12)], and hybrid
structures [metal−organic frameworks (13) and infinite co-
ordination polymers (14) in general]. In addition, core-less,
hollow SNAs consisting of cross-linked oligonucleotides (15)
have been developed, which exhibit many of the hallmark
properties of the original AuNP structures. Indeed, all SNAs
share several properties that substantially differentiate them
from their linear counterparts. These include increased binding
affinities for complementary sequences (16), resistance to nu-
clease degradation (17), and muted innate immune responses
(18). Importantly, despite being highly negatively charged, SNAs
rapidly enter cells [via scavenger receptor-mediated endocytosis
in the case of endothelial cells (19)], making it possible to deliver
large amounts of nucleic acids and other payloads into cells
without the need for cocarriers (11, 12, 20, 21). These properties
have made SNAs useful as probes for in vitro DNA and RNA
detection (22–24) and lead compounds for gene regulation (25,
26), chemotherapy (11, 12, 20, 27), and immune system modu-
lation (28). In addition, SNAs are the central building blocks for
crystal engineering strategies based upon programmable assem-
bly concepts (29, 30).
All SNAs studied thus far are inherently polydisperse, either

by virtue of their core materials or the extent of surface modi-
fication, or both (31, 32) (Fig. 1). This limitation makes it im-
possible to utilize a variety of methods that would provide
molecular-level information regarding such structures and their
interactions with ligands and living systems. Herein, we address
the challenge of synthesizing and characterizing molecularly well-
defined SNA architectures from two different cores that allow
for quantitative comparisons of structure−function relationships.

In addition, in principle, they will provide the opportunity to
create more chemically and biologically well-behaved and
understood systems for both diagnostic and therapeutic uses.
If one plots DNA surface density as a function of SNA di-

ameter for all structures studied thus far and, within the same
plot, compares the effective surface densities of unimer and
multimer molecular DNA architectures (gray circles), two im-
portant observations can be made (Fig. 1). First, the SNA surface
DNA density range is between 1.5 pmol/cm2 and 7.7 pmol/cm2,
higher than the molecular univalent through tetravalent struc-
tures. Second, every nanoparticle structure studied thus far has
inherent dispersity, hence the bars that define both diameter and
DNA coverage; a molecularly pure system will be represented as
a single dot on this graph. Note that, in this plot, surface cov-
erage is defined based upon DNA density at the outer surface of
the conjugate as opposed to on the particle template; this allows
for a comparison with the nonparticle structures.
A survey of the literature suggests that, in developing a

strategy for making molecularly well-defined SNAs, it is impor-
tant to design an architecture where the oligonucleotide density
and orientation can be highly controlled. Therefore, in addition
to identifying appropriate candidate cores based upon the ability
to make them in pure forms, the target structures need to have
enough surface area to accommodate the large footprint of DNA
ligands. In addition, the particle cores cannot possess a surface
area that accommodates so many DNA strands that it becomes
impossible to isolate one structure from a set of other structures
with variable strand numbers. Finally, the targeted architectures
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should have a surface DNA density high enough to maintain the
hallmark SNA properties that make them so useful and that are
highly dependent on density and strand orientation. Considering
that the typical length of an antisense DNA or siRNA strand (18-
to 22-mer) is ∼6 nm to 7 nm (assuming a B-form conformation),
one can plot the DNA densities at both the conjugate surface
and the core/shell interface as a function of core size (Fig. 2). It
can be seen that the combined core and linker size should be
larger than 4.0 nm to accommodate a manageable number of
DNA strands per particle (ref. 10, for example), but should be
smaller than ∼6.7 nm to maintain a surface density of 1.5 pmol/cm2,
which is the lowest density of previously studied SNAs. With
these constraints and facts in hand, we have pursued T8 poly-
octahedral silsesquioxanes (POSS) and C60 materials as cores to
create molecular SNAs (Fig. 3).

Results and Discussion
Synthesis of SNA Cores. To chemically attach DNA strands to the
cores and avoid the incompatibility between Cu and DNA (33),
we used strain-promoted click chemistry between azide-terminated
linker molecules and dibenzocyclooctyne (DBCO)-modified DNA
(34). The cubic T8 POSS has eight Si vertices for functionalization.
To make clickable POSS, octaaminopropyl POSS was first reacted
with an azide-terminated tetra (ethylene glycol) linker (N3-TEG)
via amidation. The TEG was used to promote water solubility of
the POSS, since the conjugation step is best conducted in the
aqueous phase due to the poor solubility of DNA in other solvents.
Fourier transform infrared spectroscopy (FT-IR) of the column
chromatography-purified coupled product shows the presence
of the highly diagnostic azide asymmetric stretching vibration
(2,105 cm−1; SI Appendix, Fig. S20). The 1H NMR peak inte-
grations (SI Appendix, Fig. S8) as well as matrix-assisted laser
desorption ionization time of flight mass spectrometry (MALDI-
TOF MS) analysis confirm the successful synthesis of the POSS

core with eight azide sites ([M + H]+ calc: 3,290.3, found: 3,291.6;
SI Appendix, Fig. S10).
In contrast, C60 can form a hexakis adduct with malonic esters

to form a structure with a well-defined Th octahedral symmetry.
However, if this is to be transformed into an adduct with only six
DNA strands, the DNA surface density of the resulting SNA
would be lower than all previously studied SNAs (∼0.9 pmol/cm2).
Therefore, a symmetric malonic ester, bis(azidotetraethylene
glycol) malonate, was synthesized and coupled to the C60 core in
the presence of CBr4, 1,5-diaza-bicyclo[4.3.0]non-5-ene (DBU),
and o-dichlorobenzene to yield a structure with 12 azide conju-
gation sites. Again, FT-IR confirms the presence of the azide
groups, and 13C NMR spectroscopy shows only two peaks in the
sp2 region of the spectra (141 and 145 ppm) due to the Th
symmetry of the hexakis adduct (35). Importantly, the MALDI-
TOF molecular weight measurement (3,746.1, [M + H]+)
matches that of the calculated value (3,746.3, [M + H]+; SI
Appendix, Fig. S17).

DNA Conjugation and Purification.DNA sequences with a 5′DBCO
group were first synthesized following phosphoramidite chemis-
try protocols available in the literature (36). An 18-mer antisense
sequence against the human epidermal growth factor receptor
2 (HER2) mRNA was selected as a proof-of-concept sequence
to study the behaviors of the novel molecular SNA constructs.
HER2 is involved in the signal transduction pathways leading
to malignant cell growth and differentiation (37, 38). A scram-
bled sequence of equal length and base content was also pre-
pared for comparative purposes. For the conjugation reaction,
an azide:DBCO (m:m) ratio of 1:2 to 1:3 was used to ensure full
chemical modification of the azide-terminated cores. The re-
action was carried out in an aqueous solution containing 1.5 M
NaCl, which screens the electrostatic repulsion between the
DNA strands, allowing more strands to come into contact with
the core. For the POSS core, a reaction temperature of 4 °C was
used, since the core has a lower critical solution temperature
(LCST) of ∼24 °C, a parameter experimentally determined (SI
Appendix, Fig. S18). For the C60 core, 1 μL of dimethyl sulfoxide
(DMSO) was used to deliver the core to ∼300 μL of an aqueous
solution containing the DNA, since the fullerene-based core is

Fig. 1. Size-density map of various types of SNAs showing potential poly-
dispersity in size and nucleic acid density. Particle diameter is defined as the
linear combination of core diameter and 2× the length of an 18-mer DNA (B-
DNA form) with a 1.6-nm-long linker. Linkers are assumed to be in the fully
stretched conformation. DNA density refers to the density at the outer
surface of the particle as opposed to the footprint where DNA meets with
the particle core. DNA loading and particle size data were obtained from the
literature (7, 8, 10, 13, 32) (shown as mean ± σ). The values for DNA loading
on AuNP surfaces represent typical SNA syntheses and may not indicate the
highest achievable loading.

Fig. 2. DNA densities at the core surface (blue) or outer surface (red) as a
function of core size for hypothetical SNAs with 6 to 16 strands per particle.
The DNA is assumed to be 6 nm in length (18-mer in B-DNA form). To ac-
commodate 10 strands on the particle while maintaining an outer surface
density of >1.5 pmol/cm2, the combined core and linker size should be in a
narrow window of ∼4.0 nm to 6.7 nm (indicated by a gray box).
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water-insoluble. Initially, dynamic light scattering (DLS) shows
aggregates of C60 with an average hydrodynamic diameter of
∼160 nm (number average), which gradually shifts to ∼20 nm as
the reaction proceeds, reflecting the attachment of DNA and
subsequent dissolution of the aggregates (Fig. 4C and SI Appendix,
Fig. S19). RP-HPLC was employed to purify the POSS and the
C60 conjugates using a step gradient of acetonitrile/ammonium
acetate buffer (the more DNA grafting, the shorter the retention
time; Fig. 4A). Although the baseline separation of the fully
functionalized products from impurities missing one or two DNA
strands (12 total expected for C60 SNA, 8 total for the POSS SNAs)
was not achieved in a single HPLC run, repeated (3×) fractionation
and reinjection of the product peak resulted in the isolation of the
individual conjugates, as evidenced by single bands observed in the
native polyacrylamide gel electrophoresis (PAGE, 15%, Fig. 4B).
FT-IR spectra of the purified conjugates show the complete disap-
pearance of the characteristic azide stretching vibration (2,105 cm−1),
confirming that the cores have been fully derivatized (SI Appendix,
Figs. S20 and S21). As one would expect for molecular entities, the
POSS and C60 SNAs both exhibit narrow, unimodal size distribu-
tions by DLS, with number-average hydrodynamic diameters of
17.9 ± 4.9 nm and 22.1 ± 4.9 nm, respectively (Fig. 4C). Atomic
force microscopy (AFM) shows very uniform dry-state diameters of
∼20 nm and a height of ∼1 nm for both SNAs, a consequence of the
DNA collapsing around the core and onto the surface.

Nuclease Stability. To determine if these conjugates exhibit prop-
erties characteristic of SNAs, we first examined their stability to-
ward DNase I, an endonuclease that primarily cleaves dsDNA. Due
to the dense oligonucleotide arrangement and the high local salt
concentration associated with the nucleic acid corona, SNAs exhibit
enhanced resistance to certain nucleases. A Förster resonance en-
ergy transfer (FRET)-based assay was utilized to analyze nuclease
stability, which involves a fluorescein-modified strand hybridized to
a dabcyl (quencher)-labeled complementary strand. In this assay,
upon DNase I degradation, an increase of the fluorescence signal is
observed due to the separation of the fluorophore−quencher pair,
which can be used to measure degradation kinetics (Fig. 5A). Sig-
nificantly, initial degradation half-lives of the POSS- and C60-based
duplexes are ca. 1.4 and 2.7 times longer, respectively, than that of
the free duplex of the same sequence (Fig. 5B). For other SNAs
shown in the literature, the half-lives are typically between 2 and
5 times longer than the free duplex (11, 12, 15, 17).

Extent of Cellular Uptake.Next, we compared the extent of cellular
uptake of the conjugates with that of free DNA. To study cellular
uptake, MCF7 cells were incubated with either the conjugates or
particle-free DNA bearing Cy3 labels (0.5 μM) in serum-free
medium for 6 h (total DNA was equal in each experiment).

Confocal microscopy shows that, although both SNA structures
enter cells, the C60 conjugates enter them more effectively than
the POSS conjugates, and the particle-free DNA exhibits no sig-
nificant entry (Fig. 6A). These observations were corroborated by
flow cytometry, which shows that the conjugates are taken up by
the cells 400 to 1,000 times more effectively than free DNA (Fig.
6B). The C60-based conjugates were taken up ∼2 times faster than
the POSS-based conjugates, likely due to having a higher-density
DNA corona (12 strands vs. 8 strands). A very similar trend was
also observed for SKOV-3 cells (SI Appendix, Fig. S22).

Intracellular Gene Regulation. We evaluated the ability of the con-
jugates to regulate protein expression by antisense targeting
of HER2 mRNA transcripts. The ovarian cell line, SKOV3, was
chosen as a test case due to its overexpression of HER2. These
cells were incubated with different concentrations of antisense or
scrambled conjugates, as well as Lipofectamine-complexed anti-
sense DNA in serum-free medium for 15 h, followed by additional
culturing in full-serum media for another 48 h. The cells were
harvested, and the HER2 expression was determined by Western
blot analysis (Fig. 7). At equal DNA concentrations (500 nM),
markedly reduced HER2 expression is found for the C60 conjugate
(81% reduction), while the POSS conjugate showed only a slight
decrease in HER2 expression (15% reduction). A positive control,
Lipofectamine-complexed DNA, also showed significant knock-
down using manufacturer-suggested protocols (78% reduction
with 200 nM DNA). Increasing the antisense DNA concentration
to 1 μM improves the antisense knockdown activity of the C60
conjugate to 89%. In contrast, when the cells were incubated with
the scrambled conjugates, baseline-level HER2 expression was
observed. These results indicate that, while both conjugates are
multivalent, only the C60 conjugate can knock down target genes
efficiently, resembling typical SNAs; the POSS conjugate may not
cross a critical threshold in density for high antisense activity.

Conclusion. These results are important because they outline two
related, but distinct, strategies for making molecular SNAs. These

Fig. 4. Characterization of molecular SNAs. (A) HPLC traces of the conjugation
reaction mixture (black) and final purified products (red). (B) PAGE (15%) of free
DNA and conjugates after 1× and 3× HPLC purification. (C) DLS size distribution
by particle number. (Insets) AFM height images of the particles. The x-y scale is
indicated on the sides of the images. Z-scale is shown in a scale bar below.

Fig. 3. POSS- and C60-core SNAs. The DNA is drawn at 1/2 scale so that the
core can be visualized. The linker molecules give the cores enough surface
area to accommodate the large footprint of DNA.
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structures exhibit properties that are both qualitatively and
quantitatively consistent with their larger polydisperse counterparts.
DNA density, which can be tailored with these two constructs,
significantly affects cellular internalization and the subsequent
ability of the conjugates to effect gene knockdown. These mo-
lecular SNAs herald a class of monodisperse systems that can be
made with a variety of core materials and potentially higher
DNA surface densities approaching that of AuNP-based systems.
Significantly, with such structures now well characterized and in
hand, we and others are poised to use them to begin to uncover
the molecular details of the interactions between SNAs and
complementary ligands as well as living systems.

Materials and Methods
Oligonucleotides were synthesized on an ABI 3400 DNA/RNA synthesizer
(Applied Biosystems) using standard solid-phase phosphoramidite method-
ology (sequences for gene regulation and cellular uptake assays are included
in SI Appendix, Materials and Instrumentation). Buckminsterfullerene C60

was supplied by Acros Organic. Ammonium chloride salt functionalized POSS
(OctaAmmonium POSS) was purchased from Hybrid Plastics.

Synthesis of the Cores.
Synthesis of the POSS core. A linker, butanedioic acid 2-{2-[2-(2-azidoethoxy)
ethoxy]ethoxy}ethyl ester, was first synthesized in three steps (∼70% overall
yield; see SI Appendix). To connect the linker to the octaammonium POSS
hydrochloride core, N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydro-
chloride (EDC·HCl, 2.88 g, 15 mmol) and N-hydroxysuccinimide (NHS, 0.69 g,
6 mmol) were added to a solution of the linker (1.6 g, 5 mmol) in deionized
water (5 mL). The reaction mixture was stirred at room temperature for
15 min, and a solution of octaammonium POSS hydrochloride (175 mg,
0.15 mmol) in PBS buffer (5 mL, pH 7.0) was added, followed by the addi-
tion of diisopropylethylamine (1.37 mL, 15 mmol). The reaction mixture was
sonicated for 30 s and stirred overnight at room temperature, before being
freeze-dried to remove water. The residue was dissolved in CH2Cl2, filtered,
dried over anhydrous Na2SO4, and concentrated under reduced pressure. The
residue was purified by flash chromatography with a silica gel (CH2Cl2:MeOH
98:2, v:v) to afford the POSS core as a clear oil (52 mg, 10%). The compound is
stable in aqueous solution (neutral pH) for several months without apparent
degradation.
Synthesis of the C60 core. A symmetric malonic ester linker, bis(azidotetra-
ethylene glycol) malonate, was first prepared in three steps (∼75% overall
yield; see SI Appendix). To couple the linker to the C60 core, CBr4 (100 eq),
the linker (10.0 eq), and DBU (20.0 eq) were added successively to a C60

solution (1.00 eq) in dry o-dichlorobenzene. The reaction mixture was stirred
under argon for 72 h at room temperature. The crude reaction mixture was
purified by silica gel column chromatography (CH2Cl2:MeOH 100:0 to
97:3 gradient, v:v) to yield a brown oil (∼15% yield).

Synthesis and Purification of Molecular SNAs.
Octakis DNA functionalization of the POSS core. The POSS-based core shows an
LCST of ∼24 °C. To maximize solubility, the coupling reaction was performed
at 4 °C. In a typical reaction, DBCO-modified DNA strands (64 nmol to
100 nmol in 100 μL of 1.5 M NaCl aqueous solution) was placed in a 1.5-mL
microcentrifuge tube and cooled to 4 °C on an Eppendorf Thermomixer C,
and the POSS core (4 nmol in 2 μL of H2O, stored at 4 °C, DBCO being 2 to
3 equiv to azide) was added. The reaction mixture was gently shaken for
72 h before RP-HPLC purification.
Hexakis DNA functionalization of the C60 core. In a typical reaction, DBCO-
modified DNA strands (60 nmol to 90 nmol in 100 μL of 1.5 M NaCl aque-
ous solution) was placed in a 1.5-mL microcentrifuge tube at room tem-
perature, and the C60-based core (2.5 nmol in 1 μL of DMSO, DBCO being
2 to 3 equiv to azide) was added. The reaction mixture was gently shaken for
72 h before RP-HPLC purification.
Purification of the SNAs. The reaction mixtures containing the SNAs, free DNA,
and partially derivatized cores were diluted to 1 mL and injected into a
Waters RP-HPLC system equipped with a Waters Symmetry C18 column
(3.5 μm, 4.6 × 150 mm). A gradient method was used, beginning with 95:5 vol/vol
0.05 M ammonium acetate (aq):MeCN, increasing to 65:35 vol/vol over
60 min (at a ramp of +0.5 vol% MeCN/min), with a flow rate of 1 mL/min. By
comparing the peak integration of the conjugate vs. the unreacted DNA, it is
estimated that >∼85% of the azide groups have been consumed. The con-
jugate fraction was collected, lyophilized, redissolved in H2O (0.2 mL), and
subjected to further HPLC purification. The procedure was repeated until
the product fraction was eluted as a single peak.

Fig. 6. Cellular uptake of molecular SNAs. (A) Confocal microscopy of
MCF7 cells treated with Cy3-labeled free DNA and conjugates (red). Cell
nuclei are stained with Hoechst (blue). The cells were incubated for 6 h with
samples with an equal DNA concentration of 0.5 μM in serum-free medium.
(Scale bar: 10 μm.) (B) Flow cytometry measurement of MCF7 cells treated
with the samples and the untreated cells.

Fig. 5. (A) Scheme describing the FRET-based SNA stability assay in the
presence of DNase I. (B) Percent duplex degraded as a function of time
(0.5 units of DNase I were added to 1 mL of 0.5 μM duplex DNA solution).

Fig. 7. Western blot analysis of antisense gene silencing efficacy of
HER2 using SNAs and controls in SKOV3 cells.
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PAGE Analysis of the SNAs. The purity of molecular SNAs was confirmed by
native PAGE (15%). The gel (20 cm × 20 cm) was cast by polymerizing
19:1 acrylamide:bisacrylamide using 10% ammonium persulfate in the
presence of N,N,N′,N′-tetramethylethylenediamine. The gel was clamped
into a vertical electrophoresis chamber, filled with 1× Tris/Borate/EDTA
buffer, and preheated at 350 V for 30 min. After the gel was loaded with
samples, it was electrophoresed at 450 V for 120 min. Upon completion, the
gel was stained using the Red Plus nucleic acid stain (Sangon Biotech) and
imaged using a Fluochem Q imager (Proteinsimple).

Nuclease Degradation Kinetics Assay. Free DNA, POSS SNA, and C60 SNA (1 μM
DNA, fluorescein-labeled) were each mixed with a complementary, dabcyl-
labeled DNA (2 μM) in 1× PBS buffer. The mixtures were heated to 80 °C and
annealed by slow cooling to 25 °C in an Eppendorf PCR instrument for a
period of 12 h. The mixtures were then diluted to 500 nM (DNA concen-
tration) in assay buffer (10 mM Tris, 2.5 mM MgCl2, and 0.5 mM CaCl2, pH =
7.5), and 150 μL of each mixture was transferred to a 96-well black plate.
DNase I (Beyotime) was then added and rapidly mixed to give a final concen-
tration of 0.5 units per milliliter. The fluorescence of the samples (ex = 485 nm,
em = 530 nm) was measured immediately and every 3 s thereafter for 2 h
using a microplate reader (TECAN). The endpoint was determined by adding
a large excess of DNase I (ca. 2 units per milliliter) to the mixture, and the
fluorescence was monitored until no additional increase was observed.

Confocal Fluorescence Microscopy. To evaluate the cellular uptake of POSS
SNAs and C60 SNAs, MCF7 cells were seeded at a density of 5.0 × 105 cells/well
in 3.5-cm glass bottom plates and were cultured for 24 h at 37 °C and 5%
CO2. Serum-free DMEM containing Cy3-labeled free DNA, POSS SNA, and C60

SNA at equal doses of DNA (500 nM) were added to each well, followed by
incubation for 6 h at 37 °C. Hoechest 33342 staining solution for live cells
(100×) was then added to the medium for 10 min. The cells were gently

washed with PBS 3× and imaged immediately on a Nikon confocal laser
scanning microscope at excitation wavelengths of 408 nm (Hoechest) and
543 nm (Cy3). Imaging settings were kept identical for free DNA-, POSS SNA-,
and C60 SNA-treated cells.

Western Blotting. SKOV3 cells were plated in a 24-well plate at a density of
1.0 × 105 cells per well and cultured for 24 h. Then medium was replaced
with serum-free DMEM immediately before treatment with free DNA
(200 nM), POSS SNA (500 nM), C60 SNA (500 nM, 1,000 nM), and Lipofect-
amine-complexed DNA (200 nM, following manufacturer suggested pro-
tocol). After 15 h, the medium was replaced with fresh, full growth medium,
and cells were cultured for another 48 h. Whole cell lysates were prepared in
75 μL of radioimmunoprecipitation assay (RIPA) Cell Lysis Buffer (Sangon
Biotech). Protein concentrations were determined using a bicinchoninic acid
assay (BCA) Protein Assay Kit (Sangon Biotech). Equal amounts (25 μg) of
protein samples were fractionated by 4 to 20% precast gradient gels
(Beyotime), transferred to polyvinylidene difluoride (PVDF) membrane, and
blocked with 5% nonfat milk in tris-buffered saline with Tween 20 (TBST) for
1 h at room temperature (Bio-Rad). Proteins were analyzed by Western
blotting with rabbit primary antibodies against HER2 (1,000:1) (Cell Signal-
ing), rabbit primary antibodies against GAPDH (1,000:1) (Sangon Biotech),
and HRP-conjugated goat anti-rabbit IgG secondary antibodies (2,000:1)
(Sangon Biotech) using an ECL Western blotting substrate (Beyotime).
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