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N
ucleic acids are versatile materials
for the “bottom-up” construction of
exquisite nanostructures with high

controllability and precision.1�3 Since the
pioneering work of Seeman in the 1980s,
there have been great advances in the
area of DNA nanotechnology, in both di-
rected assembly of highly complex nano-
structures4�10 and promising applications
of these nanostructures in molecular
sensing,11�13 computation,14,15 and nano-
machines.16�20 An elegant example is the
cage-like DNA tetrahedral nanostructure
originally developed by Turberfield and
co-workers.21,22 Previous studies have pro-
ven that this three-dimensional nanostruc-
ture has excellent mechanical rigidity and
structural stability. More significantly, this
tetrahedral nanostructure can be rapidly
and reliably assembled with four designed
DNA oligonucleotides and easily functio-
nalized with different chemical moieties
and biomolecules. By exploiting these in-
teresting properties, we previously devised
a DNA tetrahedron-based platform for
high-sensitivity in vitro sensing of a range
of biomolecules.23,24 Very recently, Walsh
et al. demonstrated that DNA tetrahedron
can readily enter mammalian cell even in
the absence of transfection reagents and
remains substantially intact within the
cytoplasm.25 In this work, we aim to devel-
op a functional DNA tetrahedron, that is,
cell-permeable and highly immunostimu-
latory DNA nanostructures bearing un-
methylated cytosine-phosphate-guanine
(CpG) motifs.
Functional nucleic acids are single-

stranded DNA or RNA sequences with uncon-
ventional ligand binding (e.g., aptamers26�28),

catalytic (e.g., DNAzymes29,30), or physiological
(e.g., CpG) properties. CpG oligodeoxynu-
cleotides (ODNs) are a type of therapeutic
nucleic acids with strong immunostimulatory
activities.31 They are commonly present in
natural viral and bacterial DNA, which are
responsible for host immune responses to
invading pathogens.32,33 Interestingly, syn-
thetic CpG ODNs can bind to endosomal Toll-
like receptor 9 (TLR9) and induce its conforma-
tional changes.34 This recognition process
allosterically activates TLR9, triggering a
signaling cascade that leads to the remark-
able immunostimulatory properties of CpG
ODNs. Because of this, CpG ODNs have
been actively explored in both basic re-
search and clinical trials as a type of potent
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ABSTRACT Designed oligonucleotides can self-assemble into DNA nanostructures with well-

defined structures and uniform sizes, which provide unprecedented opportunities for biosensing,

molecular imaging, and drug delivery. In this work, we have developed functional, multivalent DNA

nanostructures by appending unmethylated CpG motifs to three-dimensional DNA tetrahedra. These

small-sized functional nanostructures are compact, mechanically stable, and noncytotoxic. We have

demonstrated that DNA nanostructures are resistant to nuclease degradation and remain

substantially intact in fetal bovine serum and in cells for at least several hours. Significantly, these

functional nanostructures can noninvasively and efficiently enter macrophage-like RAW264.7 cells

without the aid of transfection agents. After they are uptaken by cells, CpG motifs are recognized by

the Toll-like receptor 9 (TLR9) that activates downstream pathways to induce immunostimulatory

effects, producing high-level secretion of various pro-inflammatory cytokines including tumor

necrosis factor (TNF)-R, interleukin (IL)-6, and IL-12. We also show that multivalent CpG motifs

greatly enhance the immunostimulatory effect of the nanostructures. Given the high efficacy of

these functional nanostructures and their noncytotoxic nature, we expect that DNA nanostructures

will become a promising tool for targeted drug delivery.

KEYWORDS: DNA nanotechnology . tetrahedral . transfection . immunostimulation .
nanomedicine
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and safe vaccine adjuvant for immunotherapy of in-
fectious diseases and cancer.35 Typical approaches to
increase the efficacy of CpG ODNs include chemical
modification of ODNs for resistance of enzymatic
degradation36,37 and complexation of ODNs with catio-
nic polymers or lipids for efficient cellular uptake,38�40

which nevertheless raise potential safety concerns.41,42

In a different approach, CpG-containing Y-shaped43 or
dendrimer-like DNA44 and DNA hydrogels45 have been
designed to improve the activity without sacrificing
biocompatibility. Given that DNA nanostructures are
well-defined, structurally rigid, and inherently insensi-
tive to nuclease degradation,46,47 we append CpG
motifs to different vertices of DNA tetrahedron, evaluate
the efficiency of cellular uptake and stability of these
multivalently functionalized DNA nanostructures, and
explore their immunoregulatory effects (Figure 1).

RESULTS AND DISCUSSION

The core DNA tetrahedral nanostructure can be
readily assembled with four designed 55-mer strands
(A�D, Table S1 in Supporting Information) with a
simple annealing process.22,23 We prepare the CpG-
bearing DNA tetrahedral nanostructure by using the
sequences shown in Table S1, that is, the assembly
sequence extended with the CpG sequence and a
7-mer oligothymine spacer. Nanostructures with dif-
ferent valence numbers of CpG were assembled with

the same protocol (Figures S1 and S2 in Supporting
Information), which are named tetra-CpG(I), tetra-CpG-
(II), tetra-CpG(III), and tetra-CpG(IV). An analysis by gel
electrophoresis exhibited one prominent band for
each nanostructure (Figure S2b), and their mobility
apparently decreased along with the valence number,
suggesting that these functional nanostructures have
been successfully constructed. Characterization of nano-
cages with melting curve analysis (Figure S3), fluo-
rescence resonance energy transfer (FRET, Figure S4),
and atomic forcemicroscopy (AFM, Figure S5) showed a
high degree of consistency between tetrahedron and
tetra-CpGs, indicating that appending CpG motifs to
tetrahedrons did not hinder the formation of their
three-dimensional configuration. Also of note, due to
the geometric simplicity ofDNA tetrahedron, each nano-
structure has only one single three-dimensional config-
uration without any isomers.
In order to study the cellular uptake ability of

these nanostructures, we incubated macrophage-like
RAW264.7 cells with 100 nM of DNA tetrahedral struc-
tures, containing one TAMRA-labeled strand A (see
Table S1). We observed intense TAMRA fluorescence
in cells with confocal fluorescence microscopy.
These nanostructures were predominantly localized
in the cytoplasm, as confirmed by costaining with
Hoechst, a nuclei-specific dye (Figure 2). In contrast,
control studies with 100 nM of TAMRA-labeled single-
stranded (ss-) DNA (strand A) showed minimal fluores-
cence (Figure 2), suggesting that the presence of
tetrahedral nanostructure is crucial for efficient intra-
cellular delivery. Besides, the nonuniform distribution
of dye-labeled DNA in cells indicated that these DNA
structures were aggregated or segregated within cer-
tain organelles (e.g., lysosomes) in cells.25 More details
about their routes of entry will be investigated in our
future studies.

Figure 1. Schematic showing of the assembly of CpG-
bearingDNA tetrahedron and its immunostimulatory effect.

Figure 2. Confocal microscopic pictures for intracellular localization of TAMRA-labeled ssDNA (strand A) and DNA tetrahedra
free of CpGs. Scale bars: 10 μm.
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Flow cytometry analysis provides a quantitative
approach for the evaluation of the cellular uptake
efficiency. We employed ssDNA (strand A), CpG-free
tetrahedron, and two CpG-bearing nanostructures,
tetra-CpG(I) and tetra-CpG(IV), each labeled with TAM-
RA at the end of strand A, for incubation with
RAW264.7 cells. As shown in Figure 3, the mean
fluorescent intensity (MFI) for cells treated with all
tetrahedral nanostructures was significantly higher
than that of ssDNA, indicating the high cellular uptake
efficiency of tetrahedral nanostructures. All three
nanostructures showed similar efficiency, suggesting
that the presence of CpG motifs and the variation of
the valencenumber have little influenceon the efficiency
of cellular uptake.
DNA tetrahedral nanostructures have proven to be

stable against nuclease degradation in biological med-
ia. We incubated either DNA tetrahedron or partially
complementary DNA duplexes (strand A þ B) of the
same concentration (500 nM) with 50% non-inacti-
vated fetal bovine serum (FBS). Gel electrophoresis
showed that the band for the nanostructure remained
almost unchanged with 4 h incubation, reflecting the
presence of intact tetrahedral nanostructure in FBS
(Figure 4). Extended incubation led to smearing bands,
suggesting partial degradation of the nanostructure.
However, we note that the band for the nanostructure
could still be observed with attenuated intensity even
after 24 h incubation. In contrast, the DNA duplex was
nearly completely degraded within only 2 h incuba-
tion, as expected for strong nuclease degradation in
FBS. Moreover, colocalization studies with dual-labeled
nanostructures (Cy3 and Cy5 labeled on different
vertexes) showed that the two fluorescent colors were
present nearly in the same place even after 8 h, which
further confirms that DNA nanostructures are stable
within cells (Figure 5). In addition, tetrahedrons labeled
with FITC (fluorescein isothiocyanate) and TAMRA
(tetramethylrhodamine) as a FRET pair on the same

vertex but different strands were also observed intra-
cellularly after a 4 h incubation (Figure S6). An in situ

wavelength scan of fluorescence emission showed an
obvious sensitization of TAMRA (as an acceptor)
caused by FRET, indicating that this pair of fluorophors
was still close to each other, which was also a proof of
conformational stability of these nanocages.
The cytotoxicity of DNA nanostructures was evalu-

ated with a standard colorimetric MTT (3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide)
assay that assesses the metabolic activity of cells. We
found that the tetrahedron did not induce measurable
loss in the viability of cells even at a concentration of 0.1
μM, and that CpG-functionalized nanostructures even
slightly stimulated the growth of cells (Figure 6). The
latter effect might be due to the immunostimulatory
activity of CpG motifs.48

CpGODNs arewell-known to be immunostimulatory
agents. They are recognized by Toll-like receptor 9
(TLR9) that activates downstream pathways to induce
immunostimulatory effects, secreting various pro-
inflammatory cytokines including tumor necrosis factor
(TNF)-R, interleukin (IL)-6, and IL-12.We then incubated a
single-stranded CpG ODN (80 nM) and a series of nanos-
tructures (20 nM) with RAW264.7 cells for 8 h and
measured the release of cytokines by using ELISA assays
(raw data are presented in Supporting Information,
Figure S8�S10 and Table S2). The CpG-free tetrahedron

Figure 3. Flow cytometry analysis of cellular uptake. Cells were incubated with TAMRA-labeled ss-CpG ODN, CpG-free
tetrahedron, tetra-CpG(I), and tetra-CpG(IV) for 2 h at 37 �C. (a) Overlaid histogram of cells treated with different DNA
structures carrying 40 nM TAMRA-labeled DNA; (b) mean fluorescence intensity (MFI) plotted versus the concentration of
labeled DNA, with the backgroundMFI of blank cells subtracted. Error bars represent standard deviation (SD) of at least three
independent measurements.

Figure 4. Electrophoretic analysis of the stability of DNA
tetrahedral nanostructure. Partially complementary DNA
duplex (strand Aþ B) and DNA tetrahedron were incubated
in 50% non-heat-inactivated fetal bovine serum (FBS) at 37 �C
for 2�24 h and then analyzed with gel electrophoresis.
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had minimal stimulating activity for the production of
TNF-R (Figure 7a). However, all CpG-modified nanostruc-
tures dramatically induced the production of TNF-R,
excelling that of CpG ODN by 9�18 times. Even with
the assistance of lipofectin, CpG ODN still had far less
activity compared to CpG-bearing nanostructures. Simi-
larly, the levels of other twocytokines, IL-6 (Figure7b) and
IL-12 (Figure 7c), were also greatly increased. Thismarked
difference is primarily attributed to the greatly enhanced
cellular uptake efficiency of nanostructures as compared
to ssDNA. In addition, we found that the stimulating
efficiency was increased when the valence number of
CpG motifs was increased. It is worthwhile to point out
that the presence of four CpG motifs is not the only
reason for the highest stimulation effect observed for
tetra-CpG(IV). When only 5 nM of tetra-CpG(IV) was
employed (i.e., with a molar concentration of a quarter

of tetra-CpG(I)s), it still stimulated 50% more TNF-R than
tetra-CpG(I) (Figure S7). This suggests that tetra-CpG(IV)
might possess higher affinity to TLR9 than tetra-CpG(I),
possibly due to the presence of a collective effect of four
CpG motifs.
ODNs have been actively exploited as promising

therapeutic agents due to their high solubility, design
flexibility, and good safety.35,45 However, naked ODNs
are usually not efficiently cell-permeable in the ab-
sence of transfection agents (e.g., lipofectin). Since
tetrahedral nanostructures have small sizes (∼6 nm)
and compact structures, they have shown high cellular
uptake efficiency.25 Compared to other synthetic poly-
mer agents (e.g., cationic polymers)38,39,49 or inorganic
nanoparticle carriers (e.g., gold nanoparticles or carbon
nanomaterials),50�55 these inherently nontoxic DNA
nanostructures show comparatively excellent trans-
fection abilities. The other important ability of DNA
nanostructures is their resistance to nuclease degrada-
tion, which effectively stabilizes CpG motifs in cells.
More significantly, the presence of multivalent CpG
motifs enhances the immunostimulatory activity. We
find that tetra-CpG(IV) (2 μg/mL) induces the pro-
duction of more than 100 pg/mL IL-6, excelling
that of dendrimer-like DNA structures (about 30 pg/mL)
by more than 3-fold.44 Therefore, DNA nanostructures
have proven to be a promising carrier for intracellular
delivery of CpG as well as other functional ODNs.
Besides cellular uptake efficiency and stability, sev-

eral spatial factors might also contribute to the stimu-
latory activities of CpG-bearing nanostructures, which
include the accessibility of CpGs' 50-end,56,57 the
self-stabilized secondary structure,58�60 and poly-
valence of CpGmotifs.44,60,61 The tetra-CpG(IV) satisfies
many of these requirements and shows excellent

Figure 5. Colocalization studies of the stability of DNA tetrahedron with dual-labeled DNA tetrahedron.

Figure 6. MTT assays of cell viability. DNAnanostructures of
0.1 μM were incubated with RAW264.7 cells for 24 h. Error
bars represent standard deviation (SD) of at least three
independent measurements. * P < 0.05 significantly differ-
ent from the control.
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immunostimulatory activity. Compared with pre-
viously reported Y-shaped or dendrimer-shaped DNA
structures,44 tetrahedral nanostructures not only are
convenient to prepare with high yield but also provide
a platform with small and compact structures that are
easily cell-permeable.62�64 Moreover, since DNA nano-
structures are of uniform sizes and precise structures, it
is possible to accurately place CpG motifs to any
specific positions of the tetrahedron with predefined
numbers and sequence design. This precise tailorabil-
ity is important for understanding the mechanism of
the interactions between the nanostructures and TLR9,
based on which one may further increase the efficacy
of nanostructures. In addition, given that these cage-
like nanostructures are hollow structures, it is possible
to carry antitumor drugs such that the drugs and the

CpG motifs can synergetically inhibit the growth of
tumors.

CONCLUSIONS

In this study, we have prepared functional DNA
nanostructures by appending CpG motifs to DNA tetra-
hedra. We find that these nanostructures can be effi-
ciently and noninvasively uptaken by RAW264.7 cells.
These nanostructures remain largely intact in cells for
8 h and dramatically induce the secretion of cytokines
from these cells. We have also demonstrated that the
multivalency of CpG is important for the immunostimu-
latory activity. Therefore, DNA tetrahedral nanostruc-
tures provide unprecedented opportunities to design
uniformand safedrugdelivery nanocarrierswithprecise
structures, flexible tailorability, and high efficacy.

MATERIALS AND METHODS

Cell Cultures. RAW264.7 macrophage-like cells were grown in
RPMI 1640 medium (Invitrogen) supplemented with 10% heat-
inactivated FBS, 0.15% NaHCO3, 100 units/mL penicillin, 100
mg/mL streptomycin, and 2 mM L-glutamine at 37 �C in
humidified air containing 5% CO2. Cells were then seeded
on 24-well culture plates at a density of 5 � 105 cells/mL
and cultured for 24 h.

Preparation of Tetrahedral Nanostructures. DNA tetrahedral
structures were prepared as reported previously.22,23 In brief,
four designed strands (A�D) synthesized by TaKaRa Biotech-
nology (Dalian) Co., Ltd. were mixed in equimolar ratio in TM
buffer (10 mM Tris-HCl, pH 8.0, 50 mMMgCl2). The solution was
heated to 95 �C for 5 min and then quickly cooled to 4 �C.
Structures with various numbers of CpG side chains were

constructed by mixing different sets of strands as listed in Table
S1 and Figure S1 in the Supporting Information.

Confocal Microscopic Imaging. Cell images were taken with a
Leica confocal microscope setup. RAW264.7 cells were seeded
on glass coverslips in 24-well culture plates at a density of 5 �
105 cells/mL and incubated at 37 �C for 24 h. They were then
washed twice with phosphate buffer (PBS) and incubated with
fluorescently labeled DNA structures (for investigation of cel-
lular uptake, TAMRA was labeled on strand A; for colocalization,
Cy3 and Cy5 were separately labeled on strand A and B) in fresh
RPMI 1640 medium for 2 h at 37 �C. Cells were then washed
twice with PBS, fixed with 3% paraformaldehyde/sucrose, and
the nuclei were stained using 3 μg/mL Hoechst 33258. The
coverslips were mounted on a glass slide. All images were
obtained using a laser confocal microscope (Leica TCS SP5).

Figure 7. Cytokine release from RAW264.7 cells stimulated by DNA nanostructures. Comparison of (a) TNF-R, (b) IL-6, and (c)
IL-12 release stimulated by CpGODN (80 nM) and DNA nanostructures of 20 nM. Error bars represent standard deviation (SD)
of at least three independent measurements. * P < 0.001 significantly different from CpG ODN and tetrahedron. # P < 0.05
significantly different from tetra-CpG(I).
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Wavelength sets were 561 nm ex/570�600 nm for TAMRA,
561 nm ex/565�600 nm for Cy3, and 633 nm ex/650�690 nm
for Cy5.

Uptake of DNA Nanostructures in RAW264.7 Cells. TAMRA-labeled A
strand was used for the preparation of fluorescently labeled
DNA nanostructures. RAW264.7 cells were seeded on 24-well
culture plates at a density of 5 � 105 cells/mL and cultured for
24 h and thenwashed twicewith PBS. Theywere incubatedwith
fluorescently labeled DNA structures for 2 h at 37 �C, harvested,
and washed three times with PBS. Then, the fluorescence
intensity of the cells was determined by flow cytometry
(FACSCarray; BD Biosciences, San Jose, CA, USA).

Cytokine Assays. RAW264.7 cells were washed twice with
0.5 mL of PBS before use. Then, DNA nanostructures of various
concentrations were diluted with fresh medium and then
added to cells. The cells were incubated at 37 �C for 8 h (for
TNF-R analysis) or 24 h (for IL-6 and IL-12 analysis), and the
supernatants were collected and stored at�80 �C until use. The
levels of TNF-R, IL-6, and IL-12 in the supernatants were
determined by enzyme-linked immunosorbent assay (ELISA)
using antibody pairs specific to these cytokines (eBioscience,
antimouse TNF-R pair, Cat. Nos. 14-7325 and 13-7326; anti-
mouse IL-6 Pair, Cat. Nos. 14-7061 and 13-7062; antimouse IL-12
pair, Cat. Nos. 14-7125 and 13-7123), following protocols re-
commended by the manufacturer.

Statistical Analysis. Statistical differences of data were evalu-
ated by one-way analysis of variance (ANOVA) followed by the
Tukey's posthoc test for multiple comparisons. A P value of less
than 0.05 was considered to be statistically significant.

Stability Analysis of DNA Nanostructures. Solutions of DNA nano-
structures and single-strand DNA (unified to 67.7 μg/mL) were
separately mixed with non-heat-inactivated FBS of equal vo-
lume and incubated at 37 �C. After incubation of 0, 2, 4, 8, or
24 h, the mixtures were run on a 2% argarose gel and stained
with ethidium bromide.

MTT Assays. Cytotoxicity was estimated using an MTT assay.
Briefly, cells were seeded in 96-well plates and cultured over-
night to reach ∼80% confluency. Fresh media containing DNA
nanostructures (100 nM) were incubated with cells for 24 h.
Then, 20 μL of 5 mg/mL thiazolyl blue tetrazolium bromide
(MTT, Sigma-Aldrich, USA) solution was added to each well,
followed by 4 h incubation at 37 �C. Next, cells were lysed with
10% acid SDS solution (pH 2�3). After centrifugation, the
absorbance of supernatant was measured at 570 nm using a
microplate reader (Bio-Rad 680, USA).
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