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Folding of single-stranded circular DNA into rigid
rectangular DNA accelerates its cellular uptake†

Shozo Ohtsuki, ‡a Yukako Shiba,‡a Tatsuoki Maezawa,a Kumi Hidaka,b

Hiroshi Sugiyama, b,c Masayuki Endo, b,c Yuki Takahashi,a Yoshinobu Takakuraa

and Makiya Nishikawa *a,d

Despite the importance of the interaction between DNA and cells for its biological activity, little is known

about exactly how DNA interacts with cells. To elucidate the relationship between the structural properties of

DNA and its cellular uptake, a single-stranded circular DNA of 1801 bases was designed and folded into a

series of rectangular DNA (RecDNA) nanostructures with different rigidities using DNA origami technology.

Interactions between these structures and cells were evaluated using mouse macrophage-like RAW264.7

cells. RecDNA with 50 staple DNAs, including four that were Alexa Fluor 488-labeled, was designed. RecDNA

with fewer staples, down to four staples (all Alexa Fluor 488-labeled), was also prepared. Electrophoresis and

atomic force microscopy showed that all DNA nanostructures were successfully obtained with a sufficiently

high yield. Flow cytometry analysis showed that folding of the single-stranded circular DNA into RecDNA sig-

nificantly increased its cellular uptake. In addition, there was a positive correlation between uptake and the

number of staples. These results indicate that highly folded DNA nanostructures interact more efficiently with

RAW264.7 cells than loosely folded structures do. Based on these results, it was concluded that the interaction

of DNAwith cells can be controlled by folding using DNA origami technology.

Introduction

The self-assembling nature of DNA has been used to construct
uniquely structured DNA nanostructures, including immobile
Holliday junctions, cubic cages, and DNA nanodevices.1–3 DNA
origami technology, which comprises a long single-stranded
‘scaffold’ DNA and many short ‘staple’ DNAs (staples) comp-
lementary to regions of the scaffold DNA, has allowed the cre-
ation of precisely designed, two- or three-dimensional DNA
nanostructures with sophisticated functions.4–6 These DNA
origami-based nanostructures have been used as sensors for
single nucleotide polymorphisms and RNA sequences.7,8

DNA is a natural, biodegradable, and biologically active
molecule; therefore, the therapeutic applications of such DNA

nanostructures have been explored. Our previous studies
reported that DNA nanostructures consisting of three or more
oligodeoxynucleotides (ODNs) were efficiently taken up by
immune cells, including mouse macrophage-like RAW264.7
cells and mouse bone marrow-derived dendritic cells. When
these DNA nanostructures contained immunostimulatory un-
methylated cytosine-phosphate-guanine (CpG) DNA, they
efficiently induced the release of proinflammatory cytokines
from immune cells expressing Toll-like receptor 9, the intra-
cellular receptor that recognizes CpG DNA.9–12 This enhanced
cytokine release was found to be effective at inhibiting tumor
growth in tumor-bearing mouse models.13,14

Increasing the activity of CpG DNA by constructing DNA
nanostructures also resulted in an increase in cellular uptake.
We demonstrated that the uptake of single stranded, double
stranded, and branched, polypod-like structured DNA was
dependent on structural complexity.9 Another study using tet-
rapod-like structured DNA (tetrapodna), tetrahedral DNA (tetra-
hedron), and tetragonal DNA (tetragon), all of which were pre-
pared using four ODNs of the same length, also showed that
the uptake of these DNA nanostructures by RAW264.7 cells
was quite different.12 These differences in cellular uptake
could be attributed to their structural properties. Although
there is little information about the relationship between the
structural properties and cellular uptake of DNA nano-
structures, it is possible that their rigidity or flexibility plays a

†Electronic supplementary information (ESI) available. See DOI: 10.1039/
c9nr08695a
‡These authors contributed equally.

aDepartment of Biopharmaceutics and Drug Metabolism, Graduate School of

Pharmaceutical Sciences, Kyoto University, Sakyo-ku, Kyoto 606-8501, Japan.

E-mail: makiya@rs.tus.ac.jp
bDepartment of Chemistry, Graduate School of Science, Kyoto University, Sakyo-ku,

Kyoto 606-8502, Japan
cInstitute for Integrated Cell-Material Sciences, Kyoto University, Sakyo-ku, Kyoto

606-8501, Japan
dLaboratory of Biopharmaceutics, Faculty of Pharmaceutical Sciences, Tokyo

University of Science, Noda, Chiba 278-8510, Japan

23416 | Nanoscale, 2019, 11, 23416–23422 This journal is © The Royal Society of Chemistry 2019

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
N

ov
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 7

/2
9/

20
25

 1
2:

32
:4

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

www.rsc.li/nanoscale
http://orcid.org/0000-0001-8954-5709
http://orcid.org/0000-0001-8923-5946
http://orcid.org/0000-0003-0957-3764
http://orcid.org/0000-0002-3295-5130
http://crossmark.crossref.org/dialog/?doi=10.1039/c9nr08695a&domain=pdf&date_stamp=2019-12-06
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9nr08695a
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR011048


role, because structural flexibility was found to affect the pene-
tration of DNA nanoribbons through plasma membranes.15 To
examine the importance of the rigidity or flexibility of DNA
nanostructures on their cellular uptake, it is indispensable to
use DNA nanostructures whose structural properties can be
strictly controlled. In our previous studies,9,12 several para-
meters, such as size and shape, were different among the
samples. To test this hypothesis, DNA origami technology was
used to construct a series of DNA nanostructures with
different structural properties. Rectangular DNA (RecDNA) was
designed with a scaffold DNA and 50 staples. Additional struc-
tures with fewer staples were also prepared, which had the
same shape but were more flexible. The DNA nanostructures
were added to RAW264.7 cells and the degree of cellular
uptake was evaluated.

Materials and methods
Chemicals

RPMI1640 medium was obtained from Nissui Pharmaceutical
Co., Ltd (Tokyo, Japan). Fetal bovine serum (FBS) was obtained
from Equitech-Bio, Inc. (Kerrville, TX, USA). Opti-modified
Eagle’s medium (Opti-MEM) was purchased from Invitrogen
(Carlsbad, CA, USA). All other chemicals were of the highest
grade available and used without further purification.

Cell culture

Murine macrophage-like RAW264.7 cells were obtained from
ATCC (Manassas, VA, USA) and cultured in RPMI1640 medium
supplemented with 10% heat-inactivated FBS, 0.2% NaHCO3,
100 units per mL penicillin, 100 μg mL−1 streptomycin and
2 mM L-glutamine at 37 °C in humidified air containing 5%
CO2. Cells were seeded onto 96-well culture plates at a density
of 5 × 104 cells per well and cultured for 24 h prior to use.

Scaffold

A 1800 bp sequence from a pCpG-mcs plasmid (InvivoGen,
San Diego, CA, USA) was amplified by polymerase chain reac-
tion using the following primers: forward: 5′-ACTTCT
AGATACAAATGTGGTATGGAATTCAGTC-3′, reverse: 5′-CATTCTA
GACCTCAGCGAAACAGAGAGCTGAACAAAGAG-3′. Xba I reco-
gnition site is underlined; bold letters indicate Nt·BbvcI reco-
gnition site. Both ends of the PCR product were digested with
Xba I (Takara Bio, Otsu, Japan), and ligated using a DNA lig-
ation kit ver.2.1 (Takara Bio). Escherichia coli strain GT115 was
transformed with the double-strand circular DNA, miniprep
was performed for amplification, then the double-strand circu-
lar DNA was purified using GenElute Plasmid Miniprep Kit
(Sigma-Aldrich, St Louis, MO, USA). All products were
sequenced three times using a BigDye Terminator v3.1 Cycle
Sequencing Kit (Thermo Fisher Scientific Inc., Waltham, MA,
USA) by ABI3000xl (Thermo Fisher Scientific Inc.) using the
following primers: primer 1: 5′-GGAATTCAGTCAATAT
GTTCAC-3′ primer 2: 5′-AGAGAATTGTAATATGCAGATTAT-3′
primer 3: 5′-GCAACTGTGTGCACTTTGTG-3′. Maxiprep was per-

formed to obtain a sufficient amount of double-stranded DNA,
which was then purified using a PureLink HiPure Plasmid
Maxiprep Kit (Thermo Fisher Scientific Inc.). One strand of the
double-strand DNA was digested with nicking endonuclease
Nt·BbvCI (New England BioLabs, Ipswich, MA, USA), which
was then digested with Exonuclease III (New England
BioLabs). Scaffold formation was analyzed by agarose gel elec-
trophoresis, the band was extracted from the gel, and purified
by NucleoSpin Gel and PCR Clean-up (Takara Bio).

The sequence of the scaffold is as follows:
CTAGATACAAATGTGGTATGGAATTCAGTCAATATGTTCACCC-

CAAAAAAGCTGTTTGTTAACTTGCCAACCTCATTCTAAAATGTAT-
ATAGAAGCCCAAAAGACAATAACAAAAATATTCTTGTAGAACAAA-
ATGGGAAAGAATGTTCCACTAAATATCAAGATTTAGAGCAAAGCA-
TGAGATGTGTGGGGATAGACAGTGAGGCTGATAAAATAGAGTAG-
AGCTCAGAAACAGACCCATTGATATATGTAAGTGACCTATGAAAA-
AAATATGGCATTTTACAATGGGAAAATGATGATCTTTTTCTTTTT-
TAGAAAAACAGGGAAATATATTTATATGTAAAAAATAAAAGGGAAC-
CCATATGTCATACCATACACACAAAAAAATTCCAGTGAATTATAAG-
TCTAAATGGAGAAGGCAAAACTTTAAATCTTTTAGAAAATAATAT-
AGAAGCATGCCATCAAGACTTCAGTGTAGAGAAAAATTTCTTATG-
ACTCAAAGTCCTAACCACAAAGAAAAGATTGTTAATTAGATTGCA-
TGAATATTAAGACTTATTTTTAAAATTAAAAAACCATTAAGAAAAG-
TCAGGCCATAGAATGACAGAAAATATTTGCAACACCCCAGTAAAG-
AGAATTGTAATATGCAGATTATAAAAAGAAGTCTTACAAATCAGTA-
AAAAATAAAACTAGACAAAAATTTGAACAGATGAAAGAGAAACTC-
TAAATAATCATTACACATGAGAAACTCAATCTCAGAAATCAGAGA-
ACTATCATTGCATATACACTAAATTAGAGAAATATTAAAAGGCTAA-
GTAACATCTGTGGCTTAATTAAAACAGGTAGTTGACAATTAAACA-
TTGGCATAGTATATCTGCATAGTATAATACAACTCACTATAGGAG-
GGCCATCATGGCCAAGTTGACCAGTGCTGTCCCAGTGCTCACA-
GCCAGGGATGTGGCTGGAGCTGTTGAGTTCTGGACTGACAGG-
TTGGGGTTCTCCAGAGATTTTGTGGAGGATGACTTTGCAGGTG-
TGGTCAGAGATGATGTCACCCTGTTCATCTCAGCAGTCCAGGA-
CCAGGTGGTGCCTGACAACACCCTGGCTTGGGTGTGGGTGAG-
AGGACTGGATGAGCTGTATGCTGAGTGGAGTGAGGTGGTCTC-
CACCAACTTCAGGGATGCCAGTGGCCCTGCCATGACAGAGATT-
GGAGAGCAGCCCTGGGGGAGAGAGTTTGCCCTGAGAGACCCA-
GCAGGCAACTGTGTGCACTTTGTGGCAGAGGAGCAGGACTGA-
GGATAACCTAGGAAACCTTAAAACCTTTAAAAGCCTTATATATTC-
TTTTTTTTCTTATAAAACTTAAAACCTTAGAGGCTATTTAAGTTG-
CTGATTTATATTAATTTTATTGTTCAAACATGAGAGCTTAGTACAT-
GAAACATGAGAGCTTAGTACATTAGCCATGAGAGCTTAGTACAT-
TAGCCATGAGGGTTTAGTTCATTAAACATGAGAGCTTAGTACATT-
AAACATGAGAGCTTAGTACATACTATCAACAGGTTGAACTGCTGA-
TCTTAATTAAAATTATCTCTAAGGCATGTGAACTGGCTGTCTTG-
GTTTTCATCTGTACTTCATCTGCTACCTCTGTGACCTGAAACATA-
TTTATAATTCCATTAAGCTGTGCATATGATAGATTTATCATATGTA-
TTTTCCTTAAAGGATTTTTGTAAGAACTAATTGAATTGATACCTG-
TAAAGTCTTTATCACACTACCCAATAAATAATAAATCTCTTTGTTC-
AGCTCTCTGTTTCGCTGAGGT.

Staples

Staples, short DNA of 24–40 bases in length, were purchased
from Eurofin Genomics Japan K.K. (Tokyo, Japan). Sequences
of staples used in RecDNA are listed in ESI Table S1.† Each
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staple was identified with a code, for example 0[68]-1[52],
according to the following rule: helix (0) base ([68]) numbers
of position of 5′-end and helix (1) and base ([52]) numbers of
the position of its 3′-end. Four ODNs labeled with Alexa
Fluor488 at the 5′-end were purchased from Japan BioService
Co., Ltd (Saitama, Japan).

Preparation of DNA nanostructure

Each structure was prepared by mixing equimolar amounts of
scaffold and staples. Briefly, scaffold and staples dissolved in
an annealing buffer (20 mM Tris-HCl, 1 mM ethylenediamine-
tetraacetic acid (EDTA), and 10 mM magnesium chloride, pH
7.3) were mixed at a final concentration of 60 nM for each
DNA. Mixtures were then heated to 85 °C, cooled to 35 °C at
−0.2 °C min−1, cooled to 20 °C at −1 °C min−1, then gradually
cooled to 4 °C using a thermal cycler (PC-818S Program Temp
Control System; ASTEC Co., Ltd, Fukuoka, Japan). The staples
excluded from the full set listed in ESI Table S1† to construct
each DNA nanostructure are described in ESI Table S2.†
Products were analyzed at 4 °C by agarose gel electrophoresis
in 0.5× TBE buffer (45 mM Tris borate, 1 mM EDTA, sup-
plemented with 11 mM MgCl2), stained with SYBR Gold and
observed using a LAS3000 (Fujifilm, Tokyo, Japan). To deter-
mine the amount of fluorescent-labeled staples incorporated
into each structure, Alexa Fluor488-labeled staples were
imaged after agarose gel electrophoresis, using a LAS3000 with
excitation wavelength 460 nm. The size of each DNA nano-
structure was measured by dynamic light scattering (DLS)
using a Zetasizer Nano ZS (Malvern, Worcestershire, UK).

AFM imaging of DNA nanostructures

Atomic force microscopy (AFM) images of each structure were
obtained using an AFM system (Nano Live Vision, RIBM,
Tsukuba, Japan) using a silicon nitride cantilever (BL-AC10EGS;
Olympus, Tokyo, Japan). Briefly, a DNA sample was adsorbed
on a freshly cleaved mica plate pretreated with 0.1% aqueous
3-aminopropyltriethoxysilane for 5 min at room temperature
then washed three times with a buffer containing 20 mM Tris
and 10 mM MgCl2. Scanning was performed in the same buffer.

Confocal fluorescence microscopic observation

Alexa Fluor488-labeled single stranded DNA (ssDNA), each rec-
tangular DNA (RecDNA), or Scaffold4 at 9 nM in 200 μL of
Opti-MEM was added to RAW264.7 cells in an 8-well chamber
slide at a density of 5 × 105 cells per mL and incubated for 4 h at
37 °C. RAW264.7 cells were washed twice with phosphate buffer
saline (PBS), fixed with 4% paraformaldehyde for 20 min, and
washed twice with PBS. To stain nuclei, cells were incubated with
4′,6-diamino-2-phenylindole (DAPI) for 5 min, and washed with
PBS. Cells were coverslipped with SlowFade Gold (Life
Technologies, Tokyo, Japan), and analyzed using a confocal fluo-
rescence microscope (Nikon A1R MP, Nikon, Tokyo, Japan).

Flow cytometry

RecDNA, or Scaffold4 at 5.5 nM in 50 μL Opti-MEM was added
to RAW264.7 cells on a 96 well plate at a density of 5 × 105 cells

per mL and incubated for 4 h at 37 °C. RAW264.7 cells were
washed three times with PBS and harvested. Fluorescence
intensity was determined by flow cytometry (Gallios Flow
Cytometer, BD Biosciences, NJ, USA) using Kaluza software
(version 1.0, BD Biosciences), and mean fluorescence intensity
(MFI) was calculated.

Statistical analysis

Differences were statistically evaluated using one-way analysis
of variance (ANOVA) followed by the Tukey–Kramer test for
multiple comparisons. A P value of <0.05 was considered stat-
istically significant.

Graphical abstracts

Computational simulation images of DNA nanostructures were
obtained by CanDo software (https://cando-dna-origami.org/).

Results and discussion
Construction of DNA nanostructures

Most applications of DNA origami use M13mp18 single
stranded DNA of 7249 bases as a scaffold, mainly because
other sources of long single-stranded DNA are limited. A
number of approaches have been explored to overcome this
limitation.16,17 Considering that the upper size limit of endocy-
tosis is around 100 nm,18 shorter single stranded DNAs would
be suitable as a scaffold for evaluating the relationship
between the structural properties and cellular uptake of DNA
nanostructures. Based on this, in the current study, 1801 base-
long single-stranded DNA was designed as a scaffold to con-
struct RecDNA. Fig. 1 shows a schematic overview of the prepa-
ration process of the scaffold DNA, as previously reported.16

Briefly, a 1801 base circular single-strand DNA was produced
by PCR amplification of a CpG-free pCpG-mcs plasmid
(InvivoGen, San Diego, CA, USA) followed by enzyme treat-
ments. Agarose gel electrophoresis analysis showed that the

Fig. 1 Schematic overview of the preparation process of the DNA
scaffold. Step 1: A 1812 bp sequence of pCpG-mcs plasmid DNA was
amplified by PCR. Step 2: Both ends of the PCR product were digested
with XbaI, then ligated, and transformed into Escherichia coli. Step 3:
The double stranded circular DNA was nicked with Nt·BbvCI. Step 4: The
nicked strand was digested with exonuclease III to obtain the scaffold.
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expected scaffold DNA was obtained (ESI Fig. S1†). The
scaffold DNA was excised from the gel and purified.

RecDNA was designed using caDNAno, a computer-aided
design tool for DNA origami, as previously reported.19

Assuming the helical diameter of DNA, the interhelical gap,
and the distance between bases are 2, 0.5, and 0.34 nm,
respectively, RecDNA with the following parameters was
designed using the scaffold DNA and 50 staples, including
four Alexa Fluor 488-labeled ones: height 24.5 nm (10 helices),
and width 54.1 nm (160 bases). Single-strand loops were left
on both sides of the RecDNA to prevent self-sticking. Then, 6,
12, 18, or 24 staples located close to the central part of
RecDNA were removed to obtain Δ6c, Δ12c, Δ18c, and Δ24,
respectively (Δ(n)c). Staples located close to the periphery of
the RecDNA were also removed to obtain Δ6p, Δ12p, and Δ18p
(Δ(n)p). In addition, the scaffold DNA and four Alexa Fluor
488-staples only were annealed to obtain Scaf4 (Fig. 2). ESI
Fig. S2† shows results of the agarose gel electrophoresis analysis
for each structure. All preparations generated a major single
band, indicating that each structure was formed correctly and
with a high yield. Similar experiments were carried out using

DNA nanostructures prepared with Alexa Fluor 488-labaled
staples. The fluorescence intensity of the bands was comparable
among the samples (ESI Fig. S3†), suggesting that Alexa Fluor
488-labeled staples bind to the scaffold irrespective of the struc-
tural properties of DNA nanostructures. Based on these results,
the cellular uptake of DNA nanostructures was evaluated by
measuring the fluorescence intensity of cells after addition of
Alexa Fluor 488-labeled DNA nanostructures.

The size of the DNA nanostructures was measured using
the dynamic light scattering method with a Malvern Zetasizer
3000HS (Malvern Instruments, Malvern, UK). The sizes of
RecDNA, Δ(n)c, and Δ(n)p were about 30 nm, indicating that
all DNA nanostructures were of similar size. The size of the
Scaf4, which was hardly folded, was about 490 nm (Table 1).

Cellular interaction of DNA nanostructures

Fig. 3 shows AFM images of the RecDNA and other prepared
DNA nanostructures. The image of RecDNA (Fig. 3a) shows a
rectangular shape of expected size; measurements from the
image showed that it was 29.7 ± 2.5 nm in height and 54.5 ±
3.4 nm in width. Δ6c (Fig. 3b) and Δ12c (Fig. 3c) resembled

Table 1 Hydrodynamic size of RecDNA, Δ(n)c, Δ(n)p, and Scaf4. The
hydrodynamic size of DNA nanostructures was measured by dynamic
light scattering. Results are expressed as mean ± SD of ten
determinations

DNA Size (nm)

RecDNA 30.6 ± 6.7
Δ6c 33.0 ± 3.7
Δ12c 28.6 ± 3.7
Δ18c 27.1 ± 4.1
Δ24 29.3 ± 7.5
Δ6p 32.7 ± 3.9
Δ12p 29.7 ± 3.8
Δ18p 31.1 ± 2.7
Scaf4 488 ± 122

Fig. 3 AFM images of DNA nanostructures. Each sample was adsorbed
on a freshly cleaved mica plate. Images were obtained in a 20 mM Tris;
10 mM MgCl2 buffer. (a) RecDNA, (b) Δ6c, (c) Δ12c, (d) Δ18C, (e) Δ24,
(f ) Δ6p, (g) Δ12p, (h) Δ18p, and (i) Sacf4. Scale bars, 50 nm.

Fig. 2 Schematic images of DNA nanostructures. Six, twelve, eighteen
or twenty-four staples located close to either the center (c) or edges (p)
of the RecDNA were removed to obtain Δ6c/p, Δ12c/p, Δ18c/p, and
Δ24, respectively (Δ(n)c/p). Star indicates locations of Alexa Fluor-488
conjugated to the 5’-end of each staple. Bold staples indicate the staples
used. (a) RecDNA, (b) Δ6c, (c) Δ12c, (d) Δ18C, (e) Δ24, (f ) Δ6p, (g) Δ12p,
(h) Δ18p, (i) Sacf4, and ( j) Scaffold.
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black holes within white rectangles, and the structures of Δ18c
(Fig. 3d) and Δ24 (Fig. 3e) were not rectangular. The AFM
images of Δ(n)p showed different patterns from those of Δ(n)c.
Both sides of Δ6p (Fig. 3f) and Δ12p (Fig. 3g) were disen-
tangled, but the overall structure was still rectangular. Again,
the structure of Δ18p (Fig. 3h) was not rectangular, compar-
able to that of Δ18c (Fig. 3i). The structure of Scaf4 was not
rectangular and exhibited a variety of shapes.

The cellular uptake of the DNA nanostructures was exam-
ined using RAW264.7 cells. Confocal microscopic images show
that all of the Alexa Fluor 488-labeled DNA samples were
efficiently taken up by the RAW264.7 cells, compared to Alexa
Fluor 488-labeled ssDNA (Fig. 4). To quantitatively evaluate cel-
lular uptake, the fluorescence intensity of RAW264.7 cells was
measured and mean fluorescence intensity (MFI) values were
calculated among the Alexa Fluor 488-labeled DNA samples for
comparison. The MFI value was highest for Alexa Fluor
488-labeled RecDNA, and lowest for Alexa Fluor 488-labeled
Scaf4 (Fig. 5). The data showed that the fewer the number of
staples used, the lower the uptake by RAW264.7 cells. Removal
of peripheral staples had less pronounced effects on cellular

uptake than removal of central staples, although the differ-
ences were not significant.

In the present study, the cellular uptake was the highest for
Alexa Fluor 488-labeled RecDNA. Alexa Fluor 488-labeled DNA
nanostructures with fewer staples, which could be more flex-
ible than RecDNA, showed lower uptake. In addition, removing
central staples had a great impact on cellular uptake than
removing peripheral ones (Fig. 5, between Δ6c and Δ6p, and
between Δ12c and Δ12p). This result suggests that, besides the
strength of negative charge, the structural properties, includ-
ing flexibility, also affects the uptake by scavenger receptor-
positive cells such as macrophages, which is consistent with
our working hypothesis.

There have been several reports indicating that cell surface
receptors for DNA contribute to the cellular uptake of
DNA.20–26 Differences in cellular uptake efficiency could there-
fore be due to differences in the affinity of DNA nanostructures
for these receptors. Further studies are needed, but it is poss-
ible that the folding of scaffold DNA with staples could have a
strong impact on their affinity for the receptors.

Uptake of Alexa Fluor 488-labeled RecDNA was about 1.5
times higher than that of Alexa Fluor 488-labeled Scaf4.
Structure-dependent differences in uptake were not so great
compared with those observed in studies using three to eight
ODNs of 30–55 nucleotide length.9,10,12 One reason for this
could be differences in the number of nucleotides per struc-
ture; the DNA nanostructures used in the current study con-
sisted of a 1801-base long circular DNA and many staples,
which is much larger than the ODN-based DNA nano-
structures.12 Another possible reason is the difference
between 2D and 3D structures. While this study focused on
the cellular uptake of a series of 2D DNA nanostructures with
different flexibilities, the previous one used 3D DNA nano-
structures, such as tetrapodna, tetrahedron, and tetragon,
each of which could have different structural flexibility. Thus,
using 3D DNA nanostructures with more structural flexibility
could show even more remarkable differences in cellular
uptake.

Fig. 5 Cellular uptake of DNA nanostructures. Each Alexa Fluor
488-labeled DNA sample was added to cells at a final concentration of
5.5 nM. Results are expressed as the ratio of MFI of four wells relative to
Scaf. *p < 0.05 vs. RecDNA.

Fig. 4 Confocal microscopy images of RAW264.7 cells after addition of
Alexa Fluor 488-labeled ssDNA, RecDNA, Δ12c, or Scaf4. Each Alexa
Fluor 488-labeled DNA sample (green) was added to cells at a final con-
centration of 9 nM. Cell nuclei were counterstained with DAPI (blue). (a)
RecDNA, (b) Δ6c, (c) Δ12c, (d) Δ18C, (e) Δ24, (f ) Δ6p, (g) Δ12p, (h) Δ18p,
(i) Sacf4, and ( j) ssDNA. Scale bars, 10 μm.
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Conclusions

In conclusion, the present study showed that the cellular
uptake of Alexa Fluor 488-labeled RecDNA, RecDNA with 50
staples, was more efficient than Alexa Fluor 488-labeled DNA
nanostructures with fewer staples: Δ(n)c, Δ(n)p, and Scaf4. In
addition, removing central staples had a greater impact on cel-
lular uptake than removing peripheral staples. These results
will provide useful information for the development of DNA
nanostructure-based delivery systems for bioactive com-
pounds, such as nucleic acid drugs.
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