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Abstract: A novel three-dimensional (3D) superstructure
based on the growth and origami folding of DNA on gold
nanoparticles (AuNPs) was developed. The 3D superstructure
contains a nanoparticle core and dozens of two-dimensional
DNA belts folded from long single-stranded DNAs grown
in situ on the nanoparticle by rolling circle amplification
(RCA). We designed two mechanisms to achieve the loading of
molecules onto the 3D superstructures. In one mechanism,
ligands bound to target molecules are merged into the growing
DNA during the RCA process (merging mechanism). In the
other mechanism, target molecules are intercalated into the
double-stranded DNAs produced by origami folding (inter-
calating mechanism). We demonstrated that the as-fabricated
3D superstructures have a high molecule-loading capacity and
that they enable the high-efficiency transport of signal reporters
and drugs for cellular imaging and drug delivery, respectively.

Inorganic nanoparticles have attracted considerable atten-
tion as nanocarriers for cellular imaging and drug delivery
owing to their unique properties, such as their high surface-to-
volume ratio, optical behavior, and the ability to be function-
alized with biomolecules.[1–4] However, many studies have
shown that the practical use of nanoparticles as nanocarriers
is often hampered either by the low molecule-loading
capacity of small nanoparticles owing to their limited surface
areas or by the low-efficiency cellular uptake and low
intracellular stability of large nanoparticles.[5–10] More
recently, DNA nanostructures based on self-assembled

DNA nanotechnology have shown great promise as nano-
carriers.[11–19] For example, the use of three-dimensional (3D)
DNA nanostructures for the controlled release of nanocargo
has been reported.[12, 20, 21] However, current 3D DNA nano-
structures still suffer from complicated structure designs,
a low yield, the high cost of hundreds of staple strands, and
time-consuming annealing procedures.[22]

Herein, we designed a strategy to fabricate a novel 3D
gold–DNA superstructure based on the growth and origami
folding of DNA on gold nanoparticles (AuNPs; Scheme 1);
this strategy combines the rigidity of nanoparticles with the
flexibility of DNA nanostructures.

Each 3D superstructure contains a 10 nm nanoparticle
core and dozens of two-dimensional (2D) DNA belts folded
from long single-stranded DNAs (ssDNAs) that are grown
in situ on the nanoparticle by rolling circle amplification
(RCA). The origami folding of the DNA belts is simple and
requires only three staple strands. Each DNA belt is
approximately 16 nm in width and several hundred nano-
meters in length. We demonstrated that the as-fabricated 3D
superstructures have a high molecule-loading capacity. More
importantly, the superstructures enabled the high-efficiency
transport of signal reporters and drugs for cellular imaging
and drug delivery, respectively.

In the typical 3D superstructures fabrication process
(Scheme 1), oligonucleotides that serve as DNA primers are

Scheme 1. Illustration of the fabrication of Au-DNA 3D superstructures
based on DNA growth and origami techniques at the nano–bio
interface. The growth of DNA is initiated by RCA, producing dozens of
long ssDNA strands on single AuNPs. The folding of the long ssDNA
is accomplished by an origami technique, producing DNA belts on the
AuNPs.
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assembled on 10 nm AuNPs. RCA,[23–25] an isothermal nucleic
acid amplification strategy, is then used to grow the DNA
in situ. The DNA primers on the AuNPs initiate RCA in the
presence of a circular DNA template, nucleotides, and a phi29
polymerase, thereby generating long ssDNAs.[26] Each long
ssDNA comprises hundreds of DNA copies that can hybridize
with the circular DNA template. Atomic force microscopy
(AFM) imaging revealed that the micrometer-long DNA
strands were outstretched from the AuNPs (Figure 1a). Note
that most of the long ssDNAs tend to intertwine rather than
stretch and to aggregate around the AuNPs owing to the
exposure of the basic groups, the flexibility of the sugar-
phosphate backbones, and the electrostatic attraction
between the polyanionic backbones and the positively
charged AuNPs.[27] Next, DNA origami is used to rearrange
the long ssDNAs. Three staple strands of DNA are designed
to hybridize with the long ssDNAs and to fold them onto the
surfaces of the AuNPs into specific DNA nanostructures with
uniform sizes. Different amounts of staple strands of DNA are
used alternately to choose the most suitable amount (Sup-
porting Information, Figure S1). Furthermore, AFM images
(Supporting Information, Figure S2a–e) were used to exam-
ine the structural changes of DNA on the surface of AuNPs in
RCA and during the origami process (control groups:
Supporting Information, Figure S2h–i).

AFM images revealed that the long ssDNAs became
uniform and exhibited a certain width and rigidity after the
DNA origami folding (Figure 1b). Software analysis of the
AFM images revealed the changes in the size of the DNA
before and after origami folding (Figure 1c,d). The three
positions marked in Figure 1c (1, 2, and 3) were measured to
show the height of the DNA before and after origami folding
(Figure 1d). Position 3, located on the long ssDNA grown by
RCA, has a height of approximately 0.5 nm, consistent with
the diameter of ssDNA reported in previous studies.[28,29]

Positions 1 and 2, located on the folded DNA, have heights

of approximately 1 nm, consistent with the diameter of
double-stranded DNA (dsDNA), as reported in previous
studies.[22] An average width of approximately 16 nm was
measured at position 4 (Figure 1 e), demonstrating that the
folded DNAs are long and thin belts. Control experiments
confirm that both the height and width of dsDNAs are
significantly less than those of the DNA-belts (Supporting
Information, Figure S3).

Dynamic light scattering experiments were then con-
ducted to measure changes in the hydrodynamic radii of the
following different Au-DNA nanostructures: AuNP-DNA
primer (Au-primer), RCA-based AuNP-ssDNAs (Au-RCAs),
and AuNP-DNA belts (Au-belts) (Supporting Information,
Figure S4). The hydrodynamic radii of the Au-RCAs and the
Au-belts were approximately 84 nm and 573 nm, respectively,
indicating that the long ssDNAs were wrapped around the
AuNPs, whereas the DNA belts that were folded from the
ssDNAs stretched away from the AuNPs. The results also
demonstrated that the flexible and disordered ssDNAs
opened and formed relatively rigid and uniform DNA
nanostructures during the DNA origami process, resulting
in the much greater average radius of the novel 3D super-
structures relative to the Au-RCAs. 3D Au-DNA super-
structures with different sizes can be fabricated by controlling
the RCA process. For each differently sized 3D Au-DNA
superstructure, the length and efficiency of the RCA exten-
sion are variable within each AuNP and amongst AuNPs
owing to the inherent properties of RCA. Additionally, the
origami efficiency is affected by the increasing number of
primers on AuNPs. We balanced the number of primers and
their growth and folding to achieve improved molecule-
loading efficiency.

Two mechanisms are used to load molecules onto the 3D
superstructures. In one mechanism, ligands bound to target
molecules are merged into the growing DNA during the RCA
process (merging mechanism). In the second mechanism,
target molecules are intercalated into the dsDNA produced
by origami folding (intercalating mechanism).

We first determined the molecule-loading efficiency of the
merging mechanism using the avidin-biotin system. During
the RCA process, biotin labels can be incorporated into the
long RCA-generated ssDNA via the use of biotinylated
adenosine-5’-triphosphate (biotin-dATP). The specific bind-
ing of biotin to avidin (or avidin conjugates) is used to load
biomolecules onto the DNA strands. Before the origami
folding, the long ssDNAs mainly intertwine and wrap around
the AuNPs, leading to the creation of hidden biotin-binding
sites. Consequently, the Au-RCAs exhibited very low mole-
cule-loading capacity (Figure 2a). However, during the
origami process, specific biotin sites become well defined
and exposed to avidin. AFM imaging revealed the high
efficiency molecule loading onto the 3D superstructures
(Figure 2c). Figure 2b and Figure 2d illustrate the heights of
the positions marked in Figure 2a and Figure 2c, respectively.
The measured average heights of approximately 10 nm and
4 nm were consistent with the diameters of the AuNPs and
streptavidin, respectively. In addition to the origami-based
rearrangement of the active biotin sites in the RCA-produced
ssDNAs, more biotin labels were incorporated during the

Figure 1. a) AFM image of unfolded RCA products on AuNPs. White
arrow: aggregated ssDNAs; black arrow: stretched ssDNAs. b) AFM
image of folded RCA products on AuNPs (3D superstructures).
c) Comparison of the unfolded and folded Au-DNA nanostructures
using AFM imaging. The four marked positions indicate the heights of
the folded ssDNA (positions 1 and 2 in d) and the unfolded ssDNA
(position 3 in d) and the width of the folded ssDNA (position 4 in e),
illustrating changes in the DNA structures. See Figure S2c,e in the
Supporting Information for AFM images at lower magnification.
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DNA origami process by modifying one of the staple strands
with biotin. Thus, the 3D superstructures possessed many
uniform and exposed biotin sites, allowing the high-efficiency
loading of avidin molecules. We demonstrated that the DNA
origami folding was extremely efficient despite being con-
ducted on the nanoparticle surfaces. The currently non-
optimized origami-folding procedure enabled the high-yield
formation of 3D superstructures (Supporting Information,
Figure S5).

Having established that the origami-based merging mech-
anism enables high-efficiency molecule loading, we employed
this system to load quantum dots (QDs) onto the 3D
superstructures for cellular imaging as a proof of concept
for drug delivery. QDs possess excellent optical properties,
including a high fluorescent quantum yield, broad absorption/
narrow emission, and high photostability; thus, QDs are high-
performance fluorescent dyes in cellular imaging.[30–34] How-
ever, their applications in cellular imaging suffer from various
problems, including poor cellular uptake.[35–37] U87 MG cells,
a glioblastoma cell line, were chosen as the target cells.
Glioblastoma is reportedly the most aggressive and frequent
primary malignant brain tumor in humans.[38,39] QD-linked
avidin (QD-Av) and cell-penetrating peptides (CPPs) were
co-loaded onto the 3D superstructures through avidin-biotin
binding and electrostatic interactions, respectively.[40] The 3D
superstructures co-loaded with QDs and CPPs (QD-
CPP@3D) were incubated with U87 MG cells for cellular
uptake (Figure 3a). After incubation for two hours, the living
cells were washed, fixed, and treated with 4,6-diamidino-2-
phenylindole dihydrochloride (DAPI) for observation under
confocal microscopy. QD-Av and CPP mixtures (QD/CPP)
and the QD-loaded 3D superstructures (QD@3D) with equal
amounts of QDs were employed as controls. As shown in
Figure 3b, very strong red fluorescence was visible inside the

U87 MG cells treated with the QD-CPP@3D, demonstrating
high-efficiency transport of the QDs on the 3D structures with
the aid of the CPPs. However, the QD/CPP-treated cells
exhibited very weak fluorescence, whereas the QD@3D-
treated cells exhibited no fluorescence; this result indicates
not only that CPPs are necessary for QD transport but also
that CPPs must coexist with the QDs in the carriers for
optimal performance. In this experiment, the origami-based
3D superstructures provided appropriate loading spaces for
both the QDs and the CPPs. It was previous demonstrated
that the cell uptake of CPP-like large nanostructures might
occur through an internalization process based on the energy-
independent cell penetration of membranes mediated by
CPPs.[41–44]

We then utilized the intercalating mechanism of doxor-
ubicin to characterize the molecule-loading efficiency of the
origami-based 3D superstructures. Doxorubicin has been
used to treat a wide range of cancers; it intercalates into
dsDNA and inhibits macromolecular biosynthesis.[17, 45] In our
design, after a 24 h incubation period, doxorubicin was
intercalated into the DNA belts on the nanoparticles to
form doxorubicin-loaded 3D superstructures. The intercala-
tion of doxorubicin into dsDNA caused the formation of
a dark red precipitate.[17] Higher amounts of precipitate
indicate greater intercalation of doxorubicin. Figure 4 a
indicates that the origami-based 3D superstructures con-
tained much more doxorubicin than did the Au-RCAs, the
Au-primers, and the AuNPs.

The 3D superstructures co-loaded with doxorubicin and
CPPs (dox-CPP@3D) were then incubated with U87 MG cells
to induce cell death. Doxorubicin and CPPs were co-loaded
onto Au-RCAs (dox-CPP@Au-RCAs), Au-primers (dox-
CPP@Au-primer), and AuNPs (dox-CPP@Au) with equal
amounts of doxorubicin (100 mm); No AuNP-used and no
doxorubicin-coloaded samples (dox-CPP@RCAs, dox-CPP
@origami and CPP @3D) were prepared as controls. As
illustrated in Figure 4 b, the cytotoxicity of dox-CPP@3D was
much higher than that of the controls. The cell-killing
efficiency of dox-CPP@3D was 2.5 times higher than that of
pure doxorubicin and 2 times higher than that of the Au-

Figure 2. Molecule-loading capacity of the Au-DNA structures by the
merging mechanism. a) AFM image of avidin-loaded Au-RCAs. White
arrow: aggregated ssDNA. Black arrow: avidin-loaded ssDNA. b) The
height of the AuNPs and avidin on the Au-RCAs. c) AFM image of
avidin-loaded 3D superstructures (Au-belts). Blue arrow: AuNPs.
d) The height of the AuNP and avidin on the 3D superstructures. See
Figure S2 f,g in the Supporting Information for AFM images at lower
magnification.

Figure 3. a) Illustration of QD-Av and CPPs co-loaded onto the 3D
superstructures (QD-CPP@3D) for cellular uptake. b) Confocal imag-
ing of living U87 cells treated with QD-CPP@3D, QD/CPP, and
QD@3D. Inset: magnified image of the QD-CPP@3D-treated U87
cells. The final concentrations of the QDs and CPPs were 2.5 mm and
2 mm, respectively.
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RCAs. The results indicate that the origami-based 3D nano-
structures not only allow the high-efficiency loading of drugs
but also undergo high-efficiency transport, enabling the
killing of cancer cells.

In summary, we successfully developed a novel 3D
superstructure based on the growth and origami folding of
DNA at a nano–bio interface. Combining the rigidity of
nanoparticles with the flexibility of DNA nanostructures, the
3D superstructure has several advantages compared with
inorganic nanocarriers. First, the molecule-loading capacity of
this structure is much higher than that of conventional
biomodified inorganic nanocarriers due to the DNA growth
and rearrangement. Second, this 3D superstructure has much
higher molecular transport efficiency than inorganic nano-
carriers because a large number of CPPs can be co-loaded
onto the superstructures. Third, the inorganic nanoparticle
core and the belted structure can slow the degradation of
DNA, allowing the sustained release of drugs in cells. More
importantly, the scaffold DNA is obtained using RCA and the
staple strands of DNA are very simple, allowing more
complex 3D superstructures to be obtained by simply
changing the RCA template and staple strands used. Addi-
tionally, the rearranged DNAs allow multiple functions to be
integrated into a single 3D superstructure. Therefore, the
developed strategy can be used to fabricate high-efficiency
nanocarriers for the transport of molecules and has great
potential regarding applications in molecular assembly, ultra-
sensitive biodetection, and nanomachines.
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