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Abstract: The precise functionalization of self-assembled
nanostructures with spatial and stereocontrol is a major
objective of nanotechnology and holds great promise for
many applications. Herein, the nanoscale addressability of
DNA origami was exploited to develop a precise copy-
machine-like platform that can transfer two-dimensional
oligonucleotide patterns onto the surface of gold nanoparticles
(AuNPs) through a deliberately designed toehold-initiated
DNA displacement reaction. This strategy of DNA-origami-
based nanoimprinting lithography (DONIL) demonstrates
high precision in controlling the valence and valence angles of
AuNPs. These DNA-decorated AuNPs act as precursors in the
construction of discrete AuNP clusters with desired chirality.

Self-assembled nanostructures have shown great potential
in nanoelectronics,[1] nanophotonics,[2] and biomedicines[3] as
a result of their tailorable optical/electronic properties and
unique chemical/biological activities.[4] Although there has
been remarkable progress in the synthesis of nanoparticles
(NPs) with controlled size, shape, and composition,[5] the goal
of precise functionalization of NPs for the creation of
molecule-like discrete nanostructures with customized shape
and design is yet to be achieved. As a result of its ability to

recognize nonparallel base-pairing, DNA can be used as part
of a highly flexible programmable route for the construction
of nanostructures, and it has recently received increased
attention for this purpose.[6] For example, DNA has been
exploited in the functionalization of various types of nano-
materials, including metals (for example, Au, Ag),[7] semi-
conductors (such as, quantum dots and polymer dots),[8]

insulators (for example, upconversion and metal oxides),
NPs,[9] and a range of carbon nanomaterials.[1a, 10]

DNA-functionalized gold NPs (DNA-AuNPs) are among
the most studied nanobiological systems.[11] Efforts have been
made to control the density and orientation of DNA strands
on AuNPs,[12] which have proven useful in a wide range of
applications, including diagnosis, drug delivery, bioimaging,
catalysis, and metamaterials.[13] More recently, several groups
have developed new strategies for regulated anchoring of
DNA on AuNPs using either steric control or nanocage
encapsulation to make “atom-like” AuNPs with a fixed
number of DNA strands.[14] However, whereas nearly perfect
valence control has been realized, bond anisotropy is often
poorly defined in these procedures. Very recently, Sleiman
et al. proposed a strategy in which DNA patterns were
transferred from DNA framework nanostructures onto 10 nm
AuNPs.[15]

DNA origami is a rapidly emerging technology providing
unprecedented power in precise organization.[16] In a typical
DNA origami assembly process, about 200 short, designed
sequences serve as “staples” to fold a long, single-stranded
DNA (ssDNA) scaffold into virtually any prescribed shape or
pattern. Each staple strand acts as a recognition site for
anchoring molecules or nanomaterials with excellent address-
ability.[17] Many successful applications have taken advantage
of the organizational power of DNA origami, including the
organization of CpG oligonucleotides and siRNAs for
therapeutic uses,[18] enzyme pairs for artificial cascades,[19]

conjugated polymers[20] and carbon nanotubes[1a] for nano-
electronics, and AuNPs for plasmonic applications.[21] How-
ever, these types of organization rely on static, prescribed
DNA origami designs, whereas dynamic systems have been
little exploited.[22] In this study, we developed a DNA-
origami-based nanoimprinting lithography (DONIL) strategy
for stereocontrolled assembly of DNA-AuNPs with a fixed
number of DNA strands (valence) and anisotropy (bond
angle and DNA sequence specificity). By deliberately placing
DNA “set strands” with predefined numbers, sequences, and
positions on an origami structure, we demonstrated that such
two-dimensional information could be transferred on the
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surface of AuNPs, reminiscent of the function of a copy
machine. Thus, prepared DNA-AuNPs exhibited fixed
valence, orientation, and bonding anisotropy, forming the
basis for the construction of discrete, chiral plasmonic nano-
structures with controlled geometry, composition, and iso-
merism.

Figure 1 schematically depicts the working principle of
our DNA origami transfer method functioning by means of
DONIL. In this method, citrate-stabilized AuNPs of diameter
30 nm are first densely coated with a 30 nucleotide (30 nt)
thiolated sequence (coat strand). On the DNA origami
scaffold, staple strands at prescribed sites act as sequence-
specific set-hold strands that can fix their corresponding set
strands. A T3 spacer is used in each set-hold strand to connect
the set-hold domain to the staple domain. Here, three

different set and set-hold strands pairs are positioned in
a linear array with a defined spacing, with each set strand
consisting of two domains: the anti-hold domain, which is
complementary to a set-hold strand, and the anti-coat
domain, which can bind to the coat strand on AuNPs. An
8 nt toehold domain is reserved in each set-hold strand for the
subsequent strand displacement reactions.[23] For loading,
AuNPs are incubated with the DNA origami template and set
strands are used to help anchor them onto the defined sites. In
this case, a 30 nm AuNP is loaded onto the DNA origami in
a 1:1 manner through three set and coat strand pairs, which
sterically hinders the loading of another AuNP. Then, detach-
ment strands are introduced, which are fully complementary
to set-hold strands. They nucleate at toehold domains to
initiate strand migrations and finally detach the set strands
from the DNA origami. As a result, the AuNP is released
while the set strand patterns are precisely transferred onto its
surface. Since the number, positions, and sequences of set
strands are predefined, the DNA on the AuNP is expected to
have defined valence, site specificity, and sequence aniso-
tropy.

To demonstrate the feasibility of this approach, we first
attempted to prepare a trivalent DNA-AuNP conjugate with

three DNA modifications arranged according to C2v symme-
try (Figure 2 a) by DONIL. One set A and two set B strands
were positioned in a linear array (in B-A-B order) on
a rectangular DNA origami template. AuNPs were then
mixed with the DNA origami template, and AuNP–DNA
origami conjugates were purified with agarose gel electro-
phoresis (see Figure S1a in the Supporting Information).
According to atomic force microscopy (AFM) measurements,
the loading yield of the 1:1 AuNP–DNA origami conjugates
was greater than 85 % (Table S2). The trivalent DNA-AuNP
products were then obtained after the detachment of the set
strands from DNA origami templates. Waste DNA strands
were removed through centrifugation. Gel electrophoresis
and AFM characterization confirmed the success of this
procedure (Figure S2).

The trivalent product contains two
components: monovalent set A and diva-
lent set B strands, which are spatially
resolved. To validate the quality of the
prepared AuNPs, we selectively con-
structed several high-order, discrete struc-
tures to demonstrate their features. First,
we designed a “bridge duplex” to join two
DNA-AuNPs into a homodimer (Fig-
ure 2b). To this end, one bridge or anti-
bridge strand was attached to a trivalent
DNA-AuNP using the monovalent set A
strand, forming two complementary
AuNPs. Agarose gel electrophoresis indi-
cated that a new band had appeared in the
mixture of these two AuNPs, with no other
heavy aggregates found. The homodimer
morphology of the product extracted from
the gel was confirmed with transmission
electron microscopy (TEM) imaging. In
another demonstration, trivalent AuNPs

were incubated with excess 20 nm AuNPs with the intention
of obtaining a heterodimeric product (Figure 2c). The 20 nm
AuNPs were densely packed with a thiolated DNA sequence
complementary to the set A strand. Agarose gel and TEM
characterization again demonstrated that only heterodimeric
product was formed. Noticeably, although an excess of 20 nm
AuNPs were used, they hybridized with 30 nm trivalent
AuNPs in a strict 1:1 manner, and no crosstalk occurred.
These results confirm that the set A modification is mono-
valent. The yields of the homo- and heterodimer products
were estimated at 30% and 43%, respectively (Table S3). We
also used 10 nm and 15 nm AuNPs to build heterodimers
(Figures 2 d,e; Figures S3, S4). Similarly, to confirm the diva-
lent nature of set B strands, a heterotrimeric structure was
successfully constructed through the assembly of one trivalent
AuNP with two small AuNPs (5 nm) capable of recognizing
set B strands (Figure 2 f). Trimer yields were calculated to be
63% (Table S3).

Three-component trivalent decoration of AuNPs can also
be produced through DONIL. As shown in Figure 2g (also in
Figures S5, S6), three different set strands (set A, B, and C)
are positioned linearly. As a result of the sequence inhomo-
geneity, the real symmetry of this linear pattern on AuNPs

Figure 1. Working principle of the DNA origami transfer method which operates through
DNA-origami-based nanoimprinting lithography (DONIL).
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reduces to Cs, but not C2v. Importantly, the arrangement of
these three set strands can be adjusted by simply changing
their positions. To verify this feature, three small AuNPs

(10 nm and 5 nm) with different complementarities were
assembled on an as-prepared 30 nm trivalent AuNP in either
C-A-B or A-C-B order. Low mobility bands were observed on
agarose gels, indicating the formation of large AuNP clusters
(Figure 2h). TEM images further confirmed that both prod-
ucts were monodispersed tetramers but with different con-
formations. In the C-A-B ordered sample, one 10 nm AuNP
stands in the middle of two 5 nm AuNPs. In contrast, two 5 nm
AuNPs are placed together in the A-C-B ordered sample.

We next demonstrated that this method could be
extended to multivalent AuNPs with controllable valence
angles. In a typical design, four set strands are located at the
four corners of a rectangle on a DNA origami template
(Figure 3a). According to the nano-addressability desired,
the distance between these set strands could be adjusted,
altering the valence angle on the AuNPs since positional
information is transferred from the flat origami to the curved
AuNP. The valence angle, q, in the triangle COD (Figure 3b),
can be theoretically calculated from Equation (1) under ideal

Figure 2. The transfer of trivalent, multicomponent DNA to form
linearly decorated AuNPs and discrete AuNP clusters. a) Transfer of
a linear array (B-A-B order) from DNA origami to an AuNP (30 nm)
surface. b) Agarose gel and TEM analysis of homodimers formed by
two B-A-B trivalent DNA-AuNPs. Lane 1: trivalent DNA-AuNPs; lane 2:
trivalent DNA-AuNPs + bridge duplexes. c) Agarose gel and TEM
analysis of heterodimers formed by trivalent DNA-AuNPs (30 nm) with
densely packed DNA-AuNPs (20 nm). Lane 1: 20 nm densely packed
DNA-AuNPs; lane 2: trivalent DNA-AuNPs; lane 3: mixture of two
kinds of DNA-AuNPs. TEM scale bars in (b, c) = 200 nm
(insets =10 nm). d–f) Other discrete AuNP clusters: 30 nm/10 nm
heterodimer (d), 30 nm/15 nm heterodimer (e), 30 nm/5 nm/5 nm
trimer (f). g) Tetramers formed by trivalent DNA-AuNPs (30 nm) with
three kinds of small, densely packed DNA-AuNPs arranged in C-A-B
and A-C-B orders. Scale bars in (d–g)=10 nm. h) Agarose gel analysis
of tetramers formed by C-A-B trivalent DNA-AuNPs. Lanes: 1) 5 nm
DNA-AuNPs; 2) 10 nm DNA-AuNPs; 3) trivalent DNA-AuNPs; 4) triva-
lent DNA-AuNPs+ 10 nm DNA-AuNPs; 5) trivalent DNA-
AuNPs+ 10 nm DNA-AuNPs+5 nm DNA-AuNPs; 6) trivalent DNA-
AuNPs+ 10 nm DNA-AuNPs+ two types of 5 nm DNA-AuNPs. In all
cases, the starting trivalent DNA-AuNP has a diameter of 30 nm.

Figure 3. Regulation of the valence angle on AuNPs. a) Regulation of
the valence angle by alteration of the distance between DNA strands.
b) Calculation of the valence angle on valence-controlled AuNPs.
Distance OA depends on the radius of the AuNP, and AC is the length
of the duplex, which can be calculated as 0.34 Ö n (where n denotes the
number of base pairs). Length CD can be adjusted by varying the
position of set-hold strands. c) Agarose gel analysis of AuNPs with
controllable valence angles, using a 30 nm DNA-AuNP as the central
unit at point O. Lanes: 1) 5 nm densely packed DNA-AuNPs; 2) 10 nm
densely packed DNA-AuNPs; 3) 3888 DNA-AuNPs; 4) 3888 DNA-
AuNPs+ 10 nm DNA-AuNPs; 5) 6088 DNA-AuNPs +10 nm DNA-
AuNPs; 6) 3888 DNA-AuNPs + 10 nm DNA-AuNPs +5 nm DNA-AuNPs;
7) 6088 DNA-AuNPs+10 nm AuNPs +5 nm AuNPs. d) Distribution of
the resulting valence angles in different designs.

Angewandte
ChemieZuschriften

8170 www.angewandte.de Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2016, 128, 8168 –8172

http://www.angewandte.de


conditions (where, for example, OC is the length of the
“triangle” between apices O and C):

cos q ¼ OC2 þOD2 ¢ CD2

2OC OD
ð1Þ

As a simple example, we constructed a three-component
pattern, with set A and set B strands located at two corners
and set C strands anchored on the other two corners. The
positions of the set A and set B strands can be adjusted to
achieve angle control in the subsequent steps, while the set C
strands are used to aid in the loading of AuNPs onto the DNA
origami platform. Calculations revealed that each 5 nm
increase in the distance between set A and set B will lead to
an 1188 enlargement in their valence angle on a 30 nm AuNP
(Figure 3b). We first attempted a small distance of 20 nm,
which corresponds to a 3888 valence angle on an AuNP. By
increasing the distance to 30 nm, it is expected that the
valence angle would be enlarged to 6088. After transfer of
positional information through the aforementioned proce-
dure, 10 nm and 5 nm AuNPs complementary to set A and
set B strands, respectively, were used for quality assurance. As
shown in Figure 3c, a new band with low mobility appeared
on the agarose gel after incubating tetravalent DNA-AuNPs
with their complementary, small AuNPs. TEM character-
ization confirmed that these represent heterotrimers, as
expected. It is worth noting that based on gel results, trimers
with different valence angles cannot be differentiated. How-
ever, valence angles can be approximated by counts from
TEM images (Figures S7–9), though dehydration of prepared
samples may lead to deformation to some degree. The
analysis presented in Figure 3d reveals that the distribution
of valence angles matches our design.

We were then motivated to further explore the possibility
of using this strategy to obtain multicomponent patterns on
AuNPs with controlled stereoisomerism. To achieve this goal,
DNA modifications on AuNPs must be far enough apart to
avoid random disturbances and steric bulk effects. Unfortu-
nately, it is considerably more difficult to transfer a large
pattern from a flat DNA origami surface to a curved AuNP.
Therefore, a triangular DNA origami template with a cavity
in the center was utilized to allow the stable assembly of
30 nm AuNPs and effective transfer of pattern information.
This in turn creates a larger range of valences and valence
angles. In this way, we produced trivalent DNA-AuNPs
decorated with up to three components with 30 nm spacing
(Figure 4a). The apparent symmetry of this pattern is C3v, but
when considering the sequence specificity, the real symmetry
can be reduced to C1 (asymmetric). Hence, three different
arrangements with specific chiralities were tested. The A-A-
A arrangement has a typical C3v symmetry, but the A-B-C and
B-A-C arrangements are stereoisomers with only C1 symme-
try. Accordingly, three AuNPs of different sizes (10 nm,
15 nm, and 20 nm) were involved in the assembly of the
trivalent AuNPs. In addition to TEM characterization (Fig-
ure 4b), circular dichroism (CD) spectroscopy measurements
were carried out to ascertain the chiralities (Figure S10).
Although the absorption spectra of the arrangements (Fig-
ure S11) are the same, they exhibit completely different CD
behaviors. For the A-A-A arrangement, one 30 nm AuNP is

linked with three 15 nm AuNPs, exhibiting no chirality at all.
Noticeably, heterotetramers with A-B-C and B-A-C arrange-
ments exhibit inverse CD characteristics, reflecting their
chiral nature and further implying that they are enantiomers
with opposite chiralities. These observations again confirm
our design.

In summary, we have developed a conceptually new
DONIL strategy to realize customized DNA patterning on
AuNPs. Precise, DNA-origami-based copy-machine-like plat-
forms possess the competitive advantage of perfect nano-
addressability over competing approaches. Toehold-mediated
strand displacement reactions aid in the precise transfer of
positional information from DNA origami templates to
curved AuNPs in a quantitative, directional, and sequence-
specific manner. These prepared DNA-AuNPs are promising
candidates for guiding the assembly of discrete AuNP clusters
with control over valence, geometry, and symmetry. This
method is also applicable to a system using multi-handle
strands at one specific position, which will strengthen the
binding between AuNPs. Looking further ahead, we envision
that this DONIL strategy could be extended to more complex
3D patterns using the versatile DNA origami technology.
Providing efficient shape matching between a DNA origami
template and AuNPs, enlarged interfaces should allow
arbitrary attachment of DNA tags to any position on
a single AuNP. In addition, this mechanized platform is, in
principle, applicable to other types of DNA-modified nano-
objects, regardless of their shape or composition. Thus, we
expect that this DONIL will be a generic strategy for the
construction of novel nanostructures for catalysis, biosensors,
imaging, and plasmonics.[13b, 24]

Figure 4. Stereocontrolled patterns for making chiral Au nanostruc-
tures. a) Schematic illustration of the transfer of a triangular pattern
from a triangular DNA origami to an AuNP surface. b) Tetramers
formed by trivalent stereospecific DNA-AuNPs with three kinds of
small, densely packed DNA-AuNPs arranged in A-B-C, A-A-A, and
B-A-C orders. TEM scale bars =20 nm.
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