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ABSTRACT: Self-assembly of anisotropic metal nanoparticles serves as an
effective bottom-up route for the nanofabrication of novel artifacts. However,
there still are many challenges to rationally manipulate anisotropic particles
due to the size and geometric restrictions. To avoid the aggregation and
mishybridization from DNA sticky-end-guided assembly in buffer solution, in
this work, we utilized a cation-controlled surface diffusion strategy to the
spatial arrangement of gold nanorods (AuNRs) into 1D and 2D arrays by
using DNA origami tiles as binding frames on the solid−liquid interface
through π−π stacking interactions. To facilitate the further manipulation of
those patterns, a novel pattern transfer method was introduced to transfer the
arrays of AuNRs from a liquid to a dry ambient environment with high yield
and minor structural damage. The results demonstrated a successful strategy
of DNA origami-assisted, large-scale assembly of AuNRs for constructing
complex superstructures with potential applications in the nanofabrication of
plasmonic and electronic devices.
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■ INTRODUCTION

The self-assembly of nanoparticles is a rapidly developing field
of research geared toward the fabrication of unique
mesostructured materials with intrinsic properties.1 Aniso-
tropic nanoparticles have been of particular interest recently
because of their tunable physical and optical properties based
on the unique anisotropic geometries. For example, the gold
nanorods (AuNRs) can be synthesized with varied dimensions,
which exhibit finely tunable plasmonic features from visible to
near-IR regions.2 Despite tremendous advances, the manipu-
lation of anisotropic nanoparticles into rationally designed
ensembles remains the most significant challenge because it
requires not only control over the positions of the nano-
particles but over their orientations as well. AuNRs tend to
form tip-to-tip, side-by-side ensembles, either in colloidal
solution or patterned substrates.3,4 It is critical that such
pattern limitations be overcome to create diverse and rational
controlled AuNR arrays with nanometer precision.
DNA-directed self-assembly5,6 of nanomaterials has shown

great potential as a powerful tool for the fabrication of various
functional nanostructures because of the advantages of high
yield, superior addressability, and precise positioning, which
have been employed for many applications such as
biosensing,7,8 nanomedicine,9−11 and nanoelectronics.12−14 In
particular, extensive research has focused on utilizing DNA
origami15 as building blocks for the assembly of plasmonic
metallic nanostructures from AuNRs.16,17 For instance, AuNRs

that are precisely arranged into one-dimensional (1D)
plasmonic polymers are capable of transporting plasmonic
angular momentum and magnetic surface plasmonic polar-
itons.18 Besides, the dynamic tuning of AuNRs helixes by V-
shaped DNA origami can produce plasmonic chiral super-
structures with switchable chirality.19 Other examples include
dynamic walker,20 reconfigurable AuNR tripods,21 as well as
heterogeneous plasmonic metamolecules.22 For most nano-
structures mentioned above, mishybridization between DNA
origami units guided by sticky-ended cohesion is one of the
major technical obstacles during the fabrication process, which
leads to disordered aggregates, lowered productive yield, and
limited size of AuNR assemblies or clusters. Besides that, these
nanostructures are generally formed in a test tube, then
deposited onto substrates for characterization and further
processing, which inevitably leads to structural distortion and
damage during deposition.22,23 To address these issues,
assembling nanostructures directly on substrates may provide
a route for making more reproducible patterns.24−27 In such a
process, DNA origami units are dynamically reorganized on
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the interface of liquid and substrates such as mica26,27 by
controlling the concentrations of divalent and monovalent
ions, and lipid28−30 into ordered superstructures. However, to
the best of our knowledge, this strategy has not yet been used
to assemble DNA origami framed plasmonic nanomaterials on
a large scale.
In this study, we combined the surface diffusion-mediated

assembly strategy with a pattern transfer method to fabricate
well-aligned AuNR clusters and large 1D and 2D arrays. DNA
functionalized AuNRs were decorated on DNA origami frames
and programmed to assemble into 2D arrays through base-
stacking interactions at liquid−solid interfaces. These
assembled 2D arrays exhibited excellent stability against
aggregation and high yield with AuNRs well arranged in
predesigned orientation for the first time. However, the further
utilization of these patterns to fabricate nanoelectronic or
plasmonic devices was limited as the pattern was formed in wet
conditions. Furthermore, we demonstrated that preformed

arrays of AuNRs were intactly transferred from liquid
environment to dry ambient environment in the pattern
transfer process. More complex and larger-scale AuNR arrays
were fabricated by assembling on the mica surface with DNA
origami as the scaffold. In general, the results represented
critical progress toward the large-scale, high-yield, and precise
fabrication of metallic nanostructures by DNA origami.

■ RESULTS

Scheme 1 illustrates the strategy for assembling AuNRs into
well-controlled two-dimensional (2D) arrays on a solid surface
(mica) by the surface diffusion-mediated DNA origami
assembly followed by a pattern transfer step. The cross-shaped
DNA origami frame31 developed by Liu et al. was initially
constructed by folding a long circular single-stranded DNA
(M13mp18) using hundreds of short-staple stands. The
origami frame has four edges, with each edge decorated with
blunt-ends for stacking interactions between the origami

Scheme 1. Schematic Illustration of the Strategy for Constructing the Origami Framed AuNRs and Assembling AuNRs into 2D
Nanostructures

Figure 1. Attachment of AuNRs on DNA origami frame. (a,c) AFM images of DNA origami frames before and after DNA functionalized AuNRs
attachment and corresponding section profiles along lines A-B (d) and C−D (e). (b) Agarose gel electrophoresis image of DNA functionalized
AuNRs on origami frame. Scale bar, 500 nm.
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frames. To introduce the stacking interactions with uniform
strength on the four edges, all the blunt ends were customized
with GC base pairs. The structural design is shown in the
Supporting Information (SI). The center of each origami frame
was designed with one set of 10 single-stranded DNA (ssDNA,
red color) as binding sites to anchor AuNRs. Thiolated
ssDNA, which had complementary sequences to the ssDNA on
origami frame, were decorated on the surface of AuNRs by a
salting−aging process.32−34 The hybridization between binding
strands on the origami frame and its complementary ssDNA
on AuNRs led to the formation of origami framed AuNRs. The
resulting nanostructures were characterized by atomic force
microscopy (AFM) and agarose gel electrophoresis (Figure 1).
Figure 1a represented the AFM image of the cross-shaped
origami, indicating the successful construction of the
predesigned structure. Figure 1b shows the gel image, in
which lane 1 represented the DNA functionalized AuNRs as
control, whereas lane 2 exhibited an intense upper band with
slower mobility compared to the extra AuNRs band (bottom
band), suggesting the successful attachment of AuNRs on
origami frame. In order to further determine the morphology
of origami framed AuNRs, the band was extracted and then
examined by AFM, as shown in Figure 1c. Comparison

between the AFM images of the origami frames (Figure 1a)
and the AuNRs on origami frames (Figure 1c) confirmed that
AuNRs were successfully decorated on the origami frames,
which was consistent with the result from the gel image.
However, some AuNRs seemed to be shifted off from the
desired binding position, which was very likely coming from
the partial hybridization between binding strands on origami
frames and ssDNA coated on AuNRs. The section profiles
along with the origami frame (A, B in Figure 1a) and AuNRs
on the origami frame (C, D in Figure 1c) are shown in Figure
1d, e, respectively. As seen from the results, the height of the
profile was increased from 4 to 13 nm, indicating the
attachment of AuNRs.
To obtain the origami framed AuNRs into well-ordered 2D

arrays in the dry ambient environment, two major steps were
conducted. In the first step, called a surface diffusion-mediated
assembly, origami framed AuNRs were assembled into arrays
on a mica surface in the liquid environment by carefully
adjusting the ratio between Mg2+ and Na+. Then, in the second
step, called the pattern transfer process, the preformed AuNRs
arrays were transferred from a wet to dry environment without
disturbing the pattern when the balance of cation-controlled
interaction was interrupted. In the first step, rather than using

Figure 2. 1D arrays of AuNRs as a function of varying Mg2+ concentration during pattern transfer. (a) Schematic drawing of the design of AuNR
1D array in side-by-side configuration. (b−e) AFM images of AuNR 1D arrays with different Mg2+ concentration: (b) 5 mM, (c) 10 mM, (d) 20
mM, (e) 40 mM. Scale bar, 500 nm.
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sticky-strand hybridization between origami frames, we
employed blunt-end stacking interactions.35−37 This type of
interaction was weaker and thus allowed reorganization of
origami units to grow into larger nanostructures during the
surface diffusion-mediated assembly process. The assembly was
achieved by controlling the surface mobility of DNA origami
frames in the liquid environment through manipulating the
concentration of divalent (Mg2+) and monovalent (Na+)
cations.38−41 Under liquid conditions (typically 1× Tris-
acetate-EDTA buffer, 10.5 mM Mg2+), DNA origami frames
were immobile with strong adhesion to the mica substrate, as
was mediated by divalent cation Mg2+. When the monovalent
cation Na+ was introduced, DNA origami frames became
mobile.38 The origami units with mobility were able to move
around on the mica surface and associate into well-ordered
arrays. In the assembly process, the concentration of Na+

played a critical role in the formation of arrays. In order to
investigate the optimized concentration of Na+, origami frames
were treated with solutions containing varied concentrations of
Na+ from 0 mM to 600 mM. As seen from the results in SI
Figure S1, [NaCl] = 450 mM was the optimized concentration
leading to large DNA origami 2D arrays and was thus chosen
for the subsequent studies. After the assembly process, the
preformed arrays of origami framed AuNRs with designed
patterns in a liquid environment need to be transferred to a dry
ambient environment. In this pattern transfer step, any
disturbance of the preestablished cation balance will damage
the formed structures. Therefore, stronger interactions
between mica and origami frames were desired to prevent
the AuNRs from structural damage during the removal of the
buffer. This was achieved by adding extra Mg2+ to stabilize the
arrays before rinsing.
To optimize the yield of arrays in the pattern transfer step,

we tested how the concentration of Mg2+ affected the structure
of the 1D arrays of origami framed AuNRs during the pattern
transfer (Figure 2). The structural design of the 1D arrays of
AuNRs is shown in the schematic drawings of Figure 2a and SI
Figure S2. GC pair blunt ends were only designed on the
opposite edges (red color) of origami frames while leaving the
scaffold loop on the other two sides unpaired (gray color).
Such design enabled the stacking interactions to only occur in
a linear direction between the origami frames. After sample
deposition and following incubation on mica, the 1D arrays of
origami framed AuNRs formed in a liquid environment and
exhibited blurring shadow in SI Figure S3 because of the
unstable nature of AuNR arrays during liquid AFM scanning.
In order to increase the binding affinity between AuNR pattern
and mica surface while not disturbing the preformed arrays,
various concentrations of Mg2+ from 5 mM to 40 mM were

added to treat the samples for immobilization and pattern
transfer processes. As seen from the results, no linear arrays of
AuNRs were found after treatment with 1×TAE containing 5
mM Mg2+, suggesting that 5 mM Mg2+ was insufficient to
immobilize the formed AuNRs array structures on the mica
surface during the pattern transfer process (Figure 2b). When
the concentration of Mg2+ was increased to 10 mM, AuNRs
were assembled into the shorter linear array with tile number
less than 5 (Figure 2c), indicating 10 mM Mg2+ started to
improve the immobility of the formed arrays. As the
concentration of Mg2+ was further increased to 20 mM and
40 mM, much longer AuNRs linear arrays were observed,
indicating the concentration of Mg2+ was high enough to
stabilize the formed arrays with their structures maintained
during the pattern transfer process (Figure 2d, e). Since no
significant difference in the results by 20 mMMg2+ and 40 mM
Mg2+ was found, it was determined that Mg2+ concentration of
20 mM was sufficient to provide high yield in the pattern
transfer process and was thus used for subsequent studies.
With the optimized surface diffusion-mediated assembly and

pattern transfer processes, many different types of AuNR arrays
were constructed and transferred. First, AuNRs dimers in both
end-to-end and side-by-side configurations were designed by
placing GC pair blunt ends on the one side (red color) of
origami frames while leaving the scaffold loop on the other
three sides unpaired (gray color) as shown in the schematic
drawings in Figure 3a, b, respectively. Dimer AuNRs were
successfully assembled and visualized by AFM. It is worth
noting that electrostatic repulsion between DNA-function-
alized AuNRs in end-to-end configuration was more potent
than that in a side-by-side configuration, which led to the low
yield of dimer formation in end-to-end configuration (SI
Figure S4). The electrostatic repulsion can be moderated by
controlling divalent cations, such as Mg2+ in the buffer.42

Besides that, it is known that the base stacking interactions
between origami frames would enhance with higher salt
concentration. Thus, the concentration of Mg2+ in the
assembly process was modified to 15 mM to moderate the
electrostatic repulsion and increase stacking interaction. With
this modification, the AuNRs dimers in the end-to-end
configuration were successfully formed with a high yield, as
demonstrated in Figure 3b. Besides AuNRs dimer, complex
AuNRs nanoclusters were also constructed, including 1D
arrays of AuNRs in both end-to-end and side-by-side
configurations and ladder arrays of AuNRs. Interestingly, 1D
arrays of AuNRs in side-by-side configuration formed longer
1D arrays with high yield (Figure 2). The average number of
AuNRs in 1D arrays is 25 ± 7.0. While the AuNRs in end-to-
end configuration assembled into 1D arrays in shorter length

Figure 3. AuNRs dimers and complex AuNRs clusters. (a) AuNRs dimers in end-to-end and (b) side-by-side configurations. (c) 1D arrays of
AuNRs in end-to-end configuration. (d) AuNRs ladder arrays. Scale bar, 200 nm.
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even with modified Mg2+ concentration (the average number
of AuNRs is 5.2 ± 2.0) (Figure 3c). The length distribution of
AuNRs in 1D arrays are shown in SI Figure S5. This may also
be attributed to the electrostatic repulsion between DNA-
functionalized AuNRs. For AuNRs ladder arrays, three
adjacent sides of origami frames were designed with GC pair
blunt ends (red color), as shown in the schematic drawing in
Figure 3d. Ladder arrays of AuNRs were assembled and
visualized as shown in the AFM image in Figure 3d. In
addition, the stacking interaction could be introduced on the
top and right sides of cross DNA origami, from the AFM image
(Figure S6), it can be revealed the origami mainly formed in
zigzag shapes. Overall, the results revealed the versatility of the
proposed method in the assembly of AuNRs.
Encouraged by the formation of various patterns of AuNRs

by the substrate-assisted self-assembly method, we also
explored the feasibility of large-scale assembly of 2D arrays
of origami-framed AuNRs. It is already known that the strength
of stacking interactions would vary according to the binding
energy of different sequences in the blunt-ends: with GC pair
of −2.17 kcal/mol versus AT pair of −0.19 kcal/mol.43 Herein,
we investigated whether the strength of stacking interactions
would affect the orientation of the self-assembly of origami-
framed AuNRs by designing different sequences in the blunt-
ends. First, the structural design of origami frames for AuNR
2D arrays is shown in the schematic drawings in Figure 4a and
SI Figure S7. The four edges of origami frames were fully
designed with GC pair blunt ends (red color). Such design
enabled the stacking interactions occurring in four directions
between the origami frames. As a result, AuNRs were aligned
into random patterns due to strong stacking interactions
between GC pairs, as seen in the AFM image in Figure 4a.
Orientation of the formed AuNR arrays was highlighted, as
shown in SI Figure S8. Besides the random pattern assembled
via GC stacking, the four edges of origami frames were also
modified with weaker blunt-end stacking interactions (AT pair
blunt ends).43 Surprisingly, well-ordered 2D arrays of AuNRs
were constructed, shown in Figure 4b. The possible reason is
that the GC base pair provides a particularly strong stacking

interaction to overcome the electrostatic repulsion of AuNRs
and/or the twist defects from DNA origami, which offers the
freedom of assembly in four directions leading to the
orientation changes of some AuNRs. While the AT base pair
has much weaker stacking strength which prefers the formation
of the 1D array of AuNRs in side-by-side arrangement first,
then extends in other direction, forming the ordered 2D array.
In order to figure out the underlying mechanism of the
different assembly configurations in Figure 4a, b, we modified
the AT pair blunt ends on the left and right sides of origami
frames to GC pair blunt ends (Figure 4c). It was found that
random patterns rather than well-ordered 2D arrays were
formed. The results revealed that by increasing the strength of
stacking interactions on the origami frames, stronger electro-
static repulsion between DNA-functionalized AuNRs was
moderated, which led to the configuration transformation
from well-ordered 2D arrays to the random pattern. The large-
scale AFM images of AuNR assembly with GC and AT
stacking interactions are shown in SI Figures S9 and S10,
respectively. The results demonstrated that programming the
strength of stacking between origami structures could control
the selective binding between DNA structures.

■ CONCLUSIONS

In summary, we demonstrated a novel surface diffusion-
mediated DNA origami assembly method for the fabrication of
plasmonic nanomaterials into well-ordered structures. Highly
ordered 1D and 2D arrays of AuNRs were constructed by
employing DNA origami frames as scaffolds with the surface
mobility of DNA origami in a liquid environment manipulated
by divalent (Mg2+) and monovalent (Na+) cations. The
assembled 1D and 2D arrays of AuNRs were successfully
transferred from liquid environment to dry ambient environ-
ment with high yield with optimized Mg2+ concentration. The
successful assembly of AuNRs dimers, 1D arrays, and ladder
arrays of AuNRs in both end-to-end and side-by-side
configurations revealed the versatility of the proposed method
in the assembly of AuNRs. Well-ordered and micrometer-sized
2D superstructures with AuNRs arranged in a predesigned

Figure 4. AuNR 2D arrays formed by origami frames with GC stacking (a), AT stacking (b), and both GC stacking and AT stacking (c). Scale bar,
500 nm.
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orientation demonstrated the scalability of the proposed
method. The new origami-assisted surface assembly and
pattern transfer strategies could provide a cost-effective and
reliable method for organizing AuNRs or other functional
materials with promising applications in nanoelectronics and
nanoplasmonics and the capability to integrate with many
advanced lithography techniques.

■ EXPERIMENTAL METHODS
Materials. All chemicals were purchased from Sigma and used as

received without further purification. All chemically synthesized DNA
strands were purchased from Integrated DNA Technologies, Inc.
(www.Idtdna.com). The unmodified staple strands were ordered in a
96-well plate format, suspended in ultrapure water without
purification.
Preparation of DNA Origami. According to Dr. Rothermund

method,15 M13mp18 viral DNA and all of the staple strands were
mixed at a ratio of 1:5 in 1 × TAE buffer solution containing 40 mM
Tris-HCl, 20 mM acetic acid, 2 mM of EDTA, and 11.5 mM
magnesium acetate. The mixture was slowly cooled from 90 °C to 15
°C with a thermal cycler over 12h. The final concentration of
M13mp18 DNA in the solution was 20 nM.
Synthesis of gold nanorods. Gold nanorods were prepared

according to the seed-mediated growth method described by EI-Sayed
et al.44

1. AuNRs Seed Solution. Five mL of 0.5 mM HAuCl4 solution was
mixed with 5 mL of 0.2 M of CTAB solution. Under vigorous stirring,
0.6 mL of 10 mM freshly prepared, ice-cold NaBH4 was added into
the mixture. The color of the solution quickly changed to brown-
yellow, and the mixture was kept under vigorous stirring for 2 min.
The resulting AuNR seed solution acted as nucleation sites for AuNRs
growth.
2. AuNRs Growth. In a 250 mL Erlenmeyer flash, 1.2 mL of

AgNO3 solution (10 mM) was added into 200 mL of CTAB solution
(0.1 M) with stirring. After 10 min, 5 mL of HAuCl4·3H2O solution
(10 mM) was added into the flask. After another 3 min, 0.6 mL of L-
ascorbic acid solution (0.1M) was added to the above mixture with
gentle stirring until the solution color changed to colorless. Then 400
μL of seed solution was added into the flask under vigorous stirring
for the 30s and left undisturbed at 27 °C overnight for AuNRs
growth. The AuNR solution was centrifuged for 30 min before using
to remove extra CTAB.
Preparation of DNA Functionalized Gold Nanorods. Gold

nanorods were functionalized with thiolated DNA. Prior to use, the
SH-DNA was cleaved by adding TCEP and incubated at room
temperature for 1 h. The cleaved oligonucleotides were purified using
a G-25 column. Freshly cleaved oligonucleotides were added to gold
nanorod solutions with molar ratios of 500:1. 0.01% sodium dodecyl
sulfate (SDS) was added to gold nanorods solutions. The
oligonucleotide/gold nanorods solution was allowed to incubate at
room temperature for 1 h. The concentration of NaCl was increased
to 50 mM, using 2 M NaCl, 0.01 M PBS, during a 12 h period. The
gold nanoparticles were centrifuged to remove excess DNA, and the
supernatant was removed, leaving a pellet of gold nanoparticles at the
bottom. The particles were then suspended in a PBS buffer containing
25 mM of NaCl. This washing process was repeated three times, and
then the gold nanoparticles were dispersed in a PBS buffer and
measured by UV−vis.
Formation of DNA Origami Framed AuNRs. The prepared

origami frames were mixed with AuNRs at a molar ratio of 1:3 in a
1×TAE buffer containing 11.5 mM of magnesium acetate, followed by
annealing from 50 °C to 30 °C over 12h time course.
Formation of 2D arrays of DNA Origami Frames. Five μL of

origami solution (20 nM) was diluted with 100 μL 1×TAE buffer
containing 11.5 mM of magnesium acetate and 450 mM of sodium
chloride, and then deposited on freshly cleaved mica. The sample was
incubated for 12 h at room temperature in a sealed container. After
incubation, the morphology of the sample was visualized by AFM.

Pattern Transfer Method. 100 μL of origami solution (1 nM) in
1xTAE buffer containing 11.5 mM of magnesium acetate and 450
mM of NaCl was deposited on freshly cleaved mica for 12 h for
substrate-assisted self-assembly and incubated in a sealed container to
keep humid. After incubation, the remaining buffer on the mica was
gently wicked off by a piece of Kimwipe. 150 μL of 1xTAE with 20
mM of magnesium acetate was deposited on mica to immobilize the
preformed structures. After immobilization for 30s, the solution was
wicked off. Next, double- distilled H2O (50 μL) was dropped on the
mica to remove the buffer salts, then the drop was wicked off. The
rinsing step was repeated three times. Lastly, the sample was dried
with compressed air.

AFM Imaging. The AFM images were obtained using the Bruker
Dimension Icon instrument.

For samples in drying conditions, spotting the sample (3 μL) onto
freshly cleaved muscovite mica (Ted Pella, Inc.) for 15 s. After the
fixation of the targeted structure of DNA origami on the mica surface,
double-distilled H2O (50 μL) was dropped on the mica to remove the
buffer salts, then the drop was wicked off, and the sample was dried
with compressed air. Atomic force imaging was done by utilizing
ScanAsyst mode in air, with ultrasharp 14 series (NSC 14) tips
purchased from NANOANDMORE.

For samples in liquid conditions, 5 μL of sample solution was
mixed with 100 μL 1xTAE buffer containing 450 mM NaCl and
deposited on freshly cleaved mica for mica-assisted self-assembly.
Atomic force imaging was done by utilizing ScanAsyst-fluid mode
with ScanAsyst-fluid probes from Bruker.

Agarose Gel Electrophoresis. For the agarose gel, the samples
were loaded into 0.8% agarose gel that contained 5 mM
Mg(CH3COO)2 in a 1 × TAE buffer solution under 55 V at room
temperature. The gel was stained with ethidium bromide for
visualization.
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