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The construction of metallic nanostructures with customizable morphologies and complex shapes has
been an essential pursuit in nanoscience. DNA nanotechnology has enabled the fabrication of
increasingly complex DNA nanostructures with unprecedented specificity, programmability and sub-
nanometer precision, which makes it an ideal approach to rationally organize metallic nanostructures.
Here we report an Assemble, Grow and Lift-Off (AGLO) strategy to construct robust standalone gold
nanostructures with pre-designed customizable shapes in solution, using only a simple 2D DNA origami
sheet as a versatile transient template. Gold nanoparticle (AuNP) seeds were firstly assembled onto the
pre-designed binding sites of the DNA origami template and then additional gold was slowly deposited
onto the AuNP seeds. The growing seed surfaces eventually merge with adjacent seeds to generate one

continuous gold nanostructure in a pre-designed shape, which can then be lifted off the origami
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Introduction

The ability to construct metallic nanostructures with pre-
designed complexity is an essential goal in nanoscience and
technology. This control is particularly important in the fields of
nanoplasmonics and nanoelectronics, given that the localized
surface plasmonic resonance and electronic properties of
metallic nanostructures profoundly depend on their
morphology and spatial arrangement.'” Top-down lithography
methods have limited resolution in fabricating 3D metallic
nanoparticles, and they are unsuitable for large-scale produc-
tion due to the high cost and slow stepwise processes.®® Over
the past two decades, the field of DNA nanotechnology has
enabled the bottom-up fabrication of increasingly complex one-
, two- and three-dimensional structures from nano- to micro-
scale with unprecedented specificity, programmability, and
sub-nanometer precision.’** Among various techniques
developed in structural DNA nanotechnology, DNA origami is
one of the most promising strategies, as it not only dramatically
increases the complexity of DNA nanostructures with enhanced
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yield, rigidity and stability,”**° but has also been shown
compatible with biotechnological mass DNA production.** The
intrinsic assets of the DNA origami make it an ideal method to
rationally organize and construct hierarchical metallic
nanostructures.>>¢

DNA structure-templated metallic nanoparticles can be
generally divided into two categories: (1) individual DNA-
functionalized metal nanoparticles and clusters assembled on
a DNA scaffold; (2) continuous metallic structures by electroless
deposition of metals templated by a DNA structure. While the
first method has been well-studied and optimized over the
years,” strategies towards the second type of structures
remain challenging. One straightforward method is DNA
origami metallization,***' based on previous work on simple
DNA double helix metallization.**** An impressive array of
complex metallic structures have been constructed using
double-stranded DNA plasmids as templates.”® However, the
relationship between the DNA plasmid structure and final
morphology is as yet unclear, making it difficult to construct
rationally designed metal nanostructures. The use of DNA
origami as a customizable template theoretically eliminated
this limitation. However, due to nonspecific attachment of
metal seeds on the DNA surface, this method predominantly
yields a granular morphology with only approximate control of
the overall metallic object shape, and little control over the
surface structural details.**** Other methods require pre-
immobilizing DNA origami structures onto flat substrates
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(mica, silica, etc.),** which would prevent further scale-up,
functionalization and application of the resulting metallic
structures. Recently, a DNA origami mould method has been
developed to cast metallic structures inside the DNA
molds.>**** To reduce mould deformation and metal leakage
during the casting process, it was necessary to employ complex
3D multilayered DNA origami structures with closed cavities.®
Subsequently, each new metallic structure required the re-
design of the DNA origami mould, which normally involves
hundreds of new staple strands.

It is of note that all previous studies relied on the use of DNA
structures as permanent templates and binding metallic parti-
cles or growing metals around them. Here we report an
Assemble, Grow and Lift-Off (AGLO) strategy to construct
complex pre-designed gold nanostructures in solution using
only a simple 2D DNA origami sheet as a transient template. By
carefully optimizing the electroless plating conditions, reagents
and most importantly the surfactant, metal deposition and
AuNP seed growth can occur homogeneously in solution with
little aggregation. The produced gold nanostructures consist of
grown and merged AuNPs. They can be lifted off the DNA
origami template as robust and stable standalone particles, and
stay unchanged even with several rounds of urea washing and
ultrasonication treatment. This superior integrity arises from
the complete merging (rather than just touching) between
adjacent AuNP seeds during the gold growth process. We
further investigated this process in detail and identified
a number of crucial factors that dictate the merging process, as
gaps or incomplete merging between AuNP seeds have been
shown to tremendously affect the conductivity and plasmonic
property of the gold nanostructures.*®*»* By introducing
surfactants into the gold growth process, we successfully elim-
inated the requirement of surface immobilization, which is
necessary to prevent aggregation in previous studies.**™*® This
renders the AGLO strategy a solution-based method to fabricate
customizable gold nanostructures, which has a great potential
for scale-up production.

Moreover, we demonstrate that the AGLO strategy can be
incorporated with a magnetic bead (MB) platform to enable the
easy removal and reuse of the excess AuNP seeds to reduce the
cost. The gold nanostructures produced by the AGLO strategy
can be released by strand displacement after the gold plating,
which subsequently regenerates the DNA origami template for
new AuNP seeds assemblies. This allowed us to further push the
AGLO-MB system and reuse the DNA origami template for
a second synthetic cycle as a proof of concept. This will help to
significantly reduce the cost of DNA-templated synthesis. To the
best of our knowledge, this is also the first example of recycling
the DNA origami template in DNA-templated nanomaterial
fabrication. More generally, this method is an important
development in our ongoing efforts to use DNA nanostructures
not as permanent scaffolds, but as transient templates that
provide instructions for materials synthesis.”** In this case,
much like in DNA-templated chemical synthesis, the DNA
origami template assembles the gold nanoparticle structures,
mediates selective gold growth to a well-defined shape, and can
be reused for new cycles after nanoparticle lift-off.
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Results and discussion

In the Assemble, Grow, and Lift-Off (AGLO) strategy (Fig. 1),
DNA-functionalized AuNP seeds are firstly assembled onto
a simple single-layered DNA origami sheet template (Fig. S1at)
to form a pre-designed AuNP pattern (a linear trimer assembly
as an example). To encourage merging between adjacent AuNP
seeds in the following gold growth step, the seeds must be
placed as close to each other as possible; however, this can also
increase the repulsion between the AuNP DNA shells, thus
decreasing the yield of correctly assembled linear trimer. After
a series of optimizations (Fig. S2t1), AuNPs with an average
diameter of around 12 nm were selected as the seeds. They are
uniformly functionalized with strand BS1 (red) or BS2 (green) to
hybridize to corresponding binding sites located ca. 16 nm
apart on the origami template (Fig. S1bt). The origami binding
sites each consist of three sequences extended from the 3’ end
of staple strands (staple-BS1’ or staple-BS2’) to maximize the
binding yield of the AuNP seeds. Short toehold sequences
highlighted in blue in Fig. 1a are left unhybridized for the
following lift-off step.

Next, without further purification of the AuNP-origami
assembly, 0.06% tetrachloroauric(m) acid (HAuCl,) are added
as the gold source (GS) for electroless plating and the growth of
the AuNP seeds. Interestingly, the HEPES (2-[4-(2-hydroxyethyl)
piperazinyljethanesulfonic acid) buffer we use for the AuNP-
origami assembly system is known to undergo oxidation
through a one-electron process and thus can directly act as
a mild reducer to transform the Au®* to Au® species,*”*® which
subsequently deposit onto the AuNP seeds. The slow kinetics of
the reducing process of HAuCl, by HEPES (up to 8 min at room
temperature to complete reaction) provide better control over
the AuNP seed growth, resulting in uniformly-sized gold struc-
tures with roughly spherically grown AuNP seeds. Even slower
kinetics (1.5 to 2 h) can be achieved by carrying out the gold
growth step in an ice bath, which eliminates the random
nucleation of Au® in solution when an excess of gold source is
applied (Fig. S37). As the reduced gold slowly and continuously
deposits onto the pre-assembled AuNP seeds, the growing seed
surface will eventually coalesce and merge with adjacent seeds
to generate one integrated gold nanostructure (Fig. 1b).
Surfactant is crucial to the gold growth process, the absence of
which will lead to fast aggregation of AuNPs once the gold
deposition initiates (Fig. S4T). We also discovered that surfac-
tants play an important role in the merging of adjacent AuNP
seeds during growth, which will be discussed in detail below.
Polyvinylpyrrolidone with an average molecular weight of
360 000 g mol ' (PVP360) was found to have the highest
merging yield among the surfactants investigated and was
applied in all experiments unless noted otherwise.

Given that the merged gold nanostructures after growth are
integrated and stable, the DNA origami template can be
removed by washing the sample with 8 M urea solution (Fig. 1c)
after passivating the gold surface with a small molecule ligand
(PEG7 acid disulfide, OEG). Furthermore, the AGLO product
survives ultrasonication treatment which suggests the merging
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Fig. 1 Schematic illustration of employing the Assemble, Grow and Lift-Off (AGLO) strategy to construct a pre-designed gold nanostructure.
DNA-functionalized AuNP seeds are firstly assembled onto a DNA origami template to form a pre-designed AuNP pattern; supplementary gold is
then slowly deposited onto the surface of the assembled AuNP seeds with the optimized conditions; eventually, the growing AuNP surface will
merge with adjacent AUNPs to generate one integrated gold nanostructure (b); finally the origami template can be denatured and removed (c) or

DNA strand displacement can be carried out to release the gold nanos

between AuNP seeds is complete and the structure is robust. All
AGLO products reported here were washed and ultrasonicated
with urea solution and water several times before TEM char-
acterization. Alternatively, strand displacement can be carried
out after the gold growth and lift-off the merged gold structure
while regenerating the DNA origami template and its binding
sites (Fig. 1d). This allows us to reuse the origami template
based on magnetic bead separation (see below).

Fig. 2 demonstrates the characterization of the AGLO
process on a AuNP seed linear trimer assembly. TEM and AFM
images of the seed-origami assembly before growth show three
AuNP seeds assembled to the DNA origami in a linear pattern
(Fig. 2b and S5at). In this experiment, 1.2-1.5 times of AuNP
seeds were used to increase the binding yield of the assembly
and the excess seeds were not removed before the gold growth,
which explains the AuNP monomers in the background of the
images. After electroless plating and gold growth, the AuNP
seed trimer grew into larger, quasi-spherical shapes and merged
into one continuous gold nanostructure, while the AuNP seeds
without the DNA origami template only grew into larger AuNP
monomers (Fig. 2a). AFM images of the AGLO product after gold
growth (Fig. S5bt) shows that the AuNPs remained anchored on
the DNA origami template throughout the gold deposition
process. After urea washing and ultrasonication, both trimer
and monomer samples were analyzed by agarose gel electro-
phoresis, which confirmed larger gold nanostructure formation
in the AGLO experiment, where a clear lower mobility band can
be observed (Fig. 2¢). The gel bands were subsequently excised,
and the products extracted and characterized by TEM. The
slower-moving band (red) was mostly composed of merged gold
linear trimers, and the faster-moving band contained grown
AuNP monomers (Fig. S5ct). Unlike the smooth surface of
a gold nanorod along the axis, the merged linear trimer struc-
ture has two “neck” junctions at the interface of merging
between adjacent NPs, which have been demonstrated to have
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tructure and regenerate the template (a, d).

distinct plasmon coupling modes and greatly enhanced local
fields.”>** Such morphology uniformity of these merged gold
nanoparticle structures and their off-template integrity in
solution has not been demonstrated in previously reported
strategies.
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Fig. 2 Characterization of the AGLO linear trimer process. (a) AUNP
seeds growth without DNA origami template. (b) AGLO process on
a linear trimer AuNP seed assembly. (c) Agarose gel electrophoresis
analysis of products from (a) (lane 1) and (b) (lane 2); lane 0: AUNP seed.
Gel imaged in white light channel. All scale bars are 50 nm; AFM
images have the same height color scale. See Fig. S51 for more images.
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To gain a better understanding of this process, we examined
the AuNP seed growth and merging process with increasing
amounts of gold source. As shown earlier, the AGLO method
normally works on unpurified AuNP seed-origami assemblies,
and does not require prior removal of the excess free seeds from
solution, as the product is ultimately separated by gel electro-
phoresis (Fig. 2c). However, to study the growth and merging of
neighboring AuNP seeds and conduct statistical analyses, we
used a larger excess of AuNP seeds (7 equiv.) for the assembly
and an extra gel purification step was applied to remove the
excess free AuNP seeds in the seed-origami assembly solution
(Fig. S6t) before the gold growth. Note that this step does not
separate the different AuNP seed-origami assemblies (i.e.,
origami templated seed monomer, dimer vs. trimer) from one
another, and is only performed to remove the excess gold seed.
Increasing amounts of gold source (0-6 pL, 0.06% HAuCl,) were
added to 0.013 pmol purified linear trimer AuNP seed-origami
assemblies (Fig. 3). TEM characterization was carried out on
these AGLO samples after the growth step but before the lift-off
step so that the linear trimer structure remains intact for
analysis (Fig. 3a, see Fig. S71 for additional images). The AuNPs
grew larger in size through electroless plating with increasing
gold source, and once they reached the size threshold to be in
contact with neighboring AuNPs, they started to coalesce and
merge into one continuous structure. The percentage of merged
interparticle gaps in the linear trimer assembly of each sample
is displayed in Fig. 3b. To eliminate human analysis errors, we
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employed a software-based method to determine whether the
gaps were merged (Fig. S8t). Statistics of the final AuNP diam-
eter (perpendicular to the linear trimer axis if merged) distri-
bution in each sample are also shown in Fig. 3¢ with their mean
AuNP diameters (D) and standard deviations shown on the
graph (N = 100). Based on the design, the AuNP seeds should
start touching and merging with adjacent seeds when their
diameter reaches 16.3 nm (Fig. S1b¥). Interestingly however,
Fig. 3 shows that only 6.5% of the interparticle gaps merged
when the seed diameter reached 19 £ 1 nm. This could be due
to the difficulty in resolving a few layers of gold coalescence
from the TEM images. Alternatively, it is also possible that the
AuNPs move apart to a certain extent when their surfaces are in
proximity, because of their repulsive DNA shells and the
bendable single layer origami template. For all samples after
gold growth, the distribution of the final AuNP diameter is
found to be narrow. When the final diameter of the AuNPs in
the linear trimer is plotted against the amount of gold source
applied, the plot fits very well into a sphere volume function
(Fig. 3d and S-VI-3 in the ESIt) and the cube of the diameter is
proportional to the amount of gold source (Fig. 3d inset), which
indicates that the majority of the gold source added to the
system deposited onto the AuNP seed and grew roughly into
a quasi-spherical (or polyhedron) shape with little random
background gold nucleation and formation of other gold
morphologies. This is a large improvement compared to
previous work in the literature.**** We attribute this mostly to
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Fig. 3 AuNP seed growth and merging in a linear trimer assembly AGLO process. 0, 1.0, 1.5, 2.0, 2.5, 3.0, 4.0, 6.0 uL gold source (0.06% HAUCLl,)
was applied individually to eight purified linear trimer AUNP seed-origami assembly samples (each containing 0.013 pmol AuNP seeds) during the
AGLO process. Data of the same sample are color coded for better correspondence. (a) TEM images of each sample after the grow step but
before the lift-off step. All scale bars are 50 nm. See Fig. S7{ for additional images. (b) The percentage of merged interparticle gaps in the linear
trimer assembly of each sample. (c) Final AUNP diameter distributions, mean diameters and standard deviations of each sample (N = 100). (d)
Fitting the mean diameter data (red) or the cube of the mean diameter data (green, inset) of the grown AuNP samples as a cube root function or
a linear function (inset) of the amount of the gold source applied respectively.
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the slow kinetics of the in situ reduction of the gold source by
the HEPES buffer in solution under our AGLO experimental
conditions, giving enough time for the gold source to distribute
homogeneously around the AuNP assembly. The slow genera-
tion of active gold growing species are also likely to keep the
system below the nucleation threshold.

To facilitate the quantitative investigation of the experi-
mental conditions in the AGLO strategy, we developed a soft-
ware-based algorithm that counts the number of different

Chemical Science

gold nanostructures in the TEM images of the AGLO crude
product based on the size and roundness of the particles
(Fig. S91). This allowed us to analyze hundreds of images in
a relatively short time and provided reliable statistical results
(typically N > 1000). Fig. 4a and S10a} demonstrate represen-
tative AFM images of a linear trimer AuNP seed-origami
assembly (after removing the excess AuNP seeds), with an
assembly yield of 52%. This seed-origami assembly was then
subjected to the grow and lift-off steps as before (Fig. 4a to b),
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(a) A representative AFM image of the linear trimer AUNP seed-origami assembly after agarose gel purification. The assembly yield of the

target linear trimer structure is 52%. (b) TEM image of the crude AGLO product with 28 uL gold source (GS) and PVP360 as the surfactant. The
yield of the merged linear trimer target structure is 47%. (c) The distribution of AUNP assemblies templated by the DNA origami before the gold
growth (Blue, statistics from AFM images) and the distribution of AUNP structures in the crude product after the AGLO process (red, statistics from
TEM images). (d) TEM image of the crude AGLO product with 10 plL gold source and PVP360 as the surfactant. The yield of the merged linear
trimer target structure is 34%. (e) TEM image of the crude AGLO product with 10 pL gold source and PVP10 as the surfactant. The yield of the
merged linear trimer target structure is 12%. (f) The distribution of AUNP structures after the complete AGLO process with PVP360 (red) or PVP10
(green) as the surfactant. (g) TEM image of the crude AGLO product with 28 plL gold source and OEG as the surfactant. (h) Schematic illustration
of the gold growth process with PVP360 or PVP10; smaller PVP10 molecules can diffuse into the interparticle gaps and hinder AuNP merging.
Note that structure percentages in the distribution diagrams are calculated differently than the yields (S- VIl in the ESIT). AL TEM images scale bars:
100 nm. See Fig. S107 for additional images.
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followed by TEM imaging. The AuNP seeds grew to around
32 nm in diameter with a merged target linear trimer yield of
47% (Fig. 4b and S10b¥). The yields from AFM and TEM images
are calculated as the total number of AuNPs in the target
structure (linear trimer in this case) over the total number of
AuNPs in all structures. More importantly, we define a target
structure transformation percentage as (merged target structure
yield from TEM)/(target structure assembly yield from AFM) x
100%. This formula measures the efficiency of the AGLO
merging process, which we calculated to be as high as 91% for
the linear trimer structure. Moreover, as can be observed in
Fig. 4c, the distribution of the AuNP assemblies templated by
the DNA origami before the gold growth (blue) were generally
maintained after the complete AGLO process (red). As expected,
applying less gold source (Fig. 4a to d) resulted in smaller AuNP
diameter (around 24 nm) and a lower total yield (34%) of the
target merged linear trimer structure after the AGLO process
(Fig. 4d and S10ct). Interestingly, using the same polymer with
a lower average molecular weight of 10 000 g mol ™' (PVP10) as
a surfactant (Fig. 4a to e) resulted in similar final AuNP diameter
but significantly lower yield (12%) of the merged linear trimer
structure (Fig. 4e and S10d¥). The structure distribution of the
crude AGLO products of the two samples (Fig. 4f) reveals that
the sample with PVP10 (green) contains significantly less
merged linear trimer structure and more AuNP monomers than
the sample with PVP360 (red), while the percentage of the other
structures are comparable. This data indicates that with PVP10

All scale bars: 50 nm.
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the seed-origami structures are less likely to merge during the
gold growth process, and subsequently more likely to disas-
semble during the denaturation and ultrasonication washes.
When a mixture of PVP10 and PVP360 was used as the surfac-
tant, the merging yield was also much lower than that of using
PVP360 only (Fig. S231). These results can be accounted for by
taking the hydrodynamic volume of the two PVP polymers into
consideration. Dynamic light scattering (DLS) analysis revealed
that the apparent hydrodynamic radius of PVP360 in HEPES
buffer is 29 + 1 nm while the radius of PVP10 is only 2.83 +
0.05 nm (Fig. S10ft). Given that the gap size between the seeds
in the seed-origami assembly is ca. 4.8 nm (Fig. S1b¥), the
PVP10 molecules can easily diffuse into the seed gaps and
PVP360 molecules cannot. During the gold growth process, the
PVP10 molecules in the gap will prevent the adjacent growing
AuNP surfaces from contacting and merging (Fig. 4h). More-
over, the relatively weakly binding nature of PVP is crucial to
successful particle merging. In support of this, a strongly
binding and small surfactant (PEG7 acid disulfide, OEG)
completely blocked the merging of adjacent AuNP seeds on the
template (Fig. 4g and S10gt). These results showcase the
importance of using a large, weakly bound surfactant, to
surround the structure but not occupy the gaps between parti-
cles. In addition to the surfactant influence on the merging
yield of the target structure in the AGLO method, we discovered
that the aging of the HEPES buffer under ambient light can also
play a role in the merging of gold nanostructures (S-VIII-2 in the

f) 10 Monomer
. Linear trimer

——— Triangular trimer

QP o

0.6

0.4

Normalized Abs.

0.2

0.0

500 600 700 800 900
Wavelength (nm)

Fig. 5 Schematic design, AUNP seed-origami assembly AFM images and AGLO crude product TEM images of the (a) triangular trimer, (b)
tetramer cluster, (c) Y-shape tetramer, (d) L-shape pentamer and the (e) box-shape octamer gold nanostructures. (f) UV-vis spectra of the
monomer, linear trimer and triangular trimer after AGLO. All scale bars are 50 nm. The target structure transformation percentage of each AGLO
process is marked above the arrows. See Fig. S14+ for additional images.
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ESIt). Our growth and merging mechanistic studies provide
guidelines for future research on the templated construction of
other nanomaterials, including hybrid materials (e.g. growing
silver on gold seed assemblies).

With sufficient knowledge of the mechanism and the effect
of the key components, the AGLO strategy can be easily gener-
alized to construct arbitrary pre-designed complex gold nano-
structures with minimum structural origami design work. As
demonstrated in Fig. 5 (and Fig. S14t), a triangular trimer (a),
a tetramer cluster (b), a Y-shape tetramer (c), an L-shape pen-
tamer (d) and a complex box-shape octamer (e) were success-
fully synthesized with the same origami structure and AuNP
seeds. The merged gold nanoparticles after AGLO give rise to
a longitudinal plasmon resonance that can be observed by UV-
vis spectroscopy (Fig. 5f and S21t). We moved the seed-origami
assembly design more towards the center of the DNA origami
template for better template robustness as the assembly became
more intricate. The target structure transformation percentages
of all these structures were above 80% and up to 92%, which
indicated that the gold growth and merging process was highly
efficient. It is worth pointing out that we did not optimize the
distance of the origami binding sites in these designs individ-
ually and a decrease in assembly yield was observed as the
complexity of the target gold nanostructure increased
(Fig. S141). Employing multi-layered DNA origami as the
template should further increase the yield of more complex
seed-origami assemblies and merged products (S-IX in the
ESIT). More excitingly, it can also be foreseen that with robust
3D origami as templates,*** the AGLO strategy will extend the
programmability and structural complexity of the gold nano-
structures into the third dimension and create pre-designed
and truly arbitrary, standalone hierarchical 3D gold nano-
structures for various potential applications.

Despite the recent advances in the biotechnological mass
production of DNA origami, which can significantly reduce the
price of DNA origami synthesis,* the cost of DNA nanostructures,
especially those with chemical modifications, is still one of the
major factors limiting the practical applications of DNA nano-
technology. In terms of our AGLO strategy, the only chemical
modification on DNA is the disulfide modifications on the
binding strands to conjugate to the AuNP seeds. The excess
amount of DNA-conjugated AuNP seeds employed, along with the
binding strands conjugated to them, can undermine the cost-
efficiency of the AGLO system. In order to recycle the excess
AuNP seeds in a simple and straightforward manner and to avoid
labor-intensive gel purification, we incorporated the AGLO
strategy with a magnetic bead (MB) platform. Firstly, carboxyl
group functionalized magnetic beads were decorated with an
amino group functionalized linker DNA strand through a simple
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) coupling
reaction. Accordingly, three edge staple strands on the DNA
origami template were extended with the complementary
sequence (Fig. 6a), which allowed the DNA origami to stably
anchor onto the surface of the MBs after incubation (Fig. 6b). The
MBs present a brown to light yellow color depending on their
concentration (Fig. 6a inset) while the AuNPs seeds are intensely
red when homogenously dispersed (Fig. 6b inset). The TEM

This journal is © The Royal Society of Chemistry 2020
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image in Fig. 6b shows a MB after incubation with the crude
linear trimer seed-origami assembly, where AuNP seeds assem-
bled on the templates can be observed to attach to the MB surface
while the excess AuNP seeds scattered in the background. With
the help of magnetic separation, the excess AuNP seeds could be
easily removed and collected for the next experiment to assemble
seeds onto the DNA origami template (Fig. 6¢). In the meantime,
the MBs were kept and washed with the buffer several times to
remove non-specifically bound AuNP seeds, resulting in a sample
with recovered light-yellow color mixed with a barely detectable
red color (Fig. 6d inset). The TEM image in Fig. 6d (and
Fig. S16at) shows that the origami templated linear trimer
assemblies were still bound to the MB surface after washing.
Next, gold source was added to the system and the templated
structure grew into the merged linear trimer structure on the MBs
surface (Fig. 6e and S16bt), which gave a light purple color to the
solution (Fig. 6e inset). As discussed before, the merged gold
structure can be lifted off the template through two methods,
which subsequently creates two possible synthetic cycles with
MBs (Fig. 6, Cycle I and II). The more straightforward method is
to denature the DNA origami template with a urea wash and
ultrasonication treatment (Fig. 6f). Subsequently, the detached
AGLO product can be collected through magnetic separation.
TEM characterization of such product reveals merged linear
trimer gold structures with a yield of 40% (Fig. 6g and S16ct),
which is close to the yield of the AGLO process without the MBs.
Meanwhile, since the linking strand is covalently functionalized
to the MB surface, the MBs can be recovered and reused for the
next synthesis Cycle I after thorough washing with water and
buffer (Fig. 6h). To further confirm the compatibility of the AGLO
process and the MBs platform, the L-shape pentamer was also
successfully synthesized on the MB surface (Fig. S177).

In addition to the easy recovery and reuse of the excess AuUNP
seeds and the MBs in Cycle I, the denatured origami scaffold
and the staple strands can also be potentially recovered from
the gold nanostructure products through centrifugation sepa-
ration. In a second possible method, the grown and merged
linear trimer product on the DNA origami template can be
released through strand displacement (Fig. S18t). We thus
designed a synthetic Cycle II with the MB platform that recycles
the intact DNA origami templates anchored on the MB surface
(Fig. 6, Cycle II). As the strand displacement overhangs are
designed to be on the binding strands conjugated to the AuNP
seeds (Fig. 1a), the binding sites of the DNA origami templates
are readily available (Fig. 6j) to anchor AuNP seeds for the next
synthetic Cycle II, directly after the strand displacement and
buffer wash step (Fig. 6i). The excess invading strands used for
the strand displacement can be easily recovered after the
magnetic separation. Preliminary results showed that the
current strand displacement design of the grown gold nano-
structure is rather slow, as the invading strands have to diffuse
into the crowded gap between the grown gold structures and the
DNA origami template. Under these conditions, the MBs tend to
slowly aggregate, which interferes with their recyclability and
reduces the yield. After collection of the trimer product
(Fig. S19%), we reused the regenerated origami template to
conduct a second round of synthesis of the gold linear trimer
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(Fig. s20t), followed by urea wash and ultrasonication. The
correctly arranged linear trimer structure synthesized from the
second round can be observed in the resulting crude AGLO
product (Fig. S20b,t red circle). For further possible practical
applications of the Cycle II system, the MB surface can be
passivated with PEG molecules to reduce non-specific binding
and increase stability under the strand displacement condi-
tions. Future strategies to increase the strand displacement
releasing efficiency include incorporating azobenzene units
into the binding strands for photorelease.®**

Conclusions

In conclusion, we developed an Assemble, Grow and Lift-Off
(AGLO) strategy to construct complex pre-designed gold nano-
structures in solution using only a simple 2D DNA origami sheet

4918 | Chem. Sci, 2020, N, 491-4921

as a versatile transient template. AuNP seeds were firstly
assembled onto the predesigned binding sites of the DNA
origami template and then additional gold was slowly deposited
to the AuNP seeds through the reduction of HAuCl, by HEPES
buffer on an ice bath with PVP360 as the surfactant. As the
reduced gold slowly and continuously deposits onto the pre-
assembled AuNP seeds, the growing seed surface will eventu-
ally merge with adjacent seeds to generate one integrated gold
nanostructure in a pre-designed shape. The gold nano-
structures produced by the AGLO strategy consist of completely
merged AuNPs and thus were robust and stable after removing
the DNA origami template. The structures stay unchanged even
after several rounds of urea washing and ultrasonication treat-
ments. A number of 2D arrangements of AuNP seeds on the
simple DNA origami template were successfully converted into
complex and standalone gold nanostructures with the target

This journal is © The Royal Society of Chemistry 2020
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structure transformation percentage over 80%. These structures
are readily achievable from the same DNA origami template
design by only changing a few staple strands. Compared to
previous methods, the AGLO strategy uses DNA as a transient
template in solution, which allows the recycling of materials for
scalability, while offering much higher structural resolution
and off-template integrity. We also believe that the AGLO
strategy can be extended to 3D arrangement of AuNP seeds with
3D DNA origami structures to construct gold nanostructures
with pre-designed 3D complexity. Furthermore, our mecha-
nistic studies on nanoparticle merging (including methods to
reduce aggregation, background nucleation and filling the
gaps) laid down the foundation for the future DNA-templated
fabrication of integrated hierarchical multicomponent nano-
materials with customizable structures, where different mate-
rials (QDs, silver NPs, iron oxide NPs, etc.) can be incorporated
into one nanostructure in a pre-designed arrangement. The
introduction of new materials into the AGLO strategy will
fundamentally expand the application landscape of the prod-
ucts, and in the case of our gold particles, will result in precisely
tailored nanoelectronics and nanoplasmonic properties.
Moreover, we demonstrated that the AGLO strategy can be
incorporated with the magnetic bead platform to enable the easy
removal and reuse of the excess AuNP seeds to reduce the cost of
the AGLO strategy. We further employed strand displacement to
release the grown gold nanostructures from the DNA origami
template and regenerated the DNA origami template for a second
AGLO synthetic cycle as a proof of concept. With proper design
improvement and system optimization, the AGLO-MB platform
has great potential for cost-efficient synthesis of arbitrarily pre-
designed gold nanostructures. To the best of our knowledge,
this is also the first example of recycling the template in DNA
origami-templated nanomaterials fabrication.

Experimental
AuNP seed and DNA origami assembly

To assemble AuNP seeds to the DNA origami template, 5 nM
DNA origami was slowly added to concentrated AuNP-BS2 and
mixed well with a pipette; after 5 min incubation at room
temperature, concentrated AuNP-BS1 was added subsequently
to the mixture and mixed with a pipette. The mixture was then
slowly annealed over night from 37 °C to 10 °C (incubate at
37 °C for 30 min, cool down to 20 °C with a rate of 11 min per °C;
then heat to 30 °C and incuabte for 30 min, followed by cooling
down to 10 °C with the same rate). For experiments without
agarose gel purification of the excess AuNPs before the gold
growth, 1.5 equiv. of AuNP-BS2 and 1.2 equiv. of AuNP-BS1
(equivalent to the number of binding sites) were used. For
experiments with a following agarose gel purification step
before the gold growth step, 7 equiv. of both AuNP-BS2 and
AuNP-BS1 were applied to further increase the assembly yield.

Purification of seed-origami assemblies

For all experiments with subsequent statistical analysis of the
AFM/TEM images, samples were purified by agarose gel
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electrophoresis to remove the excess gold nanoparticle seeds
added. Directly after the assembly step, the annealed AuNP-
origami solution was mixed with 1/5 volume of glycerol/H,O
(7 : 1 v/v) and loaded on a 0.5-0.6% agarose gel in 1 x TAMg
buffer. The gel was then run at 80 V for 2 h in a cold room (4 °C)
and imaged under the white light channel. The second band
from the bottom contains the target seed-origami assembly,
which is extracted with a Freeze 'N Squeeze™ column. The
assemblies were then re-quantified on the plate reader based on
the absorbance at 450 nm.

Gold growth

In a typical AGLO experiment, 0.065 pmol (regarding to the
AuNP seed) seed-origami assembly was diluted with a solution
containing 150 puL 1 x HEPESMg buffer, 5 uL PVP360/H,O (5 g/
100 mL) and 3.3 pL 10 x HEPESMg buffer in an Eppendorf tube.
The diluted seed-origami solution was then chilled in an ice
bath for 5 min, followed by adding 28 pL gold source (0.06 g/
100 mL HAuCl,/H,O solution) and carefully mixing with
a pipette. The total volume of the experiment solution was kept
at around 200 pL and the HEPES concentration at 0.1 M (1 X
HEPESMg). The solution was then left in the ice bath for 3 h
without disturbance, during which time the solution color will
change from light pink to dark purple/blue. After the incuba-
tion, the Eppendorf was moved from the ice bath to room
temperature and 2 pL 0.1 M OEG/H,O solution was added and
mixed by vortex.

Lift-off standalone gold nanostructures

After a 30 min incubation following the gold growth step, 200 L
8 M urea solution was added to the Eppendorf to denature the
DNA origami template and lift-off the gold nanostructure
product. The crude product was then centrifuged and washed
one more time with 8 M urea and 3 times with Milli-Q water.
Ultrasonication treatment was conducted after each centrifu-
gation to re-disperse the crude AGLO product in urea solution
or Milli-Q water. After washing and ultrasonication treatment,
the crude product was directly imaged by TEM and analysed
without further purification. To lift off the gold nanostructures
by strand displacement, 500 times of both invading strands
were added instead of the 8 M urea solution.
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