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ABSTRACT Nanostructured materials, including plasmonic metamaterials made from
gold and silver nanoparticles, provide access to new materials properties. The assembly
of nanoparticles into extended arrays can be controlled through surface functionalization
and the use of increasingly sophisticated linkers. We present a versatile way to control
the bonding symmetry of gold nanoparticles by wrapping them in flower-shaped DNA
origami structures. These ‘nanoflowers’ assemble into two-dimensonal gold
nanoparticle lattices with symmetries that can be controlled through auxiliary DNA
linker strands. Nanoflower lattices are true composites: interactions between the gold
nanoparticles are mediated entirely by DNA, and the DNA origami will only fold into

its designed form in the presence of the gold nanoparticles.

The directed assembly of composites incorporating metal nanostructures is an important
route to materials with new physical properties, including plasmonic metamaterials.'
Previous work has shown that gold nanoparticles (NPs) can assemble to create
nanoparticle molecules, clusters and crystals with different symmetries and inter-
particle spacings,”” and a new generation of asymmetric NPs®'? promise to allow even
more complex structures. Surface functionalization with single-stranded DNA (ssDNA)
provides flexible control of interactions between metallic NPs, e.g., by preventing
aggregation,™'! reducing polydispersity*' and controlling valency.® A key advantage
of using ssDNA as a ligand is the possibility of engineering inter-particle interactions
through sequence-specific hybridization of complementary linker strands.”” Use of
isotropic DNA coatings to provide short-range entropic repulsion and longer-range

bonding interactions allows the formation of colloidal crystals:>” crystal symmetry and



lattice spacing are controllable through linker lengths, particle sizes and patterns of
pairwise bonding interactions. However, to generate arbitrary lattices and more complex
metallic nanostructures, additional control of the geometry of inter-particle interactions
through anisotropic functionalization'® is highly desirable. This can be achieved by
attaching DNA-functionalized NPs to more complex DNA nanostructures”®'*®
capable of site-specific functionalization with nanometre precision. The DNA ‘origami’
technique, by which a (typically) 7-kbase DNA scaffold strand is folded into shape by
hybridization to hundreds of synthetic ‘staple’ oligonucleotides, allows a very wide
variety of templating structures to be formed.'”* Here, we demonstrate the use of a

hybrid gold-DNA origami nanostructure to provide flexible control of the formation of

periodic arrays of AuNPs.

Results/Discussion

We designed a flower-like DNA origami structure, with a DNA-functionalized AuNP at
the centre (Figure 1, Supporting Fig. S1), to be formed by annealing all components in
a single assembly reaction (Figure 1a). The AuNP is surrounded by radial petals,
approx. 20 nm in length, formed by bundles of four DNA helices (Figure 1b-d). The
scaffold forms one strand of each helix, so each has a unique base sequence and can be
specifically functionalized. Petals are linked at the centre of the structure by scaffold
and staple crossovers (Figure 1d, Supporting Fig. S1). The four helices of each petal
are tightly bound to each other by staple crossovers. There are 32 petals, alternately
arranged in two layers of 16 (Figure 1b). The petals meet in the centre to form a hole of
approx. 15 nm diameter, around which the DNA helices are stacked close together. On

the inner end of each petal, two staples are extended to provide A, (n =4-8) ssDNA



overhangs positioned at the edge of the hole. These hybridize to multiple T
oligonucleotides that are covalently attached to the surface of the 15 nm AuNP through

5 thiol modifications (Figure 1b), binding the AuNP in the centre of the nanoflower.

The nanoflower is created by annealing the DNA scaffold strand, the staple strands and
the DNA-functionalized AuNPs (Method M1) from 65°C to 20 °C over 16 hrs
(Method M2). Equal concentrations of AuNPs and origami scaffolds are used; staples
are in 20x excess. The assembled hybrid structures are separated from excess staples
and unbound AuNPs by gel electrophoresis (Figure le, Method M3). To achieve
higher purity and concentration, the nanoflowers are pelleted by centrifugation after gel
extraction and resuspended (Supporting Figure S2). Transmission electron
micrographs (Figure 1f) show uniform, well-formed nanoflowers. The fraction of
nanoflowers that are well-formed and contain a AuNP is approximately 80 % after gel

purification and approximately 99.5 %. after subsequent spin purification.

Annealing enables formation of the most stable nanostructure, in which the DNA
origami petals are bound around the equator of a single AuNP. The central AuNP is an
intrinsic part of the hybrid gold-DNA structure. If it is not present, the DNA petals do
not unfold but stack approximately parallel to each other to form a rectangular block
(Supporting Figure S3). Later addition of AuNPs does not produce significant

conversion to nanoflowers, even after incubation at 25°C for 24 hrs.

Each part of the DNA origami is identifiable through its unique DNA base sequence,
allowing selective functionalization of the outer ends of some petals with ssDNA linkers
to allow control of subsequent lattice formation (Figure 2a). To create the lattices

shown in Figure 2b-d we separately assembled two batches of nanoflowers, each with



one of two complementary linking sequences (A or B type) repeated at two or four sites
(Figure 2b, 2c¢-d respectively). Each attachment site comprises four petals, each
carrying two ssDNA linkers (Figure 2a). Each linker consists of a spacer sequence of
10 bases (ACATCCAACCCC) to give flexibility and a hybridization sequence of 6
bases (TACTTC and GAAGTA for A and B, respectively).'* Lattices were assembled
by mixing nanoflowers A and B in equal concentrations and annealing from 44 °C to
20 °C over 24 hrs. Hybridization between A and B linkers (Figure 2a) links the
nanoflowers into lattices whose structures are controlled by the relative positions of the

functionalized petals.

Figure 2 b-d shows three different lattices, corresponding to three different choices of
functionalization sites. Two attachment sites separated by 180° produce a chain of NPs
(Figure 2b). Four attachment sites separated by 90° produce a square NP lattice
(Figure 2¢). Hexagonal NP lattices were achieved by using four attachment sites
separated by approximately 120° and 60° (at petal positions 1-4, 7-10, 18-21, and 24-
27) (Figure 2d). (N.B. if distinction is made between NPs on the basis of the slight
difference between A- and B-type linkers, then the corresponding primitive lattices are
square and approximately rectangular, with primitive unit cells containing one of each
NP type.) Supporting Fig S4 contains additional TEM images. Supporting Fig S5
shows nearest-neighbour distribution functions: an average inter-particle spacing of
62(+4) nm was measured for all lattices, consistent with the designed dimensions of the
nanostructure. When lattices are formed at lower temperatures (<30°C), the nanoflower
petals can interpenetrate, decreasing by approximately 25% the inter-particle distance

(Supporting Fig. S6).



The AuNP size, and the distance between the gold surfaces, can be controlled by
electroless deposition of gold ions from solution.”*** Figure 3 shows the result of gold
enhancement performed on the assembled one-dimensional chain after deposition on an
electron microscopy grid (Method M4, Supporting Fig. S7). The reaction was stopped
after 5 sec., sufficient for AuNPs to grow from 15 nm to 60 nm diameter. The enlarged

AuNPs just contact each other: the inter-particle spacing did not change measurably.

Conclusions

We have introduced origami nanoflowers, a class of composite gold - DNA
nanostructure with flexible origami petals wrapped around single AuNPs. These are true
composite structures: a nanoflower will not unfold unless it has a AuNP at the centre.
The origami structures give control of the bonding valency and geometry for otherwise
symmetric NPs, allowing facile control of lattice symmetry. Further control of particle
size and spacing through electroless gold deposition after assembly could be used to
control photonic properties: for example, self-assembled chains with tunable particle
size could be used as plasmonic wave guides.”® Three-dimensional nanoflowers with
radial petals can be envisaged, allowing the construction of three-dimensional NP
crystals. Directional control of the assembly of NPs is an essential tool for the further

27,28

exploration of functional nanostructures such as optical metamaterials and catalytic

superlattices.”’



Methods/Experimental

M1 | DNA functionalization of AuNPs.

DNA functionalization mainly follows protocols from Ding et al.*® and Kuzyk et al.*

Citrate-stabilized colloidal 15 nm AuNPs (British Biocell International) were mixed
with 2.5mM BSPP (Bis(p-sulfonatophenyl)phenylphosphine dihydrate dipotassium salt,
Sigma-Aldrich) and incubated overnight. AuNPs were precipitated by addition of
~0.2 M NaCl (until colour change occurred) and pelleted by centrifugation at 1,600g for
30 min. AuNPs were resuspended in 2.5 mM BSPP solution to a concentration of
200 nM and mixed with a 1,000x excess of 5’-thiolated ssDNA (sequence T,
biomers.net) and 5 mM TCEP (Tris(carboxyethyl)phosphine hydrochloride, Sigma-
Aldrich). After continuous salt titration with NaCl up to 700 mM overnight, the DNA
functionalized AuNPs were purified from the excess of DNA using 100 kDa spin filters

(Amicon Ultra from Millipore).

M2 | One-pot annealing of DNA origami structure with equimolar ratio of AuNPs.

10 nM of P7560 DNA scaffold,' a staple mix containing 200 nM of each DNA staple,
and 10 nM of DNA-functionalized AuNPs were mixed in a buffer containing 10 mM
Tris, | mM EDTA and 14 mM MgCl,, pH8.0 and annealed from 65°C to 25°C over 16
hours (linear temperature ramps: 65°C to 60°C, 0.1°C min'l, 60°C to 40°C, 0.025°C

min™'; 40°C to 25°C, 0.1°C min™).

M3 | Gel purification and concentration of origami nanoflowers.

A- and B-type nanoflowers were prepared separately. Assembled nanoflowers were

separated from excess staples and unincorporated AuNPs by gel electrophoresis (Buffer



A: 1.5 % agarose; 45 mM Tris-borate, 11 mM MgCl,, 1 mM EDTA, pH 8.3; 8°C; 4 hrs
at 3.5 Vem™) (Figure 1e). The nanoflower band was cut from the gel and further diced;
nanoflowers were extracted by squeezing the gel pieces between Parafilm®-covered
surfaces. The resulting droplet was recovered with a pipette and topped up to 1 mL of
Buffer A. The extracted nanoflowers were centrifuged (5,000 g at 4°C for 30 min.) to
remove residual gel fragments and the supernatant was kept for the next step
(Supporting Figure S2a). Nanoflowers were then pelleted by centrifugation at 8,000 g
at 4 °C for 30 min to separate them from origami structures without AuNPs (< 25 %)
which were discarded in the supernatant (Supporting Figure S2b). Pelleted
nanoflowers were resuspended in ~ 10 pL of Buffer A to a concentration of approx.
25nM (measured by the absorption spectrum of the AuNPs). A- and B-type
nanoflowers were then mixed together in an equimolar ratio. Nanoflowers were pelleted
again (5,000 g at 4 °C for 15 min) to achieve higher concentrations (> 25 nM) needed
for the creation of the lattices. The nanoflower pellet was topped up to 20 uL of Buffer
A and annealed from 44 °C to 20 °C over 24 hrs (linear temperature ramps: 44°C to
20°C at 0.025°C min™', 20°C for 6 hrs) to allow the designed hybridisation between the

nanoflower types (A and B) to occur.

M4 | Electroless deposition of metal ions onto assembled nanoflower chains.

10 uL of 5 nM nanoflowers, assembled into chains, was applied to a carbon-formvar
copper TEM grid for 30 sec. Excess sample was removed with filter paper and the grid
allowed to dry. 10 uL of EM GoldEnhance™ (Nanoprobes) was applied to the dried
nanoflower chains. After 5 sec the enhancement was stopped by rinsing with 10 uL
H,O. Nanoflowers were stained with uranyl acetate®® and imaged by transmission

electron microscopy (FEI Tecnai 12 at 120kV).
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Figure 1 | DNA origami nanoflower. a, Nanoflower assembly: ssDNA scaffold (7249
nucleotides) from bacteriophage MI13 is annealed with 244 synthetic ‘staple’
oligonucleotides (typ. 40 bases) and 15 nm AuNPs, functionalized with multiple
covalently-bound oligonucleotides, in a one-pot reaction. b-d, Nanoflower structure. A
DNA-functionalized AuNP is wrapped by a single DNA origami comprising 32 radially
arranged petals, each consisting of four cross-linked DNA helices. Oligonucleotides
attached to the AuNP hybridize to complementary ssDNA extensions to staples in the
centre of the origami to bind the AuNP in the centre of the nanoflower. The scaffold
strand (black) runs through each helix of the nanoflower petals. e, Annealed
nanoflowers were purified from the excess of staples and unbound AuNPs by agarose
gel electrophoresis. Nanoflowers were separated on a 1.5% gel for 4 hrs at 3.5 Vem'™.
The thick red band contains the nanoflowers. The faster, dimmer band contains
unincorporated AuNPs. Slower bands contain nanoflower dimers and aggregates. f,
Transmission electron micrograph (stained with uranyl acetate) showing AuNPs in the

centre of each nanoflower.
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Figure 2 | Ordering AuNPs into different lattices by changing the valency of the
nanoflowers. a, Hybridization scheme (not to scale): A- and B-type nanoflowers are
linked by hybridization of complementary linker oligonucleotides (8 handles per
attachment site). b, Chains of AuNPs were obtained by providing A and B nanoflowers
with two hybridization sites separated by 180°. ¢, Square lattice obtained with four
hybridization sites at 90°. d, Hexagonal lattices obtained with four hybridization sites
with approx. 60° and 120° separation. (See Supporting Fig. S4 for additional electron

micrographs.)
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Figure 3 | Gold enhancement of nanoflower chains. The diameter of the gold
nanoparticles was increased from 15 nm to ~60 nm, after assembly of the chain, by

electroless deposition. The particle spacing remained approximately constant at 60 nm.



