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The arrangements of metal nanoparticles into spatially ordered structures is still challenging, but DNA-
based nanostructures have proven to be feasible building blocks in directing the higher-ordered arrange-
ments of nanoparticles. However, an additional DNA functionalization of the particles is often required to

link them to the DNA frames. Herein, we show that ordered 3D metal nanoparticle superlattices could be

formed also by plainly employing electrostatic interactions between particles and DNA nanostructures. By

utilizing the negatively charged DNA origami surface, we were able to assemble 6-helix bundle DNA
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Introduction

Recent advances in the field of nanotechnology have given rise
to a diverse toolbox of nanoobjects with arbitrary shapes, sizes
and material properties. However, effective strategies for con-
trolling and directing their arrangement at the nanoscale are
still needed."” Predefined, highly ordered structures are chal-
lenging and costly to construct using traditional top-down
nanofabrication techniques. Nevertheless, bottom-up strat-
egies that are inspired by nature and rely on self-assembly have
emerged as attractive low-cost alternatives.>* Various bio-
molecules, such as DNA,>® proteins,”® peptides™'® and
lipids,"* have been used as self-assembling building blocks.
Due to its unique chemical and biological properties, DNA is
one of the most promising ones for these purposes.'>"?
Molecular self-assembly using DNA is a compelling
approach to construct structurally versatile, well-defined and
highly addressable nano- and microscale objects.”**® In par-
ticular due to the invention of the DNA origami technique,®
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origami and cationic gold nanoparticles (AuNPs) into well-ordered 3D tetragonal superlattices. Further,
the results reveal that shape and charge complementarity between the building blocks are crucial para-
meters for lattice formation. Our method is not limited to only AuNPs and the origami shapes presented
here, and could therefore be used in construction of a variety of functional materials.

custom-designed DNA-based motifs can nowadays be readily
fabricated and used in various applications such as in drug
delivery,"”*® plasmonics'®>' and enzymatic and chemical
reaction systems.”>>* In addition, DNA nanostructures have
been used to direct higher-ordered arrangements of DNA-func-
tionalized metal nanoparticles.”**> Recently, DNA origami
frames have been used to construct also predefined three-
dimensional (3D) superlattices.>*® Spatially ordered struc-
tures of AuNPs and other metal nanoparticles have unique
electronic, magnetic and optical properties, and are therefore
of great interest in a variety of applications.>**° However, the
programmable arrangement of metal nanoparticles into well-
ordered crystal structures is still demanding, and methods
relying on nanoparticles without further modifications, such
as DNA functionalization, would be highly desirable.

We have previously shown that protein cages, such as
cowpea chlorotic mottle virus,**' tobacco mosaic virus,** and
ferritin,®® can be used to direct the formation of well-defined
AuNP superstructures by employing electrostatic self-assembly.
However, the structural variety of the assemblies achieved
using protein cages is limited due to the predetermined shape,
charge and size of the selected protein. Therefore, it is desir-
able to explore whether programmable and modular DNA
nanostructures could be equally used to organize AuNPs into
well-ordered structures. One of the most powerful techniques
to assemble DNA structures is arguably DNA origami, in which
a long single-stranded DNA scaffold is folded into a predefined
structure through the cooperative action of dozens of comp-
lementary single-stranded oligonucleotides. The DNA origami
technique can be used to construct almost any arbitrary two-
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or three-dimensional nanostructure.'®?*3* Further, due to the
sugar-phosphate backbone of the DNA molecule, the DNA
origami structures carry a high overall negative (surface)
charge, which makes them suitable building blocks in electro-
static self-assembly. Recently, DNA origami structures have
been used together with positively charged collagen-mimetic
peptides to electrostatically assemble lamellar nanowires.*”
Previous studies, in which DNA origami have been electro-
statically coated with virus capsid proteins,*® cationic
polymers,*” *° chitosan®® and protein-dendron conjugates,*'
also demonstrate that DNA origami structures can be com-
plexed with cationic compounds in a feasible way.

Results and discussion

In this work, we show that DNA origami nanostructures can be
used to guide the higher-order arrangement of cationic AuNPs
in a controlled and programmable manner. In addition, we
demonstrate that the size and shape of the self-assembling
building blocks are of major importance for whether an
ordered crystal structure or an amorphous aggregate is
formed. For this study, three different M13mp18-scaffolded
DNA origami; 6-helix bundle (6HB), 24-helix bundle (24HB)
and 60-helix bundle (60HB) (Fig. 1a), were folded (see ESI} for
the staple strands and annealing procedures). Further, cationic
AuNPs of three different sizes were synthesized, all with a
narrow size distribution (see ESIt for the synthesis, character-
ization and data for the “extra-large” AuNP). The AuNPs were
functionalized with either a covalently linked (11-mercapto-
undecyl)-N,N,N-trimethylammonium bromide (MUTAB) ligand
or an alkyl-oxyethylene ligand (Fig. 1b). Due to the quaternary
ammonium group of the ligands, the AuNPs have a highly cat-
ionic surface over a wide range of pH values.

To better understand the electrostatic self-assembly of DNA
origami nanostructures and AuNPs, and the formation of
assemblies, different combinations of DNA origami structures
and AuNPs, as well as the effect of the stoichiometric
ratio between the AuNPs and the DNA origami structures (1aunp/
Torigami) Were studied. Assemblies could be achieved by simply
mixing these two components together, but as it is known that
oppositely charged objects readily form kinetically trapped struc-
tures when mixed together at low ionic strength, we chose to use
dialysis to form ordered DNA origami-AuNP assemblies in a
more controllable way (Fig. 1c). Initially, the components were
mixed together at such a high ionic strength (cxaci =
500-750 mM depending on the AuNP size) that the electrostatic
interactions between the charged components were effectively
screened. Then, by dialyzing the mixture against gradually
decreasing ionic strength, we were able to tune the electrostatic
interaction between the AuNPs and the DNA origami, and there-
fore to create micrometer-sized, ordered assemblies.

The electrostatic binding of AuNPs to the DNA origami
structures was first characterized using an agarose gel electro-
phoretic mobility shift assay (EMSA) (Fig. 2a). A constant
amount of DNA origami solution was mixed with increasing
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Fig. 1 Building blocks used to study the electrostatic self-assembly of
DNA origami and gold nanoparticles (AuNPs). (a) Shape and dimensions
of the three DNA origami structures used in this study: 6-helix bundle
(6HB), 24-helix bundle (24HB) and 60-helix bundle (60HB). (b)
Presentation of the AuNPs, including the chemical structure of the cat-
jonic ligand. (c) DNA origami—AuNP crystal structures were formed
upon dialysis against decreasing ionic strength.

amounts of AuNP solution in order to find the amount of
AuNPs needed to completely immobilize different DNA
origami structures in the gel. When increasing amounts of
small AuNPS (Dcore = 2.5 nm) were used (Fig. 2a, left column),
a clear gradual shift in 6HB electrophoretic mobility was
observed, and further, at a stoichiometric ratio of nauxp/Morigami
~ 150, the 6HB was fully immobilized (Fig. 2a upper left
panel). However, when these same AuNPs were complexed
with the 24HB or the 60HB, no binding between AuNPs and
DNA origami was observed within the studied concentration
range (Fig. 2a, middle left and lower left panels). Larger AuNPs
(Dcore = 10.9 nm), for one, were able to immobilize all of these
three DNA origami at a naunp/Morigami ~ 30-40, indicating an
efficient binding between large AuNPs and all studied DNA
origami structures (Fig. 2a, right column).

In addition to the EMSA, the clustering of AuNPs was
studied with UV/Vis spectroscopy. When the AuNPs bind to the
DNA origami structures, the AuNPs will come into close proxi-
mity with each other, which will further cause their oscillating
electric fields to interact with each other and the surface plas-
mons of the AuNPs to be coupled. As a result, there will be a sig-
nificant shift to longer wavelengths and a broadening of the
surface plasmon band.**** AuNPs with a diameter of ~10 nm

Nanoscale, 2019, 11, 4546-4551 | 4547
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Fig. 2 Electrostatic binding of the cationic AuNPs to the negatively charged DNA origami structures. (a) Agarose gel electrophoretic mobility shift
assay (EMSA) for a constant amount of DNA origami (6HB, 24HB, or 60HB) complexed with increasing amounts of AUNPs (Dcore = 2.5 nm (left) or
Dcore = 10.9 nm (right)). The samples were not dialyzed before loaded into the gel pockets. In the gel images, the green asterisk indicate successful
binding of the AuNPs to the DNA origami structures. Colloidal stability of (b) small AUNPs (D.ore = 2.5 nm) and (c) large AUNPs (Dcore = 10.9 nm)

when mixed with increasing amounts of DNA origami 6HB structures.

have an absorption peak in the region of 520 nm.**** Therefore,
we studied the binding of the AuNPs to the DNA origami struc-
tures by following a shift in the plasmonic peak using the aggre-
gation index Agyy nm/Asz> nm as a measure, where Agyp nm and
Asy, nm are the absorbances at a wavelength of 800 nm and
522 nm, respectively. The magnitude of the plasmonic shift is
highly dependent on the relative distances between the AuNPs,
and it decays with large particle separation distances.’® The
small AuNPS (Dcore = 2.5 nm) have a large ligand size compared
to the size of their core, and therefore there will be no significant
plasmonic coupling and shift in the absorption peak even
though the AuNPs are closely packed (Fig. 2b). However, the
larger AUNPS (Dore = 10.9 nm) with a noticeably smaller relative
ligand size show increased plasmonic coupling and aggregation
with increasing DNA origami and/or NaCl concentration (see
Fig. 2c and ESI}). When the DNA origami structures are present
in the solution, the aggregation index is high already at low NaCl

concentrations, which indicates that large AuNPs tend to bind
easily to the DNA origami. For the combination of these AuNPs
and 6HB, the changes in the aggregation index suggest that a
Naunp/Morigami ~ 20-30 would be optimal for formation of DNA
origami 6HB-AuNP complexes. If the ionic strength is high
enough, the formed assemblies will disaggregate again, which
for the DNA origami-AuNP assemblies can be seen as a drop in
the aggregation index at cyac) ~ 600 mM.

The DNA origami-AuNP assemblies were formed upon
dialysis against decreasing ionic strength, and all studied com-
binations of DNA origami and AuNP yielded assemblies that
were visible with a bare eye as a dark precipitate. To gain more
insight into the structural morphology of the assemblies,
small angle X-ray scattering (SAXS) measurements were carried
out on aqueous samples containing different combinations of
DNA origami and AuNP as well as varying stoichiometric
ratios, naunp/Morigami (Fig. 3 and ESIt). Well-ordered superlat-
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Fig. 3 Structural characterization of DNA origami—AuNP assemblies by small-angle X-ray scattering (SAXS) (a) SAXS data measured from samples
having different stoichiometric ratios between small AuNPs (D.ore = 2.5 Nm) and 6HB structures (Naunp/Norigami)- (b) Measured and calculated struc-
ture factor S(q) for naunp/Norigami ~ 150 (small AuNPs and 6HB). a = 9.25 nm and ¢ = 12.5 nm are assumed in the calculations. (c) Quadratic Miller
indices of assigned reflections plotted as a function of measured g-values (small AuNPs and 6HB, naunp/Norigami ~ 150) (d) SAXS data measured from
samples having different stoichiometric ratios between large AUNPs (D ore = 10.9 nm) and 6HB (naunp/Norigami)-
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tice structures were formed in the case of 6HB and small AuNP
(Deore = 2.5 nm) (Fig. 3a), whereas all other studied combi-
nations produced less ordered aggregates with only a short
range order (see Fig. 3d and ESIf). For the assemblies of 6HB
and small AuNPs, clear diffraction peaks were identified in
samples having a wide range of stoichiometric
ratios. Nevertheless, the best resolved diffraction peaks were
obtained from the sample with nsunp/Morigami ~ 150, while the
diffraction peaks were less evident with increasing/decreasing
Naunp/Morigami- The optimal 7auxp/Morigami ~ 150 is also in
accordance with the obtained EMSA result.

For the combination of 6HB and small AuNPs at 7n,,np/
Morigami ~ 150, additional analysis of the SAXS data was con-
ducted in order to determine the crystallographic arrangement
of the AuNPs. The peak positions of the measured structure
factor, S(g), were found at ¢ = 0.050, 0.069, 0.084, 0.096 and
0.107 A™*, which correspond to reflections from the planes
with Miller indices (7kl) = (001), (100), (101), (110) and (111),
respectively (Fig. 3b). These peak positions can be assigned to
Bragg reflections from a 3D tetragonal lattice (space group
p4mm, number 99) with lattice constants a = 9.25 nm and ¢ =
12.5 nm (Fig. 3c). Further, the heights and peak positions of
the experimental data is also in excellent agreement with
the calculated theoretical SAXS model for a tetragonal system
with similar dimensions.

To confirm the SAXS measurements and to visualize the
formed superlattice structure, we imaged the samples with
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both conventional and cryogenic transmission electron
microscopy (TEM and cryo-TEM) and conducted cryogenic
electron tomography (cryo-ET) reconstruction of the crystalline
assemblies. From the cryo-TEM images (Fig. 4a—c and e) and
cryo-ET reconstruction (Fig. 4f), it is evident that 6HB and
small AuNPS (Dcore = 2.5 nm) form large, micrometer-sized 3D
superlattice structures. Fig. 4e shows frequency domain fil-
tered cryo-TEM images of different projections and the
expected superlattice projection viewed along the same projec-
tion axis, whereas Fig. 4g depicts a schematic view of the
assembled tetragonal superlattice including the lattice para-
meters. The average lattice constants determined from the
cryo-TEM images and cryo-ET reconstruction are a = 8.6 +
0.9 nm (s.d.), ¢ = 11.8 + 1.0 nm (s.d.) (Fig. 4c and d) and a
9.1 nm, ¢ = 11.9 nm (Fig. 4f), respectively, which correspond
well to the lattice constants obtained from the SAXS character-
ization. The lattice constant a is, however, slightly smaller
than would be assumed from the dimensions of the building
blocks, which is likely due to a compression of the rather flex-
ible ligand of the AuNPs, observed also before in electrostatic
self-assemblies formed with this AuNP.>> The lattice constant ¢
gives the interparticle distance along the long axis of 6HB, and
due to electrostatic repulsion between adjacent AuNPs
(without screening effect of 6HB between the particles), ¢ is
longer than a.

Electrostatic self-assembly of 6HBs and small AuNPs
(Dcore = 2.5 nm) yielded highly ordered superlattices, whereas

o
-

| average period:
a,b: 8.6 nm+0.9 nm
1c11.8+1.0 nm

Gray value [a.u.]

GGQQO ‘'o9mea™>
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Fig. 4 Cryo-TEM characterization of the assembled tetragonal superlattices (formed by small AuNPs and 6HB). (a)—(b) Cryo-TEM images of the
superlattices at different magnification. (c) Cryo-TEM image of the superlattice viewed along the [100] projection axis. The inset shows the Fourier
transform. (d) Integrated profiles along the blue and red lines indicated in image (c). (e) Inverse Fourier transform calculated with selected Fourier
components from TEM images along different projection axes (top: hexagonal, bottom: [100]) and a schematic of the unit cell viewed along the
same projection axis. (f) A cryo-ET reconstruction of a selected part of the assembled complexes (left) and a cryo-ET density map along a single
DNA origami structure (middle and right). In the left and middle reconstruction, the grey sphere-like objects are local density maxima, and the
AuNPs are denoted by yellow spheres in the right reconstruction. (g) A schematic of the 3 x 3 tetragonal unit cell assembled from small AuNPs and
6HBs, with the lattice parameters a, b and c.
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all other studied combinations resulted in aggregates with
only short range order. Therefore, the results suggest that both
shape and charge complementarity between the building
blocks are crucial parameters for crystal formation. The 6HBs
are rather flexible and when combined with highly cationic,
much larger (Dorigami ~ 6 NM vS. Dagnp ~ 14-16 nm) AuNPs,
they are prone to bend and wrap around the AuNPs instead of
forming close-packed superlattices with them. The diameter of
the 24HB should be optimal for formation of superlattices
with all three kinds of AuNPs (see ESI} for data for the “extra-
large” AuNP), but its shorter length might not provide the
required cooperativity. The length of 100 nm is not necessarily
long enough to guide the directional growth of the lattice, as
the 24HB that binds to the formed 24HB-AuNP-pair can attach
with almost any orientation. The box-like shape of the 60HB
does neither exhibit a sufficient degree of anisotropy to favour
lattice formation nor provide dimensional complementarity
with these AuNPs. It is therefore expected that 60HB and the
AuNPs assemble only into disordered structures.

Conclusions

In conclusion, we have demonstrated an assembly method
based on DNA origami structures that can direct the formation
of well-ordered 3D AuNP crystalline structures merely via
electrostatic interactions. DNA origami design is nowadays
rather user-friendly,"> and as the programmable DNA origami
structures can be produced at reasonable prices,”” their use in
real world applications is becoming more feasible. Our
method is straightforward to employ, and in contrast to pre-
viously reported DNA origami directed AuNP superlattices,>”
there is no need to functionalize the AuNPs with single-
stranded DNA (ssDNA) sequences. The reported method is not
limited to the AuNPs or the DNA origami shapes presented in
this work. Recently, it was also observed that DNA origami
structures are stable in a wide range of conditions.*® Therefore
we believe our approach is suitable for many other experi-
mental setups. By virtue of the modular DNA origami we
believe that this approach in the future can open up new
opportunities for the construction of a variety of functional
materials with unique properties.
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