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Bare gold nanocubes and nanospheres with different sizes are
incorporated into a rationally designed 3D DNA origami box. The
encaged particles expose a gold surface accessible for subsequent
site-specific functionalization, for example, for applications in mole-
cular plasmonics such as SERS or SEF.

The site-specific functionalization of anisotropic noble metal
nanoparticles (NP) is a necessary requirement for their controlled
assembly into higher-ordered structures such as dimers." Due to
plasmonic coupling and the resulting enormous local electric
field enhancement (hot spot), dimers of plasmonic NP are
particularly interesting for applications in molecular plasmonics
(SERS and SEF, surface-enhanced Raman scattering and
fluorescence).** While dimers of gold nanocubes (AuNC) yield
lower absolute enhancement factors than dimers of gold nano-
spheres (AuNS), they offer the advantage of a significantly larger
hot spot volume.'*™” A generic approach to label-free SERS using
AuNC dimers with very short gaps (<5 nm) requires the site-
specific protection of AuNC, leaving only one facet accessible for
detecting molecular adsorbates. DNA origami is ideally suited for
achieving this goal, due to the programmable assembly of a
single-stranded scaffold DNA strand by using short ssDNA staple
strands."®>" An important requirement is the use of bare, unfunc-
tionalized AuNC to ensure that, after site specific protection of five
cube facets, the sixth one is accessible for analytes.

We present the design of a cubic, lidless DNA origami
nanostructure (“Pandora’s box”), which can incorporate bare
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AuNP of various shapes and sizes by using multiple thiols
inside the 3D cavity (Fig. 1 right). This strategy avoids the
widely employed molecular functionalization of AuNP with
thiolated oligonucleotides, which would block the metal surface.
Removal of excess unbound AuNP, which interfere with sub-
sequent applications in molecular plasmonics, yields purified
AuNP/DNA origami box constructs.

Fig. 1 illustrates the origami design of Pandora’s box with
four upfolded walls (right). The assembly was performed in a
one-pot hybridization reaction from a single-stranded scaffold
(M13mp18) upon the addition of 260 staple strands. Correct
folding was obtained by using a non-linear annealing ramp
from 80 °C to 20 °C varying from 1 °C min™ ' up to 1 °C/60 min.
In addition to the completely folded box with only one accessible
entrance-site for AuNP, other sterically and more easily accessible
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Fig. 1 Top: Design and one-pot assembly of Pandora’s DNA origami box
(right). Multiple thiols are introduced inside the cavity by replacing staple
strands with protruding handles (red) and adding complementary thiolated
anti-handles (blue). Bottom: The number of upfolded walls (indicated in
bold) can be reduced by selectively omitting staples as shown in the TEM
pictures. Numbers in italics indicate the staples necessary to fold the target
structure.
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origami structures were generated by selectively omitting staple
strands: the planar/2D structure (left) as well as other 3D structures
with 1, 2 or 3 upfolded walls. The introduction of up to 28 thiol
groups was achieved by replacing up to 28 staple strands with
elongated protruding handles, pointing inside the cavity, and
hybridizing thiol-containing complementary anti-handles at these
programmable positions (Fig. 1, left).

For the subsequent incorporation of AuNP, the completely
folded box was employed (Fig. 2). The structure displays four
upfolded walls modified in their inner side with 28 thiol groups
and encloses a cavity with an inner diameter of 25.4 + 1.8 nm.
The synthesis of the anisotropic 18 nm gold nanocubes (AuNC)
requires the surfactant cetyltrimethylammonium bromide
(CTAB)."” CTAB contains a positively charged quaternary ammo-
nium terminus (-NMe;'), which has been demonstrated to
destroy origami structures via strong electrostatic interactions
with the negatively charged DNA backbone.”>** Removal of the
stable CTAB bilayer was achieved by a ligand exchange using
sodium dodecyl sulfate (SDS) and Tween20 after several centri-
fugation and resuspension steps.>* For the conjugation of the
origami to the AuNC, the protected thiolated oligonucleotides
were deprotected by 1 mM tris-(2-carboxyethyl)phosphine (TCEP)
and excess TCEP was removed by five purification steps using
cut-off filters (100 kDa). The AuNC/origami conjugates shown in
the TEM images of Fig. 2 (bottom) were stained by uranyl
formate. One equivalent of the thiolated origami was incubated
with 10 equivalents of 18 nm AuNC over night at room tempera-
ture in 0.5 x TEMg buffer, in the presence of surfactant for
stabilization of the colloid (10 mM Tris, 1 mM EDTA, pH 7.6,
6.25 mM MgCl, with 0.2% [w/v] Tween20). The large TEM image
in Fig. 2 (bottom right) nicely illustrates the incorporation of a
single AuNC inside an intact origami box. The smaller TEM
images in Fig. 2 (bottom left) confirm the successful incorpora-
tion of the nanoparticle.

Fig. 2 Top: Incorporation of gold nanocubes (AuNC) inside the thiol-
modified cavity of Pandora’s DNA origami box. Bottom: Representative
TEM images of 18 nm AuNC inside Pandora’s DNA origami boxes.
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In addition to the 18 nm AuNC also 16 nm AuNC as well as 8,
10 and 15 nm quasi-spherical AuNP (AuNS) were synthesized
and incorporated into origami boxes, previously modified with
16 or 28 thiol groups in their inner cavity (Table 1). An origami
lacking the protruding handles served as a negative control for
demonstrating the thiol-induced incorporation of the nano-
particles. Besides the smallest 8 nm AuNS, which showed a low
extent of unspecific binding (12%), all other nanoparticles were
selectively incorporated into the cavity only in the presence of
thiol groups. In all cases, the binding yield increased with the
number of thiols inside the cavity, going, for example, from
12% for 16 thiols to 50% for 28 thiols in the case of 15 nm
AuNS. Interestingly, the incorporation of the larger AuNS and
AuNC required the use of a two-fold higher Tween20 concen-
tration to ensure colloidal stability, due to their higher propen-
sity to aggregate under high ionic strength conditions. In order
to compare the thiol-based approach presented here with the
widely used hybridization approach,® we performed experi-
ments with gold nanoparticles functionalized with anti-handles
and determined their incorporation yield into DNA boxes
modified only with the complementary handles. The results
indicate a 62% binding yield for 10 nm AuNS (ESL Fig. S1),
whereas for AuNC yields were much lower and negatively
affected by the size of the particle (i.e. 37% for 10 nm AuNC,
6% for 13 nm AuNC), and no incorporation for larger AuNC
(ESL Fig. S2). Thus, while for small quasi-spherical particles
the hybridization- and thiol-driven approaches are equally
efficient, the latter is advantageous for incorporation of cubic
particles and becomes the only method of choice when the
particle’ size exceeds 15 nm. We attribute the geometry-
dependent effect to the larger volume of cubic particles when
compared to spheres of the same diameter. On the other hand,
the lower efficiency of the hybridization-guided incorporation
likely depends on the steric hindrance resulting from the layer of
ssDNA that cover the surface of the nanoparticle (ESI,t Fig. S2).
Also, the electrostatic repulsion between the ssDNA-coated

Table 1 Top: Incorporation of spherical and cubic gold nanoparticles
with different sizes (in nm) into Pandora’s DNA origami box with 28 thiols
inside the cavity. Bottom: Yield as a function of the number of thiols.
Optimal Tween20 concentration for stabilization of the colloid. For the
statistical analysis of all TEM images in every case at least n = 130 origami
boxes were counted

No. of thiols
0| 12% 0% 0% 0% 0%
16| 17% 59% 12% 13% 3%
28| 57% 69% 50% 28% 16%
Tween20 wiv| 0.1% 0.15% 0.2% 0.2% 0.2%
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Before purification:
13-fold excess of AuNP
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Fig. 3 Left: Mixture containing AuNS inside DNA origami boxes, empty
boxes and excess of unbound AuNS. Middle: Purification by agarose gel
electrophoresis followed by gel spin column extraction. Gel analysis shows
TAMRA-labeled origami in the monomeric form (1) and unspecific stacked
dimeric form (2) and the AuNS (3). Right: TEM analysis revealed that after
purification only 14% of counted AuNS are unbound.

particles and the DNA box can significantly lower the binding
efficiency compared to Tween20-stabilized AuNS.

High yield incorporation of AuNS or AuNC requires at least
10 equimolar excess of gold particles with respect to the DNA
origami box. For future applications in molecular plasmonics
(SERS, SEF), unbound gold nanoparticles must be removed,
since they are also optically active. Fig. 3 shows the purification
of the target complex using agarose gel extraction of the desired
band from a mixture of TAMRA-labelled DNA origami (28 thiols)
incubated with a 13-fold excess of 10 nm AuNS (0.5 x TBEMg
6.25 mM with 0.2% Tween20 for colloidal stability). Gel analysis
under fluorescence illumination allows to identify the TAMRA-
labeled origami (left) in the monomeric form (1) and unspecific
stacked dimeric form (2), the AuNS (3) (middle), and a 10-fold
concentrated mixture of both (right). The TAMRA-labeled origami
structures appear dark in the TAMRA fluorescence channel, while
the AuNS appear bright due to their optical absorption. The
highlighted band in the third lane contains the desired origami
monomer/AuNS conjugates (pale reddish color in white light
images of the gel: Fig. S4, ESIT) as well as unloaded DNA boxes.
Upon band excision and spin-column extraction, sample purity
was determined by manual counting of target structures in TEM
images (n = 204). We identified origami monomer/AuNS conju-
gates (n = 64), unloaded origami monomers (7 = 66) and unbound
AuNS (7 = 10), meaning that 86% of all AuNS (n = 74) were bound
inside the DNA box and only 14% were unbound. Removal of
excess AuNS was therefore almost quantitative.

In the future, we plan to use purified origami monomer
box/18 nm AuNC conjugates as building blocks for construction of
dimeric architectures for SERS. The adsorption of thiolated
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supramolecular ligands such as molecular tweezers on the acces-
sible gold facets of the AuNC could enable the SERS spectro-
scopic monitoring of peptide/protein recognition.®
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