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A critical challenge in nanoparticle (NP) surface functionalization is to label the NP surface
with a single copy of a functional group or to display multiple, unique molecules on the NP
surface with control of the orientation and inter-molecular distance. Recently, a few elegant
strategies have been developed to obtain nanoparticles with stoichiometric control of the
number of attached ligands. These methods include the use of gel electrophoresis to isolate
gold nanoparticles bearing discrete numbers of DNA oligonucleotides,[1,2] micron-sized
beads with a large surface area to minimize the contacts between small nanoparticles to
create monofunctional DNA-nanoparticle conjugates,[3,4] an ordered monolayer coating to
create polar singularities on the nanoparticle surface,[5] and a stepwise surface-encoding
protocol to assemble symmetric and asymmetric nanoclusters.[6] Nevertheless, the
challenge of achieving a single NP with multiple molecules arranged at spatially addressable
locations on the particle surface still remains. By transforming the symmetric surface of a
spherical nanoparticle into an asymmetric surface, control over the functionalization can be
achieved.

Here we demonstrate the application of spatially addressable, self-assembling DNA origami
nanocages to encapsulate gold nanoparticles and interrupt the symmetry of their surface
(Figure 1). DNA origami is a technique in which a long, single strand of genomic DNA is
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folded into a variety of predesigned shapes through the direction of approximately 250 short,
staple strands.[8-17] Due to the unique sequence of each staple strand, DNA origami
structures possess addressable binding sites with ~ 6 nm resolution and have been utilized as
templates to direct the assembly of metal nanoparticles, carbon nanotubes and biological
materials.[18-29] Figure 1B and C illustrate the design and dimensions of the DNA origami
cage. The structure is based on the honeycomb lattice design demonstrated by Shih and co-
workers[9], with modifications that result in a 10 nm x 10 nm (cross section) inner cavity,
an ideal size for the encapsulation of nanoparticles. Specifically, the cage contains 124
parallel helices; the length of each is ~6 full helical turns with two crossovers connecting
adjacent helices. The outer dimensions of the cage are 41 nm x 24 nm x 21 nm, with inner
cavity dimensions of 10 nm x 10 nm x 21 nm. (see supporting information for details of the
design, strand sequences and experimental methods). To prevent end-to-end stacking, two
thymine nucleotides were added to staples strands located at outer extremities of the helices.
The DNA origami cage was annealed and subsequently purified using agarose gel
electrophoresis (a typical gel image is shown in Fig. S1) and after using uranyl formate for
negative-staining, transmission electron microscopy (TEM) was used to visualize the
purified DNA origami cage. TEM images (Fig. 1D) confirm the formation of DNA origami
cages with nearly 100% yield, and reveal that the structures adopt one of two possible
orientations when deposited onto the TEM grid (Fig. 1E).

After verifying the nanocage had formed, the encapsulation ability of the cage was tested
using 5 nm, spherical AuNP. The surfaces of AuNPs were covered with ssSDNA (15
nucleotides in length) that was designed to hybridize with complementary probes displayed
on the inner surface of the origami cage cavity. To compare the capture efficiency of 5 nm
AUNP inside and outside of the cage, a single capture strand (15-nt ssSDNA: 5'-
AAAAAAAAAAAAAAA-3Y) was projected from both surfaces (Fig. 2A and Fig. S11).
DNA cages (containing capture probes) were prepared by mixing the capture strand
(purified by PAGE) with the M13 scaffold and unpurified staples strands with a 1:1:10 ratio,
and subsequently annealing the mixture (see Sl for experimental methods). 5 nm AuNPs
(covered with ssDNA complementary, see Sl for detailed information) were mixed with the
preassembled cages with a ratio of 1:2.5, and slowly annealed from 40°C. DNA cages with
captured NPs were then purified by agarose gel electrophoresis and imaged by TEM (Figure
2A, S4, and S14).

Analysis of TEM images reveals that AUNPs are captured by single probes located on the
outside cage surface with a much higher efficiency (> 90%) than probes placed on the inside
of cages (~36%). The lower efficiency of inner encapsulation may be due to the increased
steric hindrance and limited space within the cavity. A strong, electrostatic repulsion
between the DNA-AUNP conjugate and the inside walls of the DNA cage will also affect the
efficiency of AuNP loading. The images show that a single probe does not hold the AuNP
exactly in the center of the cavity and most of the AuNPs can be seen close to the opening of
the channel, especially when viewed from the side (see additional images in Fig. S4).

To improve the encapsulation efficiency of the inner cavity, several (2-4) capture probes
were added to the inner surface. When two capture strands were added to opposing, inner
cavity walls, the loading efficiency increased dramatically to ~98% and nanoparticles were
fixed in the center of the cage more often (Fig. 2B). When three or four capture strands were
extended from various inner faces, 5 nm AuNPs were firmly anchored in the center of the
cavity with loading efficiencies reaching nearly 100% (Fig. 2C and 2D). Based on these
results, three inner capture probes were utilized for all subsequent experiments described
below. Cryo-EM imaging (without negative staining) was used to reconstruct a 3D
tomogram of the DNA cage containing a 5 nm AuNP. Figure 2E shows an example of the
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cryo-EM image and Figure 2F shows Z projections of the completely reconstructed
tomogram from two different views of the structure, further verifying its 3D geometry.

The ability of the nanocage to discriminate between nanoparticles of various sizes was
tested; 10 and 15 nm AuNPs with the same ssDNA on their surface were synthesized and
used for study. We anticipated that the 10 nm AuNP would encounter some degree of steric
hindrance, but would ultimately be encapsulated, and the 15 nm AuNP would be too large to
fit within the cavity. The 10 nm AuNPs were successfully encapsulated by the cage with
~93% efficiency (slightly lower than for 5 nm AuNPs) and most particles were fixed in the
center of the cavity (Fig 3A and S8). The lower yield is reasonable because 10 nm AuNPs
that are covered with 15 nucleotide long ssSDNA have an expected hydrodynamic diameter >
10 nm, resulting in a significantly crowded inner cavity. TEM images also show that for 10
nm nanoparticles, the cage is subject to a certain degree of deformation as a result of the
relative dimensions of the cavity and the particle, especially when viewed from the side.
However, the DNA cage structure possesses enough mechanical flexibility to accommodate
a foreign object with slightly larger dimensions than the inner cavity.

When the cage was loaded with 15 nm AuNPs, the encapsulation efficiency was reduced to
68% (Fig. 3B and S9). To accommodate the larger size AuNPs, the DNA cage had to
undergo severe deformation and the TEM images illustrate how 15 nm particles are
generally located at one end of the cage with most of the particle surface still exposed to the
outside. Although 15 nm particles are too big to fit within the cavity, the relatively high
yield of attachment is probably a result of displaying three capture strands inside the cage,
providing a strong enough binding force to hold the AUNP and DNA cage together. TEM
images reveal the intrinsic flexibility of DNA nanostructures that allows the cage to bend
and make room for the large NP, responding to the external, enthalpic requirement to
maximize the DNA hybridization.

The outer surface of the DNA origami cage was modified with probes at addressable
locations to capture other particles. We utilized this modification to demonstrate how the
symmetry of a spherical nanoparticle surface can be broken; a 5 nm AuNP was encapsulated
inside the DNA origami cage and a discrete number of 5 nm AuNPs were attached to
defined positions on the outside surface of the cage. To achieve this, single stranded capture
probes were incorporated at unique sites on the outer surface of the cage and 5 nm AuNPs,
functionalized with sequences complementary to the capture strands, were recruited. The
molar ratio between the origami cage containing the particle inside and the external particle
is 1:3. The assembled structures were purified by gel and imaged using TEM. Figure 4A
shows a DNA cage containing a 5 nm AuNP inside, and a separate 5 nm AuNP outside. The
yield of fully assembled structures with AuNPs inside and outside is ~85%. Additional
AUNP structures with unique geometries were produced when cage structures with 5 nm
AUNPs encapsulated inside were modified at various positions on the outside surface with
two or three 5 nm AuNPs. The TEM images shown in Fig. 4B, C and D demonstrated
designs with 90° and 180° between the particles, with formation efficiencies of ~80%,
~84% and ~37% respectively. Table 1 summarizes the AuNP loading efficiency for all the
constructs described here.

In conclusion, we have demonstrated the ability of a DNA origami nanocage to encapsulate
gold nanoparticles of various sizes. The spatially addressable surface of the DNA origami
capsule presents an opportunity to interrupt the symmetry of spherical nanoparticles and
provides a platform for further functionalization. Recently, Sleiman and co-workers
constructed a DNA nanotube with alternating larger and smaller capsules for the size-
specific encapsulation of gold nanoparticles (AuNPs), with selective release of the particles
in response to externally supplied DNA. [30] By integrating the above strategies, the
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programmability of DNA cages and tube constructs can be utilized for a wide variety
molecular encapsulation and release tasks, such as site specific protein bioconjugation,
which may lead to an artificial structural platform for engineering novel bio-inspired,
biomimetic and biokleptic materials.
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Figure 1.

Schematic diagrams and TEM images of DNA origami cages. A) Schematics illustrating the
challenge of assembling discrete nanoparticle architectures with site selective
functionalization of the spherical nanoparticle surface. B) The formation of a DNA origami
cage using short staple strands (red) to direct the folding of single stranded M13 DNA
(green loop). Single stranded capture strands extend in or out of the DNA cage at specific
positions. C) 3D and side view of the DNA origami cage, with 41 nm x 24 nm x 21 nm
outer dimensions and 10 nm x 10 nm x 21 inner dimensions. D) Zoom out TEM image of a
DNA origami cage (scale bar: 50 nm). E) Zoom in TEM images of DNA origami cages,
displaying two different orientations.
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(A-D) TEM images of DNA cages with 5 nm AuNPs inside, encapsulated using different
numbers of capture strands. (A) one; (B) two; (C) three; and (D) four capture strands. The
samples were negatively stained with uranyl formate to improve the imaging contrast. (E) A
typical cryo-EM image without negative stain showing the DNA cage with a 5 nm AuNP
encapsulated inside. (F) The Z projections of the complete reconstructed cryo-EM
tomogram from two different views. Planes x and y correspond to the black arrows shown
on the model to the right; x corresponds to the top view easily seen in the un-tilted
micrograph, while y is the face coming into view as the sample is tilted. The bold red arrow

shown on the model indicates the rotation axis.
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Figure 3.

TEM images of DNA cages encapsulating 10 nm and 15 nm AuNPs using three capture
DNA strands. (A) 10 nm AuNP; (B) 15 nm AuNP. The samples were negatively stained
with uranyl formate before imaging.
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Figure 4.
TEM images of DNA cages with one 5 nm AuNPs inside, and various numbers of 5 nm
AuNPs outside. The samples were negatively stained with uranyl formate before imaging.
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