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Abstract

DNA nanotechnology has broad applications in biomedical drug delivery and pro-
grammable materials. Characterization of the self-assembly of DNA origami and quan-
tum dots (QDs) is necessary for the development of new DNA-based nanostructures.
We use computation and experiment to show that the self-assembly of 3D hierarchi-
cal nanostructures can be controlled by programming the binding site number and
their positions on DNA origami. Using biotinylated pentagonal pyramid wireframe

DNA origamis and streptavidin capped QDs, we demonstrate that DNA origami with
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1 binding site at the outer vertex can assemble multi-meric origamis with up to 6 DNA
origamis on 1 QD, and DNA origami with 1 binding site at the inner center can only
assemble monomeric and dimeric origamis. Meanwhile, the yield percentages of differ-
ent multi-meric origamis are controlled by the QD:DNA-origami stoichiometric mixing
ratio. DNA origamis with 2 binding sites at the a-y positions (of the pentagon) make
larger nanostructures than those with binding sites at the «f positions. In general,
increasing the number of binding sites leads to increases in the nanostructure size. At
high DNA origami concentration, the QD number in each cluster becomes the limiting
factor for the growth of nanostructures. We find that reducing the QD size can also
affect the self-assembly because of the reduced access to the binding sites from more

densely packed origamis.

1 Introduction

Hierarchical nanostructures of DNA and nanoparticles play an important role in biologi-

5HIZ SIT3

cal sensing,*™ drug delivery,™ programmable materials, and computing materials.

A5 51

Semi-conductive nanoparticles are uniquely important for advanced optical devices
atmospheric chemistry.*% Nature adopts self-assembly approaches to make large and com-
plex biological systems, and this strategy has also proven to be important in fabricating
functional materials and structures.'® Using DNA nanotechnology, Seeman made such self-
assembly programmable in 1982."% DNA origami capable of folding into arbitrary 2D patterns
for extended, infinite systems was invented by Rothemund in 2006,“” and later shown to be
capable of designing 3D nanostructures for finite assemblies in 2009.%Y They were generalized
to arbitrary wireframe assemblies such as nanobricks by the Bathe*#23 and Hogberg?#*® labs.
Such structures allow for DNA programmed nanoparticle assembly of core-satellite colloidal
nanostructures demonstrated accurate and programmable control biological delivery;<® gold

nanoparticle (AuNP) mediated triangular shaped DNA origami assembly in plasmonics ap-

plications;*” self-assembly of cesium lead halide 3D perovskite nanocrystals which exhibited



super fluorescence;*® and the possibility of solving maze for information processing using a
DNA origami 2D platform.

DNA coated nanoparticles (NPs)—e.g. AuNPs and quantum dots (QDs)—can self-
assemble into 3D various colloidal crystals,*” and the crystal structure can be regulated
by the stoichiometric ratio of NP:DNA.®! Emulsion droplets programmed by DNA can con-
nect into polymer-like chains,®# form colloidal foldamers with designed folding angles,®?
or carry multivalence with unique recognition in hierarchical nanostructures.** Protein 3D
lattices were also assembled using DNA origami voxels.®® Calcaterra et al.®® showed that
the process of colloidal crystal formation of DNA coated AuNPs first involves the aggre-
gation of NPs into assemblies, and then their rearrangement into a crystal lattice. Large
DNA coated AuNPs (10 nm in diameter) are programmable atom equivalents (PAEs) that
can directly form colloidal crystals through PAE-PAE ionic bonding.“®® Meanwhile, small
DNA coated AuNPs (2 nm in diameter) are electron equivalents (EEs) similar to electrons
in metallic bonding that can stabilize the PAE lattice.*™® Controlling the valence num-
ber and valence position on NPs is the key to programming colloidal crystals. This has
been realized using single-stranded DNA chains®” and using DNA origami nanostructures.=”
Recently, various additional 2D and 3D hierarchical nanostructures have been assembled by
DNA origami.®?%%4 Using nano-focused hard x-ray tomography, Michelson et al.#? achieved
a 3D visualization of the diamond colloidal crystal lattice assembled by tetrahedral 2D DNA
origami motifs. Chen et al.*! developed a fast assembly technology to make 2D arrays of
QDs with rhombic 2D DNA origami that reduces the fabrication time from days to min-
utes because of the use of a dehydration rehydration process. Their work demonstrated the
power of DNA nanotechnology in fabricating nanoscale quantum rod assemblies, and offered
a path towards scalable and low-cost micro light-emitting diode (microLED) device fabrica-
tion useful for augmented reality (AR) / virtual reality (VR) applications. As the control of

the nanostructure is critical in all of these emerging applications, there remains significant

promise for the discovery of techniques that allow for even greater flexibility and precision



in nanofabrication.

In this work, we use computational models and experiments to demonstrate the self-
assembly mechanism of pentagonal pyramid wireframe DNA origamis connected by QDs as
a possible answer to this need. (For convenience, in the following text, we use the term, DNA
origami, as a short-hand for pentagonal pyramid wireframe DNA origami.) The number
and position of binding sites are programmed on the DNA origami. Although all-atom
molecular dynamics (MD) simulations is capable of accurately calculating the structure
of a DNA chain attached to a QD,**Y it is not able to simulate a large DNA origami
nanostructure. Coarse-grained DNA models—e.g. the oxDNA model*™&—can simulate
one DNA origami nanostructure, but can not simulate hundreds of DNA origamis. To
simulate colloidal crystal self-assembling the Glotzer group developed the HOOMD-blue
molecular dynamics and Monte Carlo package. With the help of this package, they found
that the conformation entropy is very important in the self-assembly process.***% However,
its use entails extensive time dependent observations to reveal the mechanism and kinetics.”
Therein lies the challenge in addressing the spatial-temporal behavior at the middle scales®?
of these systems with structural and dynamically self-consistent equations of motion.

Toward this end, in the present system of interest, we simulated the self-assembly pro-
cess of DNA origami by coarse-graining the space and time at larger scales with models that
have been vetted with experiment. Specifically, we developed a convenient colloidal DNA
origami model that is capable of simulating clustering nanostructures using 500 building
blocks (DNA origamis + QDs) at once; see Fig. . We further show below, that this model
reproduces the self-assembly of these materials seen in experiment. In combination of simu-
lation and experiment, we thus aim to demonstrate the conclusion that these materials can
be programmed through the engineered placement of the binding sites on the DNA origamis.
There is precedent for synthesizing tailorable macroscale architectures using nanoscale ma-
terial building blocks.®® Through the present work, we expand dramatically the number and

variation of the building blocks available for the construction of long-lived stable materials



with nanoscale precision.

2 Methods

2.1 Computational models and methods

Our MD simulations were propagated using the Large-scale Atomic Molecular Massively
Parallel Simulator (LAMMPS) package.”® We replicated the DNA origami and QD single
structures to make 3 different mixing ratios, viz — 100 QDs + 400 DNA origamis, 250
QDs + 250 DNA origamis, and 400 QDs 4+ 100 DNA origamis. The DNA origami and QD
single structures were set as rigid bodies. Based on the precedent from computational and
experimental references,”*“ the biotin-SAv binding energy is between 18 and 40 kcal /mol.
Consequently, we set the biotin and SAv interaction LJ energy constant to 25 kcal/mol. The
NVT ensemble was used in all simulations at a temperature fixed by a Langevin thermostat
to 300 K with the damping coefficient noted in the Supporting Information (SI). The result-
ing diffusion coefficient of DNA origami was found to be circa 116 pm?/s, which matches
the empirical prediction.”® Typically, we first propagated the system with the biotin-SAv
binding interaction turned off for 250 us to distribute the QDs and DNA origamis randomly
and uniformly within the periodic simulation box; see Fig. [IK. We then performed the pro-
duction runs with the biotin-SAv binding interaction turned on. In general, each simulation
is stopped at around 1500 us when the final equilibrium is reached, or not long after 2000
pus which takes approximately 700 computing hours on 24 CPU cores. The total pairwise
potential energy of each trajectory was recorded to check the self-assembly process; see SI
for all such plots. We found that the model approaches equilibrium well within 2000 us if the
ratio of QD to DNA origami is 1:4. The reaction rate approached equilibrium slowly when
the single binding site is at the inner center of the DNA origami. The numerical results
were then fit to analytical reaction rate formula which provided rate constants useful for

extrapolating to the equilibrium behavior.
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Figure 1: Computational and experimental visualizations of QD and origami components.
Pentagonal pyramid DNA origami can be constructed with the biotin binding site at the
inner center (A) or at the outer vertex (B). In all such structures, the edges are of equal
length at 20 nm, and comprised of 10 DNA origami particles with 2 nm diameters (green).
The biotin particle is also 2 nm in diameter (blue). The 9 nm diameter (gray) QD (C) is
uniformly coated with 6 streptavidin (SAv) particles at 5 nm diameters (red). The biotin
binding site numbers and positions on the DNA origami are programmed as following: 2
binding sites at «f positions (D), 2 binding sites at oy positions (E), 3 binding sites at a5y
positions (F), 3 binding sites at a8 positions (G), 4 binding sites (H), and 5 binding sites
(I). The biotin-SAv binding interaction (J) is described by a Lennard-Jones (LJ) potential,
while other interactions are described by Weeks-Chandler-Andersen (WCA) potentials. A
representative snapshot (K) of the initial trajectory (before assembly) shows the 250 QDs and
250 DNA origamis in the 600 nm x 600 nm x 600 nm simulation box (with periodic boundary
conditions in 3 dimensions). A representative Transmission Electron Microscopy (TEM)
image (L) of the clusters from QD:DNA-origami mixing ratio equals 1:1.



2.2 Experimental materials and methods

SAv capped QDs were purchased from Thermo Fisher Scientific. TAE buffers were purchased
from Corning®. DNA oligonucleotides were purchased from Integrated DNA Technologies
(IDT) and all DNA sequences are listed in Tables S2 and S3 in SI. MgCly, were purchased
from Life Technologies Corporation DBA Invitrogen. The custom circular DNA scaffold
pF1A were prepared according to previous work.”” Pentagonal pyramid DNA origamis were
folded in a solution of 15 nM scaffold (pF1A), 150 nM staples, 1 XxTAE, and 12 mM MgCls.,
then annealed over the course of 2 h on a Bio-Rad T100 thermocycler. Folded DNA origamis
were purified by centrifugation and using an ultracentrifugal filter (Amicon 100 kDa). Five
different configurations of binding positions on DNA origamis were constructed and analyzed:
(1) 1 binding site at the inner center, (2) 1 binding site at the outer vertex, (3) 2 binding sites
at the af positions, (4) 2 binding sites at oy positions, and (5) 5 binding sites at all corners
on the pentagon. DNA origamis were incubated with QDs at room temperature overnight.
Due to the biotin-SAv binding interaction, DNA origamis and QDs can self-assemble into
nanostructures. Structural characterizations were carried out by ThermoFisher FEI Tecnai
Spirit TEM at 120 kV. Dynamic Light Scattering (DLS) measurements were performed on
a Malvern Zetasizer Ultra (Malvern Instruments) with three parallel measurements (n = 3).

DLS frequency is calculated from the number (percentage).

3 Results and Discussion

3.1 Stoichiometrically Controlled Nanostructure Self-Assembly for

1 Binding Site on DNA origami

In the materials reported here, we took advantage of favorable biotin and SAv non-covalent
interactions® to connect DNA origamis and QDs. This attraction was successfully lever-

aged earlier in making end-to-end connections between gold nano rods.*! Our computational



coarse-grained model has been benchmarked to experiment.“® Each DNA origami is pro-
grammed through the attachment of 1 to 5 biotin binding sites at various positions, and
QDs are coated with 6 SAv particles; see Fig. [IJA-I. Each DNA origami or QD moves as a
rigid body in the simulations. The biotin-SAv interaction is the only binding interaction,
and it is described by a LJ potential with an energy constant of 25 kcal/mol. All other
interactions are described by the WCA potential;®# see the force field in Fig. . The total
number of DNA origami and QD in the model is 500, which corresponds to a total concen-
tration of 3.85 uM. A representative scheme of 250 QDs + 250 DNA origamis is show in
Fig. [IK. The colloidal DNA origami model structure is compared with the oxDNA model
in Fig. S1 in SI. All force field parameters and simulation details are listed in Table S1 in
SI. We also use experimental benchmarks to confirm the behavior observed in simulations
of nanostructure assemblies as in, e.g., Fig. [I[L.

The pentagonal pyramid DNA origami with 1 biotin binding site can be programmed
at the inner center or the outer vertex; see Fig. and B. When the binding site is at
the outer vertex, the self-assembling products are a range of hetero-structures containing
multiple origamis, which for simplicity we refer to as monomer, dimer, trimer, tetramer,
pentamer, and hexamer when they contain the corresponding number of origamis. These
multi-meric origamis are found in both simulation and experiment as shown in Fig. 2l Clark
and coworkers® reported that 2D hierarchical assemblies of DNA origami dimer and multi-
mer can be synthesized through their fluorous binding interaction. The reaction converting

a monomer to a hexamer is a step-by-step process; see scheme Fig.[2JA. A 2nd order reaction
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Figure 2: (A) Scheme of DNA origami self-assembly with QD when 1 biotin is bound at the
outer vertex of the DNA origami in forming monomer, dimer, trimer, tetramer, pentamer,
and hexamer hetero-structures step-by-step. (B) and (C) Time dependent numbers of dif-
ferent hetero-structures in the simulation box with 250 QDs and 250 DNA origamis, and
with 100 QDs and 400 DNA origamis respectively. (D) Final products found at the end of
simulation for 1 binding at outer vertex of DNA origami using different QD:DNA-origami
mixing ratios. Four black dots in different symbols are from 4 different simulation trajecto-
ries; bars are averages of the 4 black dots. The colored symbols connected by dashed lines
are the long-time limit of the fitted reaction kinetics (Eq.[l). (E) Comparison of DLS cluster
size distribution measurement in experiment, for QD:DNA-origami mixing ratios at 1:1 vs
1:4. The DLS frequency is calculated from the number (percentage). The mean cluster
diameters for the distributions shown here are 21.7 nm and 42.0 nm for QD:DNA-origami
at 1:1 and 1:4, respectively. The inset shows a representative TEM image of a multi-mer at
QD:DNA-origami equals 1:4. Dotted points in (B) and (C) are calculated from 4 different
simulation trajectories; smooth curves are the result from a fit of the data points using Eq. [T
Additional observations are available in Figs. S2-S9 in SI, including cases when 1 biotin is
bound on DNA origami at the inner center.

mechanism provided a good fit to our simulation results:

Ni = k1 Npna % Ngp — ko Npxa x Ny
Ny = ko Npna x Ny — ksNpna x No
N3 = ks Npna x Na — kyNpna x N
Ny = kyNpna x N3 — ks Npna x Ny
N5 = ksNpxa X Ny — ksNpna x N
Ns = kgNpna x N

Ngp = —k1Npna X Ngp

NDNA = —k1Npna X N&a - Z ki1 Npna X N;



where Npya is the number of DNA origamis, Ngp is the number of QDs, and N; is that of
the i-mers. The fitted curves in Figs. and C are calculated using Eq. [1], allowing for the
prediction of equilibrium beyond the computational time limit.

In our simulation model of 250 QDs and 250 DNA origamis, at a mixing ratio, QD:DNA-
origami, equal to 1:1, monomers are the dominant products; see Fig.[2B. When the QD:DNA-
origami mixing ratio increases to 1:4, tetramers become the dominant products; see Fig. [2C.
Unfortunately, the simulation time (ca. 2000 us) was not quite enough to fully reach this
conclusion. Instead, the long-time behavior is obtained by fitting the analytic reaction
rates in Eq. [I] over the simulation time and then extrapolating them to the long time limit.
Consequently, the nanostructured products can be controlled stoichiometrically through the
QD:DNA-origami mixing ratio. Fig.[2D compares the final cluster products among 3 different
QD:DNA-origami mixing ratios. It shows that when these ratios change from 4:1 to 1:4, the
dominant final products shift from monomers to tetramers; see also Figs. S3-S5 in the SI.

The effects from changing the QD:DNA-origami mixing ratio from 1:1 with 1:4 was also
observed in experiments. We use DLS in Fig. [2E together with TEM images in Figs. S6 and
S7 in SI to quantitatively and qualitatively compare cluster sizes at different mixing ratios.
From DLS, we found that when the QD:DNA-origami ratio changes from 1:1 and 1:4, the
mean hydrodynamic diameter and the peak positions of the clusters increase as noted in the
caption. Since DNA origami is softer than the rigid structure assumed in the model 4" it is
not surprising that the hydrodynamic diameter measured in experiment is slightly smaller
than that found in the models as indicated in Fig. [2JA. Meanwhile, in both simulation and
experiment, we found hexamers at the QD:DNA-origami ratio equal to 1:4. According to
the reaction rates, the tetramer products will dominate, and the monomers will be entirely
consumed at QD:DNA-origami equals 1:4. In the TEM images shown in Fig. S6 and S7 in
SI, the monomers and tetramers are dominant at the QD:DNA-origami ratio equal to 1:1

and 1:4, respectively.

When the binding site is placed at the inner center of the DNA origami, the reaction rate

10



is much slower. Therein, we found only monomers and dimers in the products; see Fig. S4
in SI. The dimer formed from an inner-center binding site is a closed structure with 2 DNA
origamis capping the QD that prevents the binding of a third DNA origami. We also found
that increasing the number of DNA origamis in the simulation to achieve a QD:DNA-origami
ratio equal to 1:4 leads to an increased yield of dimers. However, increasing the QDs to a
QD:DNA-origami ratio equal to 4:1 did not result in additional dimers. (See Fig. S8 in SI.)
We found more dimer formation in the experiments (as shown in Fig. S9 in SI) than in the
simulations, % largely because of the softness of the DNA origami is not fully described in the
latter. The reaction rates from k; to kg decease quickly, when the number of DNA origamis
binding to one QD increases; see Fig. S4 in SI. We found that the multi-mer nanostructure
can be controlled by the stoichiometric ratio of QD:DNA-origami: Specifically, increasing
the DNA origami concentration can increase the product nanostructure size. In literature,
using the stoichiometric controlled method, it was also demonstrated that DNA-grafted
nanoparticles can self-assemble into designed 3D crystal structures,”” and DNA origamis

can assemble into various designed 2D nanostructures.*

3.2 Position of the Binding Sites Affects their Structure and Be-

havior

The self-assembly of the nanostructure is spatially programmable. The DNA origamis are
more likely to block each other when 2 biotin binding sites are next to each other at af
positions than if the biotin sites are at a-y positions; thus the structure can be programmed
through the locations of the binding sites. Fig. shows cluster size distribution histograms
of DNA origamis and QDs in each cluster, at a mixing ratio of 250 DNA origamis to 250
QDs. The FS distribution (Eq.[2)) is used to fit the cluster size distributions in Figs. and

4

F, which is based on the analogy between polymer size distributions in polymerization® and

cluster growth:

pz(N) = 22N(1 — x)(N_l) (2)

11
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Figure 3: Comparing behavior resulting from origamis with binding sites at af and vy
positions. The QD:DNA-origami mixing ratio is 1:1 in (A) - (E) and 1:4 in (F) - (J). (A)
and (F) histograms of cluster size distributions obtained by counting the total number of
DNA origamis plus QDs in each cluster. The dashed lines in (A) and (F) are fitted Flory-
Schulz (FS) distributions using the same mean values as in the simulations. The total number
of clusters we found in 4 different trajectories are 235, 145, 349, and 206 in (A) a5 positions,
(A) ay positions, (F) af positions, and (F) ay positions, respectively. (B) and (G) give the
average numbers of DNA origamis and QDs in each cluster from all simulations. (C), (D),
(H) and (I) show representative cluster structures from experimental TEM images (upper)
and simulation trajectories (lower). (E) and (J) compare experimental DLS of cluster size
distributions in solid lines with model fits of the MD simulations in dashed lines. The MD
model dashed lines in (E) and (J) are mapped from the fitted FS distribution in (A) and
(F) using Eq. [3|, respectively. More detailed behavior arising from on DNA origamis with 2
bending sites at the a8 and o~y positions is available in Figs. S10-S16 in SI.

where N is the number of DNA origamis or QDs in the cluster, x is a fitting parameter
and p,(N) is the fraction of clusters with N DNA origamis or QDs. We set = to make the
mean cluster size in the FS distribution match that in the MD simulation. To compare the
FS distribution model fit with the DLS experimental measurements, we must include the
Jacobian in the map of p,(N) (cluster size distribution based on the total number of DNA

origamis and QDs) to p(D) (cluster size distribution based on cluster diameter). That is,

dN

p(D) = pm(N)@ (3)

12
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is calculated from the derivative of the expression, 4F(2)* = N4 (4)?, between

where 3

N and D. That latter equality is obtained by estimating the total volume of a cluster of
diameter D to be equal to the sum of each DNA origami and QD whose diameter d is 20
nm.

The DNA origami and QD number distributions are provided separately in Fig. S11 in
the SI. We found that the distributions from origamis with 2 binding sites a-y exhibit very
large sized clusters, and the average cluster size from the origamis with binding sites at a-y
is larger than those from af positions; see Fig. BB. Using a QD:DNA-origami ratio set at
1:1 in simulations, we found that origamis with 2 binding sites at the af positions lead to
an average cluster with 3 DNA origamis and 3 QDs, and origamis with 2 binding sites at the
ay positions lead to an average cluster with 5 DNA origamis and 5 QDs. We also found that
the largest cluster contains 27 DNA origamis and 20 QDs for origamis with 2 biotin binding
sites at the ay positions, and it contains only 9 DNA origamis and 7 QDs for origamis with
2 biotin binding sites at the af positions; see Fig. S12 in SI. The total pairwise binding
potential energy for origamis with 2 binding sites at the a8 and ay positions are seen to
be the same in Figs. S10 and S11 in SI. This result indicates that the total number of
biotin-SAv pairs are also the same. We can deduce that when both the average cluster size
of origamis with 2 binding sites at oy is larger than those for the a8 positions, and the total
numbers of binding pairs are the same, then the total number of clusters of origamis with 2
binding sites a-y is less than that for the af positions; see Fig. S11 in SI. The corresponding
experimental TEM images and computational models are shown in Figs. and D. The
DLS results confirm the propensity for larger clusters from origamis with binding sites at
the ay positions; see Figs. BE.

When the mixing ratio, QD:DNA-origami, changes to 1:4 in the simulations, we found
that the DNA origami number distributions for origamis with binding sites at either the
af or ay positions lead to an increase in the cluster sizes; see Fig. [BF. The corresponding

QD number distributions show fewer QDs in all clusters; see Fig. S11 in SI. We also found

13



an average cluster size of 6 DNA origamis and 2 QDs for origamis with 2 binding sites at
af, and an average cluster size of 10 DNA origamis and 3 QDs in each cluster for origamis
at 2 binding sites ay; see Fig. [JG. The largest cluster for origamis with 2 binding sites at
the af and a~ positions contains 19 and 44 DNA origamis, respectively; see Fig. S12 in
SI. It remains valid in this limit, we continue to see that origamis with binding sites at
the a~y positions lead to the self-assembly of larger nanostructures than those for the af
positions. Representative experimental TEM images and computational models are show in
Figs. and I. Our DLS results also show that the cluster diameters for 2 binding sites ary
positions is larger than a3 positions; see Figs. [BJ. Meanwhile, the difference in cluster size

at QD:DNA-origami ratio equals 1:4 is much less than 1:1; see experimental results.

3.3 Self-Assembly using 3, 4, and 5 Binding Sites on DNA origami

Increasing the number of binding sites from 3 to 5, we found that the DNA origami number
distributions in all 4 models have large clusters with more than 20 DNA origamis at the
QD:DNA-origami mixing ratio equal to 1:1; see Fig. JA. We also found more than 20 QDs
in large clusters as indicated in corresponding QD number distributions available in Fig. S18
(a) in SI. The largest nanostructures from DNA origami with 3 binding sites at the a7y
positions, 3 binding sites at the a3d positions, 4 binding sites, and 5 binding sites contains
33, 35, 40, and 53 DNA origamis, respectively; see Fig. S19 in SI. The average number of
DNA origamis and QDs in each cluster are shown in Fig. B, which shows that at QD:DNA-
origami equals 1:1, the number of DNA origamis and QDs in each cluster are also the same.
Figure also shows that the average cluster size increases with the number of binding
site increasing, when the number of binding sites is less than 4. The 4 and 5 binding site
models yield similar cluster size distributions, average DNA origamis numbers, and pairwise
potential energies; see Fig. and B, and Figs. S17 and S18 in SI. The 3 binding sites a3~y
positions results in a model yielding slightly larger clusters than using «/36 positions.

An increasing trend in the average cluster size is observed as follows: (2 binding sites af3)

14



< (2 binding sites ay) < (3 binding sites afv) < (3 binding sites a3J) < (4 binding sites) ~
(5 binding sites). Meanwhile, the corresponding average numbers of DNA origamis in each
cluster are 2.9, 4.9, 5.8, 7.6, 8.7, and 8.7. Also, the corresponding average numbers of QDs
in each cluster are 2.6, 4.6, 5.6, 7.4, 8.7, and 8.7. Representative simulation structures for 4
different DNA origami models are shown in Fig. [fIC. Representative TEM images and DLS
cluster-size frequencies for 5 binding sites DNA origami are shown in Fig. [AD.

Meanwhile, increasing the QD:DNA-origami mixing ratio to 1:4 also changes the nanos-
tructures, because the number of QDs limits the cluster growth; see Fig. and F. Com-
paring with the results for the QD:DNA-origami mixing ratio equal to 1:1, the most pro-
nounced distinction is that on average only 3 QDs are found for all nanostructures at the
QD:DNA origami ratio equal to 1:4; see representative simulation behavior in Fig. diG. The
experimental DLS cluster-size frequencies and TEM images are shown in Fig. 4H. The DLS
results confirm that for DNA origami models with 5 binding sites, the average cluster size
at QD:DNA-origami equals 1:4 is much smaller than 1:1, see Fig. S18 (d) in SI. We also
observe that the origamis with 3 binding sites at the a8y positions yield slightly larger clus-
ters than those at the afd positions. At the QD:DNA-origami mixing ratio equal to 1:4,
the total pairwise potential energies and the total number of clusters assembled are very
similar across the 4 different DNA origami models with 3-5 binding sites; see Figs. S17 and
S18 in SI. The size of the largest nanostructures found in simulations are very similar in 4
different models with 3-5 binding sites, and they all contain 34-39 DNA origamis and 11-13
QDs; see Figs. S19 in SI. At the QD:DNA-origami ratio equal to 1:4, the cluster size is
limited by the QD concentration in solution, which reduces the QD number in each cluster.
It turns out that increasing the number of binding sites on DNA origami does not affect the

nanostructure size if the QD number is low; see Fig. S18 (h) in SI.
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3.4 Variation in QD Size Leads to Varying Nanostructure

The QDs reported up to here were made with the same diameter equal to 9 nm. There is
reason to expect that varying their size will have an effect on the resulting hetero-structures.
It may be tempting to posit that the faster diffusion rates of the smaller QDs will lead to
different structures, but these systems would exhibit such kinetic control only if there are
traps that somehow quench them into thermodynamically disfavored structures. Instead, the
size of the origamis generally affect the stability of subsequent additions of origamis because
of blocking effects as we confirm below.

For QDs interacting with DNA origamis containing only one binding site at an outer
vertex, we find in Fig. that relative to the error bars, with decreasing QD size, the number
of monomers remains approximately equal, and the number of dimers increases marginally.
This results because the larger QDs admit the possibility for the addition of more origamis
and hence there is a slight relative depletion in the smaller QD hetero-structures. Moreover,
the number of resulting trimers and tetramers increase within increasing QD size, and no
tetramer is found for the small 5 nm QD clusters. Thus, the DNA origamis on smaller
QDs increasingly block each other spatially, and thereby inhibit the formation of of larger
hetero-structures.

For QDs interacting with DNA origamis containing 2 binding sites at the af positions,
the average cluster sizes are similar for 5 - 9 nm QDs as shown in Fig. [5B. In all of these cases,
the resulting clusters tend to contain 3 DNA origamis and 3 QDs. When 2 binding sites on
a DNA origami are next to each other at the a3 positions, the DNA origamis will spatially
block each other, limiting increases in the resulting cluster size, and suppressing the impact
of the QD size. For QDs interacting with DNA origamis containing 2 binding sites at the
oy positions, we find in Fig. that the 5 nm QDs can assemble into clusters slightly larger
than 7 to 9 nm QDs. The resulting clusters now tend to contain 6 DNA origamis. When
2 binding sites on a DNA origami are far away from each other at the a~y positions, larger

QDs will bring linked DNA origamis closer, but smaller QDs can accommodate linked DNA
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origamis that are farther from each other leading to larger clusters. Comparisons between
representative nanostructures for differently sized QDs are shown in Fig. [fD. The difference
in size between QDs with diameters at 5 to 9 nm is not large and the resulting nanostructure
size differences are not significant. This suggests that small QDs with a smaller number of
SAv may be needed for applications requiring a larger number of connections. But the
fact remains that control of the number and position of the binding sites leads to varying

structures predictably.
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Figure 4: Comparison of resulting structures for DNA origami with 3 binding sites at the
af positions, 3 binding sites at the a6 positions, 4 binding sites, and 5 binding sites. The
QD:DNA-origami mixing ratio is 1:1 in panels (A) - (D) and 1:4 in panels (E) - (H). The
cluster size distributions in (A) and (E) are histograms counting the total number of DNA
origamis plus QDs in each cluster. The dashed lines in (A) and (E) are the FS distributions
fit to the corresponding mean values of the simulations. The total number of clusters in
(A) are 160, 133, 150, and 143 resulting from origamis with 3 binding sites a/37, 3 binding
sites a9, 4 binding sites, and 5 binding sites, respectively. The total number of clusters
in (E) are 173, 133, 116, and 115 for these respective cases. (B) and (F): The average
numbers of DNA origamis and QDs in each cluster from all simulations. (C) and (G):
Representative nanostructures in simulations. (D) and (H): compare using 5 binding sites
DNA origamis Cluster size distributions for DNA origamis with 5 binding sites obtained from
the experimental DLS (solid curves) and from FS distribution fit to the simulation (dashed
curves). The MD model curves (dashed) are mapped from the fits of the F'S distribution using
Eq.[3] The small panel in (D) and (H) show TEM images of representative nanostructures.
More detailed behavior of DNA origamis with 3-5 binding sites is available in Figs. S17-S21
in SI.
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Figure 5: Simulations of QDs in different diameters at QD:DNA-origami mixing ratio of
1:1. (A) The total number of monomer, dimer, trimer, and tetramer found at the end of
simulations using 1 binding site at the outer vertex of DNA origami. (B) The average number
of DNA origami and QD in each cluster for 2 binding sites a3 position on DNA origami. (C)
The average number of DNA origami and QD in each cluster for 2 binding sites a-y position
on DNA origami. (D) Representative nanostructures found in simulations for different QD
sizes. For 5 nm and 7 nm QDs, only 1 long-time trajectory was simulated for each case. The
total number of clusters found in each of the simulations is 88, 93, 42 and 44, for models
with QD 5 nm + DNA origami 2 sites a3, QD 7 nm + DNA origami 2 sites a5, QD 5 nm
+ DNA origami 2 sites ay, and QD 7 nm + DNA origami 2 sites a-y, respectively. (A), (B),
and (C) share the same legend. Four black dots in different symbols are from 4 different
simulation trajectories; bars are averages of the 4 black dots. Additional observations for
different QD size effects are available in Figs. S22-S24 in SI.

19



4 Conclusions

We use computer simulations and experiments to show that by programming binding sites on
the pentagonal pyramid wireframe DNA origami, we can control the self-assembly of DNA
origamis with QDs. Origamis with only one binding site at the outer vertex can produce
multi-mers containing 1 to 6 DNA origamis, while those with a binding site at the inner
center can only produce monomers and dimers.

We calculate the reaction constants (k1 to kg) monomer to hexamer formation, and find
that tuning the stoichiometric mixing ratio of QD:DNA-origami can control the multi-mer
product distribution—e.g., for origamis with 1 binding site at the outer vertex, the monomer
is the dominant product at a QD:DNA-origami ratio equal to 1:1 or higher, and the tetramer
is the dominant product at a QD:DNA-origami ratio equal to 1:4. In both of the cases with 2
and 3 binding sites on DNA origamis, we found that when the binding sites are close to each
other at the af or afy positions, the nanostructure sizes are smaller than those resulting
from the binding sites located at the ay or a9 positions. We also found that increasing the
number of binding sites to 4 or 5 yields similar nanostructure size distribution as 3 binding
sites at the a8 positions. For origamis with multiple binding site DNA| the cluster structure
is related to the stoichiometric mixing ratio of QD:DNA-origami. At a QD:DNA-origami
ratio equal to 1:1, the average numbers of DNA origamis and QDs are also equal. At an
overall QD:DNA-origami ratio equal to 1:4, the DNA origamis block each other from fully
binding to the sites. The nanostructure size is consequently limited by the QD number and
the resulting clusters have QD:DNA-origami ratios close to 1:3. Nevertheless, by changing
the number of binding sites and the binding positions on DNA origami, we can synthesize
nanostructures with self-limited size or make very large clusters. Thus our computational
and experimental methods reveal the sensitivity of structure formation to the position and
number of binding sites, and demonstrate that the binding sites on a DNA origami can be

engineered to control the design of 3D hierarchical nanostructures.
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