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CONSPECTUS: DNA based nanotechnology provides a basis for
high-resolution fabrication of objects almost without physical size
limitations. However, the pathway to large-scale production of large
objects is currently unclear. Operationally, one method forward is to
use high information content, large building blocks, which can be
generated with high yield and reproducibility. Although flat DNA
origami naturally invites comparison to pixels in zero, one, and two
dimensions and voxels in three dimensions and has provided an
excellent mechanism for generating blocks of significant size and
complexity and a multitude of shapes, the field is young enough that a
single “brick” has not become the standard platform used by the
majority of researchers in the field.
In this Account, we highlight factors we considered that led to our
adoption of a cross-shaped, non-space-filling origami species, designed by Dr. Liu of the Seeman laboratory, as the building block
ideal for use in the fabrication of finite one-dimensional arrays. Three approaches that can be employed for uniquely coding
origami−origami linkages are presented. Such coding not only provides the energetics for tethering the species but also uniquely
designates the relative orientation of the origami building blocks. The strength of the coding approach implemented in our
laboratory is demonstrated using examples of oligomers ranging from finite multimers composed of four, six, and eight origami
structures to semi-infinite polymers (100mers). Two approaches to finite array design and the series of assembly steps that each
requires are discussed.
The process of AFM observation for array characterization is presented as a critical case study. For these soft species, the array
images do not simply present the solution phase geometry projected onto a two-dimensional surface. There are additional
perturbations associated with fluidic forces associated with sample preparation. At this time, reconstruction of the “true” or
average solution structures for blocks is more readily achieved using computer models than using direct imaging methods.
The development of scalable 1D-origami arrays composed of uniquely addressable components is a logical, if not necessary, step
in the evolution of higher order fully addressable structures. Our research into the fabrication of arrays has led us to generate a
listing of several important areas of future endeavor. Of high importance is the re-enforcement of the mechanical properties of
the building blocks and the organization of multiple arrays on a surface of technological importance. While addressing this short
list of barriers to progress will prove challenging, coherent development along each of these lines of inquiry will accelerate the
appearance of commercial scale molecular manufacturing.

1. INTRODUCTION

1.1. The Motivation for Large Nanostructures

One can see a point of divergence in the area of DNA
nanotechnology,1−3 one direction in which small, finite
structures are the objective and another domain in which
large objects are to be created.4 At present, pharmaceuticals are
perhaps the best example of the small nanostructure track.4−10

For these systems, size constraints are imposed by the
application space, biological systems, which have intrinsic
pore and vesicle sizes. This domain contrasts strongly with the
optoelectronic application domain, where the optimal size
domain is perhaps bounded on the low side at 1 μm and the
desired large-scale limit seems at this point to be undefined.
The value of producing structures at least on the size scale of a
micrometer on an edge is that such objects, if they could be
positioned, would invite electrical connection to the larger
world through “top down” lithography at a size scale that is
accessible to large numbers of researchers.11−15 While this 1

μm2 scale would most likely not present commercially viable
components, complex systems displaying the equivalent
performance of 100−1000 modular, discrete, or individual
components would invite prototyping efforts by a larger
fraction of the electronics engineering community.16

1.2. Why Pursue 1D

One-dimensional arrayed systems represent the first departure
from the single or discrete motif development path. There are
two major drivers for the development of one-dimensional
systems, quality control and expandability.
1.3. Assembly Diagnostics

One-dimensional systems promise to fulfill the need for
platforms that enable the quantitation of assembly yield
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under well-defined conditions.17−20 As the complexity of
constructs and the density of independent surface bound
species on these increases, there will be increased pressure to
determine the kinetics of assembly, errors in assembly, and
mechanisms for errors in assembly. In contrast to the current
solution phase assembly approach, which is most amenable to
post-assembly characterization, assembly on immobilized 1D
array systems can provide the opportunity for real-time, in situ
characterization of the growth process via high-speed optical
and AFM monitoring systems. Ideally, these systems would
consist of a large number of serially arranged “identical”
platforms with identical relative orientations and, to the extent
controllable, present identical assembly or receptor sites to the
assembly solution. The value of a system with nearly atomic
placement precision over micrometer distances will only be
realized when the ability to characterize the assembly process,
and therefore assembly error processes, becomes common-
place.

1.4. Expanding Dimensionality

The second driver for the development of 1D systems is the
hypothesis that large error rates in finite systems of higher
dimensionality can only be avoided through hierarchical
assembly that is sequentially directed, enabled, or gated. In

this approach, rather than generating a design for a 3D system
that enables one to mix all of the components simultaneously
and allow self-assembly processes to generate a “bulk” structure,
one posits that each step in the assembly process must be
controlled and controllable, such that the step is allowed to
proceed to completion before the next step in assembly is
enabled.21 While this modular and serial approach is not as
intellectually appealing as a one homogeneous reaction solution
approach, particularly in view of the kinetic burden step
completion implies, it may be argued that assembly even in 2D
can be readily foiled through errors in incorporation of building
blocks, which then lead to failures in propagation of the growth
motif.22−24 This Account explores the high yield generation of
finite 1D systems from a building block motif that is thermally
robust, highly reproducible, and well suited for incorporation
into higher dimensional finite systems.

2. CROSS-LIKE STRUCTURE (CLS) ORIGAMI AS A
STANDARDIZED BUILDING BLOCK

The four-armed CLS core motif is shown in Figure 1a. This
structure was originally designed and used successfully by W.
Liu et al. to generate nonfinite 2D arrays of origami.23 As will
be discussed in more detail later, systems can be designed that
will assemble with no preprogrammed termination, which

Figure 1. (a) The cross structure with central overlapped region. (b, c) The two kinds of CLSs used in this study are drawn in blue (CLS1) and in
orange (CLS2) throughout the manuscript for clarity. (d) An illustration of two kinds of connections used to generate two isomeric forms of 1D
arrays from CLS1 tiles. (e) The two kinds of connection used to form 1D origami arrays of finite length from two CLS with different sequences. (f)
caDNAno design showing 6 of the 12 helixes connecting the right arm of CLS1 to the left arm of CLS2. Blue lines are the M13 scaffold, and the red
lines are the end staples including their sticky ends, which are the three extra bases at the 5′ end that complement the scaffold on the arm of the
other cross. (g) Plot of temperature vs time for the first anneals. The CLS anneal program 1 is used to prepare the CLS tiles. (h) The 2nd anneal
uses program 2 to assemble the 1D array by dropping temperature from 50 to 6 °C over a 1-day or a 3-day-anneal. (i) CanDo 3D prediction of CLS
tile structure. (j) Side view of CLS tile. The overall structure of CLS bends downward. (k) Inverted CLS, which is the structure of tiles 3, 4, 7, and 8
in the alternating design. (l) a close up view drawn using Maya showing the location of the streptavidin on CLS1. The streptavidin is shifted 2.4 nm
away from the middle line.
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therefore contain an indeterminate number of building blocks
and might be termed semi-infinite or nonfinite, as opposed to
systems that contain a programmed number of blocks, which
may be termed finite. This building block is quite amenable to
both types of structures. The core motif is assembled from the
7249 base M13 scaffold and 201 short staple sequences, which
includes 177 core staple sequences and 24 edge staple
sequences. The CLS is composed of an overlay of two
rectangular plate like structures, one vertical, with up and down
arms, and one horizontal, with arms to the left and right. Each
arm is composed of 12 helixes. The horizontal plate has a
window region in the center. As shown in Figure 1a, a square,
central region is double-layered when the two plates are
overlapped, with the exception of the window area. This
window in the center of the double layer has the appearance of
an equal sign when imaged using AFM, which enables one to
easily discern the orientation of the CLS (up and down vs left
and right).
There are several unique factors that recommend this four

armed CLS structure for use in 1D and 2D systems and
therefore for use as a standard building block for generation of
macrostructures, both finite and semi-infinite. One of the most
important aspects is that this motif provides an equivalent
mechanism for growth in two perpendicular it presents the
ends of helical domains at the ends of each arm. This
equivalence of binding interactions along both orthogonal
directions means that association and dissociation kinetics will
be, to a first approximation, isotropic, leading to the possibility
of equal growth rates in two dimensions. Although within the
footprint of the design the system has a very high density of
staples, and therefore not only high mechanical stability but
also a high density of binding sites for surface modification, the
cross motif is most amenable to generation of a non-space-
filling tiling. Because the arms bind end to end, square voids
exist along the diagonal direction. This void space may find
future use as “via” space, providing access to the substrate or
providing channels endowing the system with porosity. This
construct, as with most current origami, does not use the M13
plasmid sequence completely, leaving a remainder portion of
the sequence, a tail, uncomplemented and dangling, usually
from the edge of the structure. For single origami systems, this
does not present a problem. However, for systems that are
designed to pack, this excess material at least can provide a
kinetic barrier to assembly (sterics) or at worst can interfere
with assembly, destroying the coherence of the assembly.
However, in the CLS, this tail region is designed to be
positioned in the void space, where it cannot interfere with
assembly.
While optical methods, particularly FRET (fluorescence

resonant energy transfer) have provided insight into the
dynamic structure of particular locations of interest in finite
origami objects, for example, the closure of an origami box,21

extended distance scales require the application of other
methods. In order to obtain a more direct understanding of the
principal structural features that may contribute to any
observed differences in persistence lengths for different
structures, the program CanDo was used to provide a predicted
3D structure for the CLS tile (Figure 1i). CanDo, developed by
M. Bathe et al., is an important program for evaluating origami
structures25,26 and is much more accessible than cryo-EM,27 a
direct imaging tool. The plot is color-coded using the values
computed for root-mean-square thermal fluctuations. This
prediction reveals that the overall structure of the CLS as

modeled is significantly distorted, with the left and right arms
departing most from planarity. In addition to this bending,
deformation at the end of each of the four arms can also be
observed and may be partially explained by the design using a
helix twist of 33.75°/bp or 10.67bp/turn, as opposed to the
standard B-form DNA, which has a 34.6°/bp or 10.4 bp/turn
pitch.28,29 If the twist angle per construct is small, the arrays will
flatten on binding to a solid substrate and the AFM images will
not reflect this twisting. If the twist angle is high and the 1D
array length spans greater than a 180° rotation, then one may
anticipate observing folded arrays via AFM.

3. TYPES OF INTERORIGAMI JUNCTIONS

3.1. Geometrical

Shortly after the invention of origami, Rothemund et al.
demonstrated the significance of helical stacking in origami−
origami interactions.16 While origami do not tend to stack on
top of each other and they do not tend to align alternating to
the directions of the helices, strong interactions between edges
of an origami presenting blunt helical ends can generate
unintended multiple origami parallel along the helical direction.
This interaction is so powerful that it has been suggested as a
sole binding force for origami−origami supramolecular
constructs.30−33 In strong contrast to the majority of origami
structures published to date, in the cross origami design, this
stacking energy contribution adds stability to the interorigami
interactions in two orthogonal directions.

3.2. Sticky End−Sticky End

In the original design by W. Liu et al., the ends of each of the
four arms of the core of the CLS construct were extended using
two sets of 5 bp overhangs.23 This resulted in the equivalent of
two cross constructs, which were entirely different in their
recognition sequences, even though the cores were exactly the
same. An in-depth study of this approach to the generation of
1-D arrays has been recently reported.17 Such use of overhang
sequences minimizes the expense and complexity of assembly
while providing a path to design of systems with a potentially
large number of unique tiles.

3.3. Sticky End−Scaffold
We have taken an alternative approach to generate two different
CLSs used in the majority of our 1D studies. CLS1 and CLS2
are represented by the blue cross and orange cross in Figure
1b,c. The structure and design of the two crosses are identical.
The difference is that each of the folding designs starts at a
different location on the M13 plasmid, which requires the
sequence of every staple to be completely different. Instead of
utilizing the geometrical arrangement of blunt-end stacking
interactions17,30 or pairs of sticky ends,23 the connection
between the CLSs is made by base pairing from sequences at
the end of each arm, which have three extra bases that are
complementary to the m13 plasmid scaffold of the adjacent
CLS arm. In other words, a connection is made through 36
weak single base interactions per arm. To clarify, a screenshot
of a structure map generated using caDNAno of half of one
arm, explicitly showing these interorigami bindings, is shown in
Figure 1f. caDNAno is an excellent open-source program that
can be used to design 3D DNA-origami shapes constrained to a
square or honeycomb shaped framework or lattice.34,35 This
figure presents the first six helixes connecting the right arm of
CLS1 and the left arm of CLS2. This binding results in the
alignment of the “equal signs” and is termed a parallel segment
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(Figure 1e). Combining a top or down arm with a left or right
arm results in alternating segment (Figure 1e). Unique linkages
between any two arms can be programmed through these 36
base complementary matches. For arms where binding is not
desired, these three extra bases are replaced with five thymines,
a technique previously suggested in the literature.16,17,36 These
five thymines prevent nonspecific binding and interfere with or
disrupt the π−π stacking interactions.

4. METHODS AND PROTOCOLS OF ASSEMBLY

Two sources were used for the DNA components necessary to
assemble CLS. The single-stranded M13mp18 DNA plasmid
scaffold was purchased at a concentration of 1.00 μg/μL from
Bayou Biolabs, and all of the staple strands and sticky-end
strand sequences were obtained from Integrated DNA
Technologies Inc. at a 25 nmol synthesis scale and in standard
desalted purified form. In a generic preparation, a solution
composed of a mixture of staple strands, designed sticky ends,
and M13mp18 ssDNA plasmid is brought to a volume of 50 μL
using CLS buffer (1× Tris-acetate-EDTA (TAE) buffer with
12.5 mM of MgCl2). The final concentration of ssDNA plasmid
in the solution is 10 nM, and the molar ratio of the ssDNA
plasmid to each of the other strands is 1:5. To first form
individual CLS blocks, the solution with the designed sticky
ends appropriate for one construct is first annealed in a slow
cooling process, dropping the temperature from 90 to 20 °C
over a 13 h period.
This annealing program is shown in Figure 1g. Equal

amounts of blocks are then mixed together and annealed from
50 to 6 °C for the formation of the finite arrays. Arrays resulting
from a 1-day and a 3-day second anneal (Figure 1h) were
compared and are discussed in the following section.
Because we frequently observe “failure products”, it is useful

to determine whether the incorporated block is the correct type
by marking one of the two structures. Streptavidin has a long
history of use as a marker in DNA nanotechnology37 because

the streptavidin−biotin complex has one of the highest
noncovalent binding strengths in nature, with an associated
free energy of 18 kcal/mol.38−40 In order to make it easier to
identify the blocks, one or two arms of the CLS can be
modified with two closely spaced biotinylated staples during
individual CLS assembly, then labeled through binding with
streptavidin as a high contrast marker before imaging with
AFM.41−44 For example, a single streptavidin marker on one
arm enables us to identify the CLS1 components of the array
and their orientation along all three axes. To break the
symmetry of the CLS, two biotinylated staples were positioned
between the seventh and the eighth helix of the 12 helixes in
the right arm counting from the “up arm” as shown in Figure 1l.
Using streptavidin coding in this manner, we can easily identify
whether an array block or an entire array is facing up or facing
down.

5. GENERATING 1D STRUCTURES
The generation of two broad types of 1D structures is enabled
by the CLS origami motif. One is an “infinite” array, which is a
concatenated origami polymer of indeterminate length resulting
from a single solution reaction. The other is a finite array,
composed of distinct origami elements designed to generate a
predetermined sequence of elements through self-assembly.
5.1. Nonfinite 1D Array

Two different designs, one termed parallel and another named
perpendicular, are represented in Figure 2a,d. The design of
these 1D arrays both begin by considering edge modifications
of the CLS1 core. In the parallel design, we connect 12 helixes
of the right arm of CLS1 via 3 nt long overhanging sticky ends
on staples of the left arm of the neighboring CLS1 as shown in
Figure 1d as R + L. The perpendicular type array was formed
by connecting U and D arms between adjacent origami (Figure
1d; U + D). AFM imaging indicates that both designs yield
long 1D arrays of various lengths when annealed using, for
example, CLS anneal program 1 (Figure 1g).

Figure 2. (a) Schematic illustration of one type of 1D array forming pattern made by connecting CLS1 blocks using R and L arms. The landmark
equal (=) sign is then parallel to the long axis of the array. (b) AFM image of a long 1D parallel array. (c) High resolution AFM image. (d)
Schematic view of the “perpendicular” type of 1D array formation pattern generated by connecting U and D arms of CLS1 blocks. The equal signs
are all perpendicular to the long array direction. (e, f) AFM images of this type of 1D array.
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5.2. Finite 1D Array

5.2.1. Alternating Design. The first of two design
approaches that we have employed to generate origami arrays

of specific lengths is called the alternating design. In this design,
two CLSs, each with a different core sequence, alternate to
form the array (shown in Figure 3a,b,c). By rotating the CLS

Figure 3. Illustrations and AFM images of CLS array for the (a) 4mer, (b) 6mer, and (c) 8mer of the alternating design. (d) Formation statistics for
each type of array. (e) Histogram representing the yield. Full-length arrays were counted as products; all other origami assemblies are represented as
nonproduct.

Figure 4. Illustrations and AFM images of CLS arrays with the parallel design for the (a) 4mer, (b) 6mer, and (c) 8mer. (d) The statistics for
formation of all parallel arrays. (e) Histogram of yields. Full-length arrays were counted as products, and all other origami objects were counted as
nonproduct. (f) The parallel form 8mer as designed, with top side facing up. The streptavidin label appears on the right arm of CLS1 shifted slightly
below the centerline toward the down arm. (g) An upside-down parallel 8mer; streptavidins display mirror symmetry pattern.
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90° clockwise in each successive insertion into the array
sequence, the four arms of both origamis are combined to
create seven different CLS-to-CLS connections. Due to the 5′
to 3′ direction of the scaffold sequence, this alternating design
can only be achieved by flipping tiles 3, 4, 7, and 8 upside down
while tiles 1, 2, 5, and 6 remain facing up. The uniqueness of
each junction design enables us to control the orientation of
each CLS and the order of the CLS in the array. To provide
assistance in process development, one pair of biotins was used
to label the right and left arms of CLS1 in this alternating
design.
Progressive steps along the self-assembly path of this design

were examined by synthesizing the 4mer, 6mer, and 8mer
arrays and using AFM to investigate the yield. Equal volumes of
10 nM solutions of each building block were mixed and
annealed using the 3-day anneal program. A reflection of the
robust nature of this building block motif, consistent with the
reported observations of Liu,23 the 50 °C annealing temper-
ature does not appear to disrupt the staples at the edges, which
are important in selective adhesion. Almost 200 of each type of
array (4mer, 6mer, and 8mer), were evaluated in order to
obtain the histogram shown in Figure 3d. The 4mer, 6mer, and
8mer were found to have yields of 70%, 60%, and 47% for the
completely formed arrays, respectively. The longer the array
was, the lower the yield, as might be expected since the
increased complexity provides an increasing number of failure
modes. In parallel with the 3-day anneal, a 1-day assembly
(termed a second anneal in Figure 1h) was also performed. The
observed yields were essentially the same, which suggests that
kinetic control rather than equilibrium factors determine the
error product distribution.

5.2.2. Parallel Design. The arrays generated with the
parallel pattern (all = signs parallel along the long array
direction) are much less complex in design, having a 2-fold
rotational axis perpendicular to the array plane. Two identical
CLSs bind to each other at the center of the array (Figure
4a,b,c), so only four different blocks are required to form the
8mer shown in Figure 4c. Experiments with this array design
had as objectives not only achieving high yield of origami arrays
of specific lengths but also experimentally determining whether
there were differences in the binding characteristics of the arms
not readily apparent in the design. This is important because
the best building block design will be one that produces an
origami array that is naturally resistant to spiral twisting in
solution and kinking upon drying. Origami arrays based on this
design were assembled, with example images shown in Figure 4.
The arrays are generated by mixing together equal volumes

of 10 nM solutions of preannealed building blocks and
annealing the resulting solutions from 50 to 6 °C over 24 h.
This parallel design produces yields of 86% and 63% for the
4mer and 8mer, which are significantly higher than the yields
obtained with the alternating design. However, the 6mer
suffered from a lower yield than expected from this trend. The
relatively high failure rate can be ascribed to the apparent
stability of monomer, dimer, and tetramer structures.
The two different component blocks used in the design of

the arrays discussed above appear identical in AFM images.
However, for identification purposes, in addition to the “equal
sign”, we used streptavidin as a high Z and therefore high
contrast marker on the surface. Not only does this enable us to
differentiate CLS1 from CLS2, but this marker also can be used
to determine whether CLS1 is right side up or upside down.

Figure 5. AFM images of 8mer of (a) alternating and (b) parallel origami arrays. (c) The calculated persistence length values of arrays. (d, e) The
distribution R of alternating and parallel 8mer arrays, respectively.
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Only one pair of biotins, positioned on only the right arm, was
required for labeling in this parallel design (Figure 4f,g).

6. STIFFNESS AND PERSISTENCE LENGTH
Even a consideration of the few images provided in Figures 3
and 4 seems to indicate that the parallel pattern provides
structures with considerably less bending and kinking of the
observed arrays. This significantly improved linearity of the
arrays increases their potential to serve as substrates or
structural components or spacers for organizing other nano-
materials for applications. We considered 202 alternating 8mer
arrays and 217 parallel 8mer arrays to obtain the end-to-end
distance mean values, ⟨R⟩, standard deviations, and mean
square, ⟨R2⟩ for both designs (Figure 5c). The parallel design
has a longer end-to-end distance vector, and the distance
distribution, represented as a histogram plotted with a bin size
of 50 nm, suggests that the parallel structure has one major
mode (closer to a single Gaussian distribution approaching the
full length of the array). According to the ideal chain model, R
should be normally distributed. A Gaussian curve was therefore
plotted (red line) for comparison in both histogram plots
(Figure 5d,e) based on the mean value and standard deviation
tabulated in Figure 5c. We used one of the special cases of the
ideal chain, the worm-like chain (WLC), to model the 8mer.
Unlike the ideal chain, which is only flexible between discrete
segments, the WLC model considers the segments to be
continuously flexible. The 2D Kratky−Porod model relates the
mean square end-to-end distance with the persistence length
via eq 1:

⟨ ⟩ = − − −R pL p L4 [1 2 (1 e )/ ]L p2 /(2 )
(1)

where R is the of end-to-end distance, the angle brackets
denote the average value, p is the persistence length, and L is
the contour length.45−47 If we assume that a single CLS is
approximately 92 nm from end to end, then the contour length
of a single 8mer is 736 nm. The persistence length of the
alternating arrays is then 130 nm, and p for the parallel 8mer
arrays is 320 nm. These values are significantly lower than those
found for origami tubes.43 While qualitative, because the model
is sequence independent, the departures from planarity
observed in the CanDo model (Figure 1i−k) represent
departures from the WLC model in which bond directions
should be random rather than biased. In the alternating design,
which consists of up to 50% blocks with the “perpendicular”
orientation, significant departures from linearity are observed in
Figure 3a−c coincident with folds located at origami blocks.
These folds result in the formation of the small R structures
represented in the plot in Figure 5d. Such folds are not
frequently observed for the parallel structures, which do not
contain blocks with the perpendicular orientation. We note that
Liu’s 2D origami crystal design included rotational random-
ization at each of the two types of lattice sites, to great effect.23

For the rather short, flat chains studied here, departures from
planarity and twists in the building block unit can significantly
impact the observed persistence length. This bias represents the
greatest, but not the only departure of an anisotropic origami
design from the model.43

7. CONCLUSIONS
This Account reviews efforts directed toward the high yield
fabrication of finite 1D multiorigami arrays. For the longest
finite parallel design arrays considered, the 8mer, the yield was

found to be 63%. From a materials use perspective, on the
order of 77% of all individual origami counted were
incorporated into the 8mer product. While there are certainly
many arrays with errors, more than half of the observed objects
are the fully formed ones. Each linkage in the array is encoded
by its unique sequence. These links not only provide a path
toward product formation, but also can function as multifaceted
error nodes, with potential to act as kinetic traps by creating
error junctions, which can inhibit further growth and product
formation. Higher purity materials may be achieved either
through a separation process, assuming no spontaneous
breaking or via yield optimization. Efforts to produce higher
yields will require identification of these error generating trap
states and the minimization of their impact via optimization of
multiple unique linkage sequences. The parallel design
displayed higher yield and a higher persistence length than
the alternating design. One factor possibly contributing to the
higher yield is the difference in the number of different
junctions required. Only four different junctions were required
to form the 8mer parallel array. In contrast, in the alternating
design the scaffold sequences for each arm are used to encode
two different junctions, one with a “right side up” partner, and
one with an upside down partner (Figure 3c). This can lead to
error junctions since there can be competition for scaffold sites
by more than one type of tile. Such competitive binding at
junctions may present important kinetic trap states.
Addressing several additional challenges will speed the

adoption of origami as a substrate for more complex molecular
machines or circuits. “Standard elements” with high structural
rigidity, designed for ready integration into large nanosystems,
immobilized and aligned on technological substrates such as
silicon, must be made available to the engineering community.
Such immobilization is a necessary precursor to the generation
of electrical, optical, chemical, and mechanical connections to
working nanosystems. The foundations for relatively long finite
1D arrays now exist. Motivated by the success of Liu,23 in
producing nonfinite 2D arrays from CLSs, experiments directed
toward solution phase assembly of finite two-dimensional
systems seeded by these finite 1D arrays are currently ongoing
in our laboratories.
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