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Automated design of 3D DNA origami with non-

rasterized 2D curvature

Daniel Fu't, Raghu Pradeep Narayanan?t, Abhay Prasad>t, Fei Zhang?, Dewight Williams>,

John S. Schreck®, Hao Yan3*, John Reif'*

Improving the precision and function of encapsulating three-dimensional (3D) DNA nanostructures via curved
geometries could have transformative impacts on areas such as molecular transport, drug delivery, and nano-
fabrication. However, the addition of non-rasterized curvature escalates design complexity without algorithmic
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regularity, and these challenges have limited the ad hoc development and usage of previously unknown shapes.
In this work, we develop and automate the application of a set of previously unknown design principles that
now includes a multilayer design for closed and curved DNA nanostructures to resolve past obstacles in shape
selection, yield, mechanical rigidity, and accessibility. We design, analyze, and experimentally demonstrate a set
of diverse 3D curved nanoarchitectures, showing planar asymmetry and examining partial multilayer designs.
Our automated design tool implements a combined algorithmic and numerical approximation strategy for scaf-
fold routing and crossover placement, which may enable wider applications of general DNA nanostructure

design for nonregular or oblique shapes.

INTRODUCTION

DNA origami (1) is an enticing technique for nanoscale design
because of its simple and consistent design principles (2-7), from
which it can produce self-assembling (8—14), spatially organized
nanomaterials (15-17) to study nanoscale phenomena (18-31).
The catalog of DNA origami shapes and their respective underlying
design strategies has become increasingly varied by exploitation of
algorithmic principles and optimization of synthesis conditions
(32-36). Many three-dimensional (3D) DNA origami shapes can
also be designed in such a way as to serve as a separating barrier
between encapsulated internal moieties and an external environ-
ment. Emerging applications using encapsulating 3D DNA nano-
structures have affected areas such as nanoparticle synthesis (37,
38), low-volume reactors (39, 40), templated assembly (41-43), mo-
lecular transport (44-48), or drug delivery (49-53). These applica-
tions often demand rigid, hollowed structures or, in other words,
capsule-like functionality. Thus far, DNA nanostructures tailored
toward interdisciplinary applications remain constrained to a rela-
tively limited variety of forms; most are still based on designs arising
from strategies that are founded upon a traditional strategy where
helices are straight and parallel to a common vector (2).

Earlier work proposed a contrasting strategy based on curved
DNA helices, which were better suited for developing a wide
variety of capsule-like structures (3, 4). Curvature can provide a
finer-grained discretization of addressable locations and geometries
(31, 38, 42) and create enclosed shapes with larger compartments
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more economically than block-based designs (39, 52). Curved
motifs also align more closely with naturally occurring or globular
molecules (43) while still maintaining an enclosed space that is suit-
able for consolidating molecular activity.

However, while the benefits of novel DNA nanostructures that
are stable, curved, and fully enclosed and that achieve practical
yields are evident, the high complexity of designing these structures
has hindered its accessibility to researchers. Furthermore, current
design principles for enclosed, curved DNA nanostructures have
mostly been demonstrated for single-layer nanostructures, which
limit the achievable rigidity and applications. This work expands
the design space of enclosed, curved DNA nanostructures and in-
troduces the DNAxiS [Computer-aided design (CAD)] for DNA
nanostructures with axial symmetry) software tool to automate
the corresponding escalation in design tedium. We introduce -pre-
viously unknown, multilayer design strategies (33-36) specifically
for curved DNA nanostructures under the term reinforcement,
which leads to increasing the overall yield and stability by only tar-
geted application of multilayer design principles to segments in the
structure. DNAXIS is the first CAD software tool implementing
probabilistic algorithms to perform crossover selection and the
first for the design of capsule-like curved DNA nanostructures,
with a specific focus on those with axial symmetry (DNAXiIS is
standalone, open-source software with more information and an
online version available at http://caddna.cs.duke.edu).

RESULTS

Design principles of curved, enclosed DNA origami
nanostructures

DNA origami nanostructures are typically synthesized by annealing
in one-pot reactions using a large set of short oligonucleotides
[<100 base pairs (bp)] called staples to “fold” a long (>1000 bp)
single-stranded DNA strand termed the scaffold into a desired
physical conformation (I). Subsequences of a staple strand bind
to corresponding complementary sequences upon the scaffold
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strand, and where a continuous staple sequence binds between dis-
continuous sequences on the scaffold will generate a crossover on
the staple DNA to link the two discontinuous domains of the scaf-
fold. Therefore, the particular placement and distribution of cross-
overs across the entire sequence (we refer to as the crossover
network) play an important role in maintaining the overall shape,
stability, and rigidity of the resultant nanostructure by balancing
and distributing strain.

Curved DNA origami nanostructures are created by applying
those fundamental techniques to a template based on arranging
helices as circles. Each circular helix, or ring, and its adjacent
rings have varying z axis placement and circumference, thus
forming rounded, extruded structures with non-rasterized curva-
ture within the xy plane. The full, enclosed geometry is designed
by calculating circumferences of adjacent pairs of rings to reduce
gaps down to the interhelical distance (§ = 2.6 nm). Furthermore,
circumferences are rounded to make an integer number of DNA full
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turns and to the closest multiple of a crossover factor, choosing one
of 3,4, or 5 consistently for the entire structure; the chosen value is a
common divisor of the number of crossovers that are formed
between each pair of nearest neighbor rings and, by doing so, pro-
motes symmetry and regularity in the design. When rings are
planar, this corresponds to 48 or 50 bp.

Because of these differences in circumference throughout the
structure, the nominal twist of B-form DNA cannot always be per-
sistently preserved. As specified by previous work (4), placing cross-
overs such that all sections of the DNA helices are between 9 and 12
bp per turn will help to maintain a high yield of the intended struc-
ture. Furthermore, the crossover network is interspersed such that
adjacent crossovers are not set too close, which can concentrate
strain upon that segment of the structure and lower yield, or not
too far, which may not provide enough strain to maintain curvature
against the persistence length of DNA. This corresponds roughly to
a crossover spacing of two to five full turns of DNA between
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Fig. 1. Overview of the DNAXiS design process. (A) User input is a 3D model in STL file format generated in the user’s graphics design software of choice. (B) The
vertices of the STL build a point cloud that is upsampled to avoid gaps when extracting the shape's outline (fig S1). (C) A circle-based mesh is extracted from the point
cloud. (D) The structure can be made selectively multilayer by adding rings outward from the starting mesh. (E) A helical twist is calculated from the circumference and
used to convert each circle of the mesh into a DNA helix ring. (F) Crossovers are densely applied upon the template using either a greedy algorithm or a simulated
annealing algorithm. (G) Conventional scaffold sequences are applied to generated corresponding staple sequences within specified length bounds. (H) Staple sequenc-
es are annealed with the corresponding scaffolds, sometimes multiple orthogonal sequences as needed, in a one-pot reaction to produce DNA nanostructures of the

designed shape.
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adjacent crossovers spanning the same pair of helices. (Example cir-
cumferences resulting from variations in these parameters are
shown in table S1.)

Moreover, creating curvature on such short double helices will
naturally result in a higher strained conformation of double-strand-
ed DNA, which can cause a higher number of staples to bind incor-
rectly, thus lowering the overall yield of properly formed DNA
nanostructures. This is more strongly expressed in curved nano-
structures because of the presence of each staple being more
crucial for preserving local curvature. Multilayer designs not only
provide redundancy in staple density to overcome binding errors
but are also expected to be more mechanically rigid (33, 34),
while careful design choices and synthesis conditions can further
promote the formation of well-formed structures.

Overview of DNAXiS software and challenges to curved
DNA nanostructure design

DNAXS is the first software tool to implement a general algorithm
for designing curved DNA nanostructures respecting the above
constraints while extending the design space to accommodate mul-
tilayer designs. The lattice-free nature of helix placement and cross-
over placement of curved DNA origami design distinguishes it from
the capabilities of previous design algorithms and interfaces (6, 7,
32, 54-56). The design of multilayer, curved nanostructures face
unique challenges primarily emerging from the presence of contin-
uous, curved helices, as opposed to straight or disjointed helices.
Without a strong basis for algorithmic regularity or crossover peri-
odicity arising from straight helices, DNAxiS instead applies

A Single-layer, aligned circumferences

heuristic algorithms that closely mimic concepts and approaches
applied by a human designer when routing a scaffold strand or dis-
tributing a crossover network in DNA origami nanostructures.

The overall internal processing procedure of DNAxiS is illustrat-
ed in Fig. 1, and an overview of the crossover placement algorithms
is described later. In summary, the process begins by specifying a
shape via a standard triangle language (STL) file externally designed
in the user’s 3D design software of choice (e.g., SolidWorks, Fusion
360, Blender, etc.) (Fig. 1A). The model is processed to extract a
shape that is discretized into a ring-based mesh (Fig. 1, B and C,
and fig. S1), where each ring represents the placement of a circular
DNA helix. Additional rings can be manually placed, which can be
used to indicate an expansion of the mesh to a multilayer design.
The user also helps to define the scaffold routing and nearest neigh-
bors (Fig. 1D and fig. S2). The total mesh, replaced by DNA helices
(Fig. 1E), is referred to as the template. The template specifies the
position of each helix and its nucleotides in a coordinate space. The
crossover placement algorithms are then applied upon the template
to connect the helices together via crossovers (Fig. 1F), finally de-
termining a dense-enough crossover network that can be exported
toward synthesis (Fig. 1, G and H).

A major challenge for moving into a curved design space is that
crossover positions no longer appear with a small periodicity in
curved DNA nanostructures as they do with straight helices, appear-
ing once every several turns instead of once every one turn (fig. S4).
Some existing methods of 3D DNA origami design form encapsu-
lating nanostructures using rectilinear designs (2, 37-40). Others
can estimate curvature by cyclically linking short, straight sections
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Fig. 2. Alignment principles for single/multilayer, curved, closed-shell DNA nanostructures. (A) As a single-layer structure without varying circumferences, the
crossover network of a cylinder is no more complex than a flat DNA origami rectangle. Local patterns of a few crossovers can be repeated globally, as the dihedral
angle and crossover periodicity are the same for all pairs of nearest neighbor helices. (B) Extension of design principles to multilayer, curved, and closed-shell DNA
nanostructures significantly complicates the design space for determining valid crossovers. Each crossover pattern between pairs of nearest neighbor helices is
unique because of a different dihedral angle and varying helical twists. Rather than repeating a simple local pattern, each crossover, typically up to 200 when fully
using a single M13mp18 scaffold, must be carefully positioned. DNA origami nanostructres were designed using caDNAno software. DNA origami nanostructures

were designed using caDNAno software.”
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by single-stranded corners (56). The straight edges in these design
methodologies do not have problems with low crossover periodic-
ity, but this can either introduce gaps or undersample the desired
curvature. The irregular circumference of curved DNA nanostruc-
tures also obfuscates crossover positions, especially to a human de-
signer. Curvature in the most basic curved structures, such as a
cylinder, can still exploit the global repetition of local crossover pat-
terns in a similar fashion to DNA origami based on straight, anti-
parallel helices. As shown in Fig. 2, a shift to multilayer, curved
structures from single-layer, vertically aligned patterns expand the
problem space as each pair of adjacent helices may require a unique
crossover pattern. This is the most substantial departure from pre-
vious DNA design strategies and their automations. Furthermore,
these irregularities often force a designer to choose nonideal cross-
over positions, which additionally contribute strain into the struc-
ture. Considering crossovers in a rated and ranked order can offset
damaging overselection of crossovers that have high contributions
of global strain. This problem is also more prevalent in multilayer
structures, where each helix connects to more nearest neighbors and
further complicates the placement of adjacent crossovers within a
single helix due to reducing the average spacing between adjacent
crossovers. Lower spacing shortens the length of continuous
regions of complementary staple to scaffold sequences. Then,
weaker binding of each staple strand reduces yields.

Crossover network heuristic optimization algorithms

Several constraints are active in determining valid crossover posi-
tions to fully determine a crossover network for forming the nano-
structure. Potential crossover positions between a pair of helices are
first determined by looking for collinearity of a bisecting vector
through the dihedral angles between any pair of adjacent nucleo-
tides (fig. S3). Then, all pairwise combinations of crossover posi-
tions are evaluated for their alignment, which is the expected
distance that a backbone bond between crossover nucleotides
must overcome to form the crossover. Impractical crossover posi-
tions are eliminated above a threshold for their alignment, indicat-
ing that the two points on each helix are too far apart. The
remaining set of crossover positions is then ranked by alignment.
Worse alignments are believed to lead to worse yields, although
this has not been fully quantified. Second, crossovers are ranked
by their base pair distance from another crossover. The leading
crossover of this list is then popped and applied in an order depend-
ing on two separately implemented algorithms for crossover
placement.

The initial strategy of completing the crossover network imple-
ments a unique algorithm (fig. S5) that makes a single pass through
the nanostructure and leads to localized improvements. In this strat-
egy, crossovers between each pair of helices are an independent
problem. Between each pair of adjacent helices, the algorithm
aims to create a fixed number of crossovers by always accepting
the best-ranked crossover, updating that list, and repeating this
process. Upon failure, the accepted threshold of crossover align-
ment is incremented to provide more options and avoid starving
a crossover set with overly tight constraints for connecting subse-
quent pairs of rings. This method can be fast but makes little con-
sideration for global context of each crossover and risks an
imbalanced or skewed placement across the entire geometry.

A simulated annealing method can improve upon this strategy
by implementing a heuristic optimization algorithm (figs. S6 and
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S7) that finds a global optimum through a biased random walk
through a series of minutely different conformations of the cross-
over network. In this augmented strategy, crossovers between pairs
of helices are dependent on the solution of their neighboring pairs.
Each state is scored by the highest-spaced pair of crossovers, and the
goal of the algorithm is to find a crossover network with as low of a
score as possible, implying a high and uniform density of cross-
overs. It begins by initializing a temperature factor T with a high
integer value (e.g., T = 30). As the state space is traversed, paths
are rejected when the score of the new conformation exceeds the
score of the current conformation plus the temperature factor.
This biases the walk toward finding a global optimum while provid-
ing opportunities in the random walk to escape traps of local
optima. This method is much slower, taking up hours for large
structures (fig S8), but can implement denser, more uniform cross-
over networks with minimal effort from the user.

Experimental evaluation of curved, enclosed DNA
nanostructures with crossover networks generated by
heuristic algorithms

A mix of these localized and global heuristic approaches toward
freeform design was then verified in simulation and experimental
demonstration of some archetypal geometries—bowl, gourd, and
sphere—which vary in their inflection between concavity and con-
vexity along different axes, while also differing between sharp or soft
inflections. The bowl is hyperbolic with a vertical axis parallel to the
axis of rotation. The inflection occurs between helices that have, in
order, 10.17, 11.25, and 10.58 bp per turn of helical twist, therefore
limiting the number of crossovers that will align on small periods.
Its inflection point at the rim of the bowl is approximately 48°, so
crossovers to each adjacent helix from their common, middle helix
will likely differ by only 1 bp along the helix. Under conventional
and stringent constraints, there would be scarce choices for cross-
overs, but via a relaxation of spacing and alignment criteria, addi-
tional valid crossovers are found and applied to form the structure.
The gourd is hyperbolic with a vertical axis perpendicular to the axis
of rotation. Multiple inflection points demonstrate that there is no
issue for the outline of the structure to follow a freeform path. The
sphere is designed to be fully multilayer. As opposed to single layer,
each helix can potentially have crossovers to three nearest neighbor
helices rather than only two. For the larger circumferences within
the structure, to maintain crossover spacing and density, as many as
20 crossover positions may need to be found along a single helix to
maintain a stable connection with each of its neighbors. Crossover
choices from a single helix also propagate to and reduce crossover
choices available for an adjacent helix, which creates a decision-
making chain that appears intractable for a human designer but
can nonetheless be implemented by a series of fairly straightforward
queries in computational design.

As DNAXIS also exports to formats compatible with widely used
molecular dynamics simulators, such as oxXDNA (57-60), we were
able to prototype designs more economically in silico in conjunc-
tion with experimental demonstrations. Figure 3 shows the design
and characterization of each archetypal geometry. Mean structures
calculated from molecular dynamics simulations indicated that
structures were likely to form the intended shape. Thus, we proceed-
ed to test them experimentally, with yields characterized by agarose
gel electrophoresis (AGE) and structures observed by transmission
electron microscopy (TEM). All shapes formed with good yields
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Fig. 3. Experimental verification of automated design principles. (A) Bowl design evaluates convex and concave inflection horizontally with respect to its axis of
rotation. Scale bar, 40 nm. (B) Gourd design evaluates convex and concave inflection vertically along its profile, perpendicular to the axis of rotation. Scale bar, 40 nm. (C)
Sphere is designed with two layers, one nested and one encapsulating, to evaluate the extension of design principles to multilayer structures. Scale bar, 40 nm.

(bowl = 70.38%, gourd = 22.44%, and sphere = 10.85%) (figs. S9
to S14).

However, while the bowl and gourd formed well, a portion of
other single-layer designs that were designed and characterized
did not, either with low yields or showing malformed geometries
(Fig. 4, D, F, and H, and figs. S15 to S20). We continue by designing
multilayer versions of those single-layer designs under similar cri-
teria to the sphere. In particular, we were interested in whether an
extension of the automated methods toward multilayer structures
could generate structures of the same shape but with higher yield
and improved shape accuracy.

Evaluating yield and feature formation in

multilayer designs

Thus, the efficacy of reinforcement was tested. Partial multilayer
designs are created by the addition of two design principles. First,
multilayer sections are defined by adding coplanar helices outward
from each helix within a chosen section of the single-layer design
(fig. S1). All planes are perpendicular to the shape's axis of rotation.
This forms another layer with a similar topology as the single layer.
In addition, the path of the scaffold through the helices is fulfilled in
plane first, forming a “zig-zag" pattern (fig. S2). This allows any-
where along the structure to be reinforced, instead of only at the
top or bottom.

Initially, in 0oxDNA, we investigated the effects of reinforcement
in basic cylinder and sphere shapes for up to three additional layers
(fig. S21). However, most likely because of tradeoffs between cross-
over spacing and density, increases in mechanical rigidity tapered
after the addition of only one additional layer. Thus, these same
methodologies were then applied using only one additional rein-
forcing layer, first upon the neck of a vase design (Fig. 4A). In its
single-layer variant, the neck conforms less to the intended cylindri-
cal design while also becoming slightly askew. These issues are re-
solved in the multilayer variant. In mean structure diagrams
(Fig. 4B), it is evident that the reinforced structure is more stable

Fu et al., Sci. Adv. 8, eade4455 (2022) 23 December 2022

and resembles its intended shape. The reinforced area is also con-
solidated and overlaid with its intended geometry as designed, and
the reinforced variant notably aligns better to the input shape
(Fig. 4C). Next, reinforcement was applied in two additional cases
to study, testing potential weaknesses in narrow and wide geometric
features.

The single-layer cone design (Fig. 4D) evaluates the effective
range of ring-based design across a range of circumferences. The
cone measures only 72 bp in circumference at the tip and 472 bp
at the base. Root mean square fluctuations (RMSF) of shapes are
calculated from 10® snapshots of a 10%-step trajectory from molec-
ular dynamics simulations and compared to its mean structure cal-
culated across the same snapshots. Visualization of these data shows
not only high RMSF at the base but also at the tip of the structure.
Narrow rings of curved nanostructures likely form poorly because
of being highly strained due to the low radius of curvature while also
having little room to add additional crossovers to stabilize the cur-
vature. The peak almost always cannot be resolved in TEM micro-
graphs. On the other hand, despite high RMSF, the base of the cone
appears to form well. Reinforcement was then applied at the top six
helices, building a second layer around the peak of the cone
(Fig. 4E). Running molecular dynamics simulations again (the
single layer is consolidated, and the view of the second layer is
hidden here for demonstration only), we observe a marked im-
provement in the RMSF distribution in the peak of the cone and
in the yield experimentally, seeing improvements from 62 to
90.60% of well-formed structures as determined by ImageJ analysis
of band intensity after gel purification. Furthermore, the tip of the
cone is now visible in TEM micrographs (Fig. 4E and figs. S22 and
S$23) and in their respective 2D class averages.

Next, we evaluated reinforcement in a mushroom design (Fig. 4F
and figs. S24 and S25), which is characterized by a wide but thin
aspect ratio. The shape also contains sections that slope rapidly
both vertically (the stem) and horizontally (the cap). In TEM micro-
graphs, we frequently observed stems forming without caps. In
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Fig. 4. Characterization of reinforcement strategies. (A) A portion of the vase is selected for targeted reinforcement via additional of coplanar helices. (B) Designs
generated from DNAXiS (top) are submitted into oxDNA (bottom), whereupon mean structures are calculated from 10° samples taken uniformly from 108 trajectory steps.
(C) The interior layer (yellow), which determines the shape of the cavity, for both the single layer and reinforced section is consolidated and compared to their intended
shape (green). The overlay shows that the reinforced structure more closely conforms to the intended shape of the neck. (D to I) Comparing additional geometries (gray)
using RMSF calculations calculated from trajectory steps generated by oxDNA, yields and shown by AGE, TEM micrographs, and 2D class averages. Scale bars, 40 nm.

RMSF-illustrated diagrams, we notice that, in horizontal sections, as
the circumferences of the helices become smaller toward the center
of the cap, RMSF rapidly increases. Here, we demonstrate a disjoint-
ed application of targeted reinforcement and show that any rein-
forcing layer can be added tangent to its single-layer profile.
Helices for an additional layer are added at the top, along the cap
of the mushroom, then skipping the rim (anatomically termed
margin), and continuing along the underside of the cap (Fig. 4G).
Again, we observe a marked decrease in RMSF as shown in simula-
tions and a significant increase in the yields of fully formed struc-
tures (from 7.7 to 35.76% by AGE). The TEM micrographs and
their respective 2D class averages also showed that the cap of the
mushroom was more resolvable than its nonreinforced counterpart.

Last, we experimentally characterized the vase design (Fig. 4H
and figs. S26 and S27) to verify our in silico observations. In the
single-layer variant, we frequently observe a neck portion that is
poorly formed and often appears as if the cup of the vase
becomes separated at the neck from the bulb. When reinforcing
the neck (Fig. 4I), structures appear straighter, and most are fully
formed with the cup attached. We note that, while the rim of the
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cup and the midsection of the bulb are similarly wide rings,
RMSF is significantly higher along the rim while hardly present
in the bulb, and this is most likely due to the structure becoming
open-ended at the rim, while the bulb is supported by neighboring
helices on both sides. Yields increased markedly from a very low
2.05% up to 42.10%, which possibly shows that there can be specific
areas of weakness in some geometries that are more significant
toward the formation of the structure. TEM micrographs and
their respective 2D class averages showed a clear trend in the stabil-
ity of the structures, wherein the bulb, stem, and cup regions of the
vase were fully resolvable compared to their nonreinforced
counterparts.

Design and characterization of asymmetric structures

Fundamentally, the automation provided by DNAXiS is a general
strategy for designing DNA origami shapes that exhibit continuous
curvature in 3D. Building upon crossover network algorithms ini-
tially applied to templates for axially symmetric structures, it was
possible to also design several structures with some amount of
axial asymmetry to demonstrate the benefits of this rapid automated
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approach toward crossover placement (unfortunately, an interface
does not yet exist for this in DNAXiS as of this writing). DNAxiS
abstracts low-level design of crossovers into quantifiable values.
Whereas rings were defined by their circumference, rings could
further be consolidated into segments of arcs each defined by
their arc length, radius of curvature, and position. Each arc is a
module that can be added to the design space and connected to
other modules by allowing staple and scaffold strands to run con-
tinuously through their end points. Arcs are designed as angled
DNA helix bundle upon a square lattice using an insertion-deletion
gradient, as in previous work (3), but calculating gradients using a
simple Euler-Bernoulli beam model (fig. S28).

Two basic archetypal structures were designed to demonstrate
convex and concave geometries. Each structure was designed
using varying bundle dimensions [4-helix bundle (two-by-two)
up to a 12-helix bundle (four-by-three)] depending on the length
of available scaffold and desired rigidity. The ellipse (four-by-
three square lattice bundle) was constructed using two each of
two arcs (30° and 150°) defined with different inputs of their
radius of curvature and arc length (Fig. 5A and figs. S29 and S30).
The clover shape merged convex and concave geometries and was
constructed with four 180° arcs for the convex leaf sections and four
90° arcs as concave inside corners (Fig. 5B and figs. S31 and S32).

Using the ellipse, we chose to further demonstrate the capabili-
ties of generalized routing by extruding the shape with pitch. Each
ellipse was reduced to a two by two bundle and then placed with a
20° rotational offset to its preceding ellipse in the design space, and
then the routing algorithms of DNAxiS were applied. Notably, the
pitch of the shape eliminates many potential crossover positions,
and we allowed DNAXxiS to find and apply both parallel and non-
parallel crossovers. Upon inclusion of parallel crossovers, the
pitched ellipse could finally create enough crossovers to form and
appear under TEM imaging (Fig. 5C and figs. S33 and S34).

The clover (three-by-two square lattice bundle) unveils a
problem that is most likely unique to DNA nanostructures that
have inflection points within a continuous, curved perimeter,
which has rarely appeared in prior works. Defining each module
of the clover naively according to the angles as they appear often
caused the synthesized structure to “round out” as seen in Fig. 5B
and fig. $32. We suggest that at module boundaries, where there is
an inflection between concave and convex geometry, a mismatch of
stresses can cause the structure to misform. A higher-strained
module (in this case, the convex leaf section) could overwhelm an
adjacent module (in this case, the concave inside corners) as an
effect of dissipating strain from its own area. To strengthen the
concave sections, an “overcompensation” strategy was proposed to
increase the strain of inside corner modules in a direction opposite
to the strain produced by the leaf modules.

We used the rapid prototyping capabilities of DNAXiS to test this
possibility by iteratively designing and simulating a range of angles
for the inside corner of the clover. Furthermore, the bundle cross
section was scaled up to a three-by-three square lattice to increase
the achievable stiffness of the inside corner. In 10° increments, pro-
spective designs were filtered by adding oxDNA simulations into
the design pipeline. As the internal angle of the concave section in-
creased from 90° to 140°, we observed minimal gain past 140°, and
the shape conformation of the sample as viewed in TEM also
became closer to the intended geometry. Under TEM micrographs
and 2D class averages, we observed a similar change in the
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synthesized shape, which verified our overcompensation strategy
(Fig. 5D and figs. S35 and S36).

DISCUSSION

DNAKiS is uniquely the first software tool to apply automated
routing techniques based on heuristic optimization algorithms.
As DNA nanostructures increase in scale, with less regularity and
more independently designed components, designs may move
into a space that becomes intractable for human designers while
also lacking sufficient algorithmic regularity. Our work presents
an approach for novel DNA origami designs as oblique, freeform
structures, which may enable the design of novel geometries, thus
enabling wider accessibility to the field for the larger scientific com-
munity. We demonstrated how this strategy can succeed for curved
DNA origami designs, forming enclosed shapes that do not have
any apparent algorithmic regularity to exploit. We described the
design complexity that arises from structures that have nonhomo-
geneous helical twist, notably of which is skewing the periodicity of
crossover positions to a point where it becomes tedious for a human
designer to arrange a stable crossover network. Having to repeat this
for each unique crossover pattern between adjacent helices can
quickly become overwhelming for a human designer and can
become a barrier for applying DNA nanotechnologies across inter-
disciplinary applications. This work introduced design principles
that include multilayer design of curved and enclosed shapes and
characterized the effect of reinforcement on the yield and shape ac-
curacy of structures. Furthermore, the benefits of automation and
software modeling were demonstrated in axially asymmetric
shapes that took advantage of the ability to rapidly edit geometries
and calculate crossover networks. These functionalities can contin-
ue to be developed for the future to investigate and generalize
methods for DNA origami design for optimization and shape com-
plexity (figs. S37 to $39). A potential impact of our work is to mo-
tivate wider consideration of the design and manipulation of
globular and more biomimetic DNA nanostructure.

MATERIALS AND METHODS

Inputs

Bowl, gourd, sphere, cone, mushroom, ellipse, and clover shapes
were designed with the initial algorithm using fixed crossover
counts and crossover alignments up to 3.5. Vase shapes were gen-
erated using the simulated annealing algorithm with variable cross-
over counts and a consistent crossover alignment of 3.0. All helix
circumferences were rounded to a crossover factor of 4. Refer to
data S1 for specific helical geometries of each design and data S2
for sequence outputs.

Reagents

Staple strands (unpurified) of DNA origami were purchased from
Integrated DNA Technologies and were used without any further
purification. High-purity scaffolds (p7249 and p8064) were ob-
tained from Tilibit Nanosystems (Germany). PhiX virion single-
stranded DNA scaffold was obtained from New England Biolabs.

Formation of DNA origami structures
The details of folding condition and structural components (scaf-
fold, staples, and buffer concentration) are listed in table S2. The
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A Ellipse B Clover without angle compensation
(3 by 2 square lattice)

132 nm

Mixed piecewise design

Mean structure Mean structure

Negative stain Negative stain

(molecular dynamics) (molecular dynamics)
C Ellipse with 20° pitch D Clover with angle compensation
(two-by-two square lattice) (three-by-three square lattice)

89 nm

MSX

Parallel

Initial configuration Extrude and pitch Overstress concave section
to counteract stresses in

convex section

Mean structure Negative stain Mean structure Negative stain
(molecular dynamics) (molecular dynamics)

Fig. 5. Exploration of axially asymmetric structures and generalized application of DNAXxiS design principles. (A and B) Modules defined as arcs can be linked
together to create axially asymmetric shapes. Each module is a bent bundle of variable cross-sectional helices where design principles implemented in DNAXiS for
multilayer structures can directly apply and were used to generate ellipse and clover shapes. (C) The ellipse shape is repeated five times in a vertical extrusion and
pitched by 20°". The cross-sectional area of each ellipse is reduced to fit the entire design within a limited length of scaffold sequence despite already using multiple
scaffolds. Both parallel and antiparallel crossovers are created to increase the crossover count and yield of the design. (D) The cross section of bundles is expanded to three
by three to increase the upper-bounded stiffness of each module. This is necessary to achieve sufficient counteracting strain on inside corner modules to preserve the
inflection between convex to concave segments of the structure without “rounding out” as it did in three-by-two clover. Scale bars (on TEM micrographs and 2D aver-
ages), 40 nm.
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folding mixtures were prepared in in-house—prepared 1x TAE-
Mg?** buffer [20 mM tris base, 10 mM acetic acid, 0.5 mM EDTA,
and 12.5 to 20 mM Mg(OAc), (pH 8)]. The reaction mixtures were
folded in a thermocycler (Life Technologies SimpliAmp).
Twelve-hour annealing protocol

The reaction mixtures were heated to 90°C for 5 min, jump to 86°C
for 5 min, and then decrease by 1°C/5 min until 71°C; 70°C for 15
min and decrease by 1°C/15 min to 40°C; 39°C for 10 min and de-
crease by 1°C/10 min to 26°C; and 25°C for 30 min, jump to 20°C
for 15 min, jump to 15°C for 5 min, and jump to 10°C and main-
tained at that temperature.

Twenty-four-hour annealing protocol

The reaction mixtures were heated to 90°C for 5 min, jump to 86°C
for 5 min, and then decrease by 1°C/5 min until 76°C; 75°C for 15
min and decrease by 1°C/15 min until 71°C; 70°C for 20 min and
decrease by 1°C/20 min to 61°C; 60°C for 30 min and decrease by
1°C/30 min until 30°C; 29°C for 20 min and decrease by 1°C/20 min
to 25°C; 24°C for 15 min and decrease by 1°C/15 min to 20°C; and
19°C for 10 min, decrease by 1°C/10 min to 15°C, jump to 4°C, and
pause maintained at that temperature.

Thirty-seven-hour annealing protocol

The reaction mixtures were heated to 80°C for 4 min and then de-
crease by 1°C/4 min until 61°C; 60.5°C for 30 min and decrease by
0.5°C/30 min until 34.5°C; and 34°C for 60 min and decrease by
1°C/60 min to 24°C, and then pause maintained at that temperature.
Forty-eight-hour annealing protocol

The reaction mixtures were heated to 90°C for 5 min, jump to 86°C
for 5 min, and then decrease by 1°C5 min until 81°C; 80°C for 10
min and decrease by 1°C/10 min until 75°C; 74°C for 30 min and
decrease by 1°C/30 min to 69°C; 68°C for 40 min and decrease by
1°C/40 min until 53°C; 52°C for 60 min and decrease by 1°C/60 min
to 25°C; 24°C for 80 min and decrease by 1°C/80 min to 21°C; and
20°C for 30 min,19°C for 10 min, decrease by 1°C/10 min to 15°C,
jump to 4°C, and pause maintained at that temperature.

Gel electrophoresis of the DNA origami structures
Characterization of folded structures

Samples were run on a prestained 1.2% agarose gel (with ethidium
bromide) made in 1x TAE-12.5 mM MgCl, buffer. The running
buffer was 1x TAE-12.5 mM MgCl,. Ten microliters of the an-
nealed sample from the polymerase chain reaction, along with 1
ul of 10x loading dye, was run in each of the wells of the agarose
gel. The gels were run for 1 to 1.5 hours at a constant voltage of
80 V at 4°C.

Purification of the folded structures

The fully annealed samples were run on a prestained 1.2% agarose
gel (with ethidium bromide) with 20 pl (18 pl of sample and 2 ul of
loading dye) being loaded into each well and ran for 90 min at a
constant voltage of 80 V at 4°C. The running buffer was 1x TAE-
12.5 mM MgCl,. Thereafter, the second lowest band, in some case-
sthe band above that, was cut out separately, which was put into a
Freeze 'N Squeeze tube (the lowest band is the excess staples, so they
were left out). Care was taken not to further chop up the bands cut
out, which if done, was realized to reduce the yield of the fully
formed structures; thus, the rationale was to load them into
smaller wells and take the bands out as they appeared. The Freeze
‘N Squeeze tubes were left in the —20°C freezer for over 1 to 2 hours
(longer periods did not affect the recovery yield of the structures).
Afterward, the frozen tubes were spun down at 1600 relative
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centrifugal force (rcf) in a tabletop centrifuge for 45 to 50 min at
room temperature (lower centrifugation speeds ensures that the as-
sembled structures do not fall apart, and the longer times ensure
maximum recovery from the gel pieces). The recovered solution
was concentrated using 100-kDa Amicon filters (prerun with fil-
tered 1x TAE-12.5 mM MgCl, to make the membranes compatible)
and spun at 1600 rcf using a tabletop centrifuge.

Negative-stain TEM and image processing

Negative-stain TEM sample preparation

The above purified sample (5 ul) was adsorbed on a commercially
supplied formvar-stabilized carbon type-B, 400-mesh copper grids
(Ted Pella, part number 01814-F) that was glow-discharged for 1
min at 15 mA using a Pelco easiGlow glow-discharge system (Ted
Pella, Redding, CA, USA) and stained using 5 ul of a freshly pre-
pared 2% aqueous uranyl formate solution containing 25 mM
NaOH. Samples were incubated for 15 to 300 s depending on the
concentration of the sample. Excess liquid was wicked away with
Whatmann filter paper, and grids were left to dry for 30 to 60
min before imaging.

Images were acquired on an FEI Tecnai TF20 TEM microscope
operated at 120 kV of accelerating voltage using a charge-coupled
device camera at x50,000 magnification. Particles (see details in
table S3) were manually picked and class-averaged using
Relion3.0 without CTF correction.

Cryo—electron microscopy
Cryo—electron microscopy sample preparation
DNA nanostructures were formed and purified as above. The
sample assembly was confirmed and further purified on agarose
gels. To remove excess ethidium bromide in the sample buffer,
the sample was dialyzed using a 10-kDa Float-A-Lyzer against 1x
TAE-12.5 mM MgCl, and then concentrated as before.
Structured DNA complexes were absorbed to a glow-discharged
ultrathin carbon film, supported by a lacey carbon film on a 400-
mesh grid (Protochips, Morrisville NC) for 1 min with eight repeat-
ed applications. Samples were applied to only one side of the carbon
support with precaution to ensure that the grids were left a little wet
between applications. Grids were directly plunged frozen into an
ethane slurry at liquid nitrogen temperatures. Tilt series images of
the samples were collected on a Titan Krios G2 (FEI/Thermo Fisher
Scientific) and K2 summit (Gatan, Pleasanton, CA) camera at
%28,735 magnification from —65° to +65° a with a 2° increment
between images using batch methods in serial electron microscopy,
with a dose-symmetric tomography scheme (61, 62). The IMOD
package (63) was used to reconstruct tomograms and visualize tilt
series to determine the structures.

Individual particle videos
All images were collected at 14,000 on the microscope at 300 keV
with a 1.74 A per pixel sampling rate in counting mode on a K2
summit direct electron detector. During tomographic reconstruc-
tion, images were down-sampled to improve contrast to 7 A per
pixel. Scale bars arel7.5 nm.

Supplementary Materials
This PDF file includes:
Supplementary Materials and Methods
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Figs. S1 to S39
Tables S1 to S3

Other Supplementary Material for this
manuscript includes the following:
Movies S1 to S14

Data S1 to S3
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