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Abstract

DNA origami has been a paradigm-shifting technique for synthesizing and manipu-
lating matter with nanoscale precision. It follows a simple design principle of using
numerous short (- 100 nts) oligonucleotides, termed staples, to “fold” a long ( §j 1000
nts) DNA strand, termed the sca old. The technique achieved simplicity in design
and significantly increased yields compared to previous motifs for DNA nanostructure
design. Since then, various approaches have rapidly improved the scale, complexity,
and accessibility of DNA nanostructures, such as computer-aided design interfaces,
refined synthesis protocols, and further developed design principles for novel geome-
tries.

This thesis formally identifies a geometry of curved, enclosed DNA origami nanos-
tructures termed DNA capsules, discusses its unique traits, and outlines how those
lead to a departure from conventional DNA origami design principles. While it is
a class of structures with high biotechnological relevance, design challenges from
this departure have limited accessibility and enthusiasm for utilizing them. This
thesis begins by reviewing applications of enclosed DNA origami nanostructures
without curvature, also known as an encompassing category of structures termed
DNA nanocompartments, as a motivation for improving their shape complexity with
curving geometry.

Next, this thesis reports on developing an approach towards formalizing and con-

solidating local and global properties in DNA origami design that can be quantified

v



and characterized for their effects on DNA nanostructure yield and stability. It then
evaluates a heuristic optimization algorithm based on simulated annealing to opti-
mize those consolidated properties to rapidly discover the appropriate oligonucleotide
sequences that synthesize the intended DNA origami shape. The broad impact of
this work includes the prospect of generalizing DNA origami design.

This thesis then presents an in-depth discussion of the design challenges of DNA
capsules and applications of the heuristic algorithms mentioned above to resolve
them. The advantages of the developed heuristic algorithms are discussed in the
context of novel DNA capsule shapes and multi-layer augmentations to previous
work where only single-layer designs were reported. Novel structure designs are then
characterized using molecular dynamics simulations and empirically using electron
microscopy to evaluate their stability and yields.

Finally, a distributed computing architecture using DNA hairpin cascades with
applications to heterogeneous tumor tissue targeting, which is tangential work to the
above, is described. Designs are based on previously developed localized DNA hairpin
cascades. This thesis presents the design of a signal complex that can transmit
information between separate clusters of hairpin cascades. In addition, it discusses
several results demonstrating its correctness and scalability obtained using a domain-

based DNA strand displacement software called Peppercorn.
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1

Introduction

Structural DNA nanotechnologydescribes the programmable self-assembly of DNA
into nanoscale shapes terme®NA nanostructures The eld began by establish-
ing that DNA could be programmed into physical conformations rather than used
solely as genetic code [2]. This observation was inspired by the Holliday junction,
an immobile, four-way, branching nucleic acid structure, being curiously compared
to an art piece,Depth depicting sh with horizontal and vertical ns assembled into
an ordered, 3D array. The Holliday junction was later adapted into a linear con-
formation in double crossover (DX) tiles [3]. This motif would become an essential
primitive of future DNA nanostructure design principles and is now generally re-
ferred to simply as acrossover Progress continued to re ne and consolidate design
principles of DNA nanostructure design, culminating in the next milestone, the DNA
origami technique [4]. Since then, extensions of the DNA origami technique, each
a design strategywith its speci ¢ design principles for creating a particular geome-
try of shapes, have yielded a broad library of DNA nanostructure shapes, including

spheres, boxes, tetrahedrons, various imaginative polyhedral and voxel-based shapes,

This chapter includes excerpts from Fu & Reif (2021) [1].
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and many more [5{13]. Applications have shown o DNA nanostructures as one of
the most versatile materials for exploring innovative approaches to nanofabrication,
drug delivery, nanophotonics, biosensing, and in general, manipulating matter with
single-molecule precision [14{16].

Moreover, the bonding properties of DNA are conducive to both structural de-
sign and computation, and DNA nanostructures have become progressively various in
form and dynamic in function [17,18]. The scale and complexity of DNA nanostruc-
tures have grown signi cantly in recent years, such as nanostructures achieving gi-
gadalton masses [19,20], micrometer-scale crystals [21,22] and tile assemblies [23], im-
proved rigidity in polyhedral DNA nanostructures [24], and recurrent design method-
ologies such as meta-DNA [9,25]. Some potential applications exploiting those design
principles for scale and complexity have also followed [26{31]. Overall, attention has
expectedly risen regarding the design of DNA nanostructures to speci cally address
the function, shape, and stability requirements across a broad scope of potential
applications.

However, there remains a high access barrier to utilizired hocDNA nanostruc-
tures with tailored properties for each potential purpose. Additional design principles
to satisfy those properties add complexity to the design space that obfuscates design
choices, thus increasing the dependence on expert designers, which can hinder the
accessibility of DNA nanostructures across di erent research disciplines. The shape
complexity of DNA nanostructures has also rapidly diversi ed since the inception of
the DNA origami technique.

Yet, the baseline that has marked DNA nanostructure designs which can be
reliably tuned for desired downstream properties has hardly budged. There are algo-
rithmic solutions and software automation for some methodologies, such as polygonal
DNA nanostructures or DNA bricks [5,19, 24, 32]. However, these methods are only
generally applicable in their supported geometries, and the geometries they support
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may only achieve some desirable properties.

This thesis focuses on the group of DNA nanostructures that share the functional
trait of encapsulation that is, the ability of the DNA nanostructure to separate, con-
ne, or organize other molecules. We refer to such structures henceforth BNA
nanocompartments With greater speci city, we refer to the subset of DNA nanocom-

partments that exhibit curvature as DNA capsules

1.1 Motivation

Capsules, in general, are commonly found throughout biology, with supramolecular
assemblies like viral capsids and cell membranes omnipresent for the organization,
transport, and protection of biomolecules through speci cally tailored shape, surface
properties, and composition [33]. It is of great interest to mimic the properties of
these structures to exploit their usefulness to nanoscience, but arti cially replicating
their meticulous biochemistry is a grandly di cult task [34, 35]. Structural DNA
nanotechnology has proven to be a highly versatile substrate for the arbitrary design
of 3D nanostructures. Its diverse structural design strategies could produce highly
complex synthetic nanoscale capsulesdno-capsule¥for applications in nanoscience
that are yet unexplored.

DNA nanotechnology has already demonstrated high potential in biomimetic roles
such as membrane sca olding [26,36{38], vesicle fusion [39,40], and membrane chan-
nels [41{44]. DNA nanocompartments have also been used in constructing nanoreac-
tors and controlling small-volume chemistry [45{48], templating the seed-mediated
synthesis of metallic nanoparticles [31, 49, 50], templating the shape of lipid mem-
branes [26,38,51,52], and as drug delivery vehicles [53,54].

Many of these applications are shape-dependent, and progress in creating complex
3D structures from the DNA origami technique has established several strategies for
shape design, such gsacked latticestructures [8,13,55{57]DNA bricks [6,19], poly-
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hedral DNA nanostructures[5,11, 24, 32], ancurved DNA origami [7,10,58]. These
design strategies have demonstrated high shape variety with some structures capa-
ble of encapsulation. Still, as previously noted, the shifting attention to downstream
applications emphasizes additional properties such as shape, rigidity, permeability,
actuation, and yield. Fewer design strategies can meet this expanded criterion.

An observation of applied instances of DNA nanocompartments shows that many
current encapsulation strategies still rely on packed lattice designs, where cavities
are wrapped [47,53,54,59] or hollowed out from a block of material [45,48]. While
these structures achieve high stability and rigidity, their shape complexity is limited.
Packed lattice structures can also exhibit large material overheads to construct any
geometries that are not parallel with the helical axis orientation since the length of
any helix used in the nanostructure is lower bounded by the length that would be
necessary to select a minimum of 2-3 crossovers to adhere it to its neighbors. This
is apparent in the side walls of the nanocompartment made in previous work by
Grossiet al. [45]. On the other hand, helical axes in curved structures, such as those
demonstrated by Hanet al. [10], always follow the geometry. Alternatively, DNA
bricks have greater shape versatility, but the high usage of short strands sacri ces
rigidity [60]. Recent methodologies have also improved the rigidity of polyhedral
designs by expanding edges to six-helix bundles [24]. Still, polyhedral faces form gaps
that could make the containment of di use guest molecules intrinsically challenging.

Recent work has alluded to a transition in applied DNA nanocompartments from
packed lattice designs toward curved geometric features. Kohmanal. [61] described
the actuation of a spherical DNA nanostructure compared to the earlier demonstra-
tion by Andersenet al. [13] of a DNA origami box with a controllable lid. Sunet al.
described rounded metallic nanoparticles synthesized via the nanocasting method
and evaluated the photonic behavior of size changes in synthesized nanopatrticles.
Round DNA nanostructures like those described by Perrault and Shih [37], Yareg
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al. [38], and others [26, 51, 52] show improved coordination of DNA nanostructures
with lipid membranes due to their naturally rounded conformations. The nanoreac-
tor built within a DNA origami barrel described by Hahn et al. [62] maximizes the
usable cavity space by using a curved nanostructure.

Furthermore, a rigidity study performed via simulations accompanying the work
by Sunet al. [50] and a permeability study conducted by Grosst al. [45] quantifying
the activity of the nanoreactor in response to di erent size invasive reagents supports
the importance of a multi-layer DNA capsule. Simulation studies indicated that due
to e ects such as electrostatic repulsion, strain, and Brownian motion, the structure
of DNA origami is not uniform, and larger than intended gaps can intermittently form
throughout the structure in the spacing between helices and crossovers [63]. Studies
by Ke et al. [64] and Martin et al. [65] have also suggested signi cant improvements

in rigidity and stability for multi-layer DNA nanostructures.

1.2 Overview

This thesis will rst review the applications made possible with the encapsulation
property of DNA nanocompartments. The discussion of these structures also centers
around the dissection of the goals of encapsulating nanostructures into the following

properties:

1. Shape- The shape of the inner cavity and the observed outside form of the

nanocompartment are considered.

2. Rigidity - The ability of the nanocompartment to maintain a correct shape and

its resistance to deformation and degradation.

3. Permeability - The segregation of nanoparticles or reactants between the inside

and outside spaces of the nanocompartment.



4. Actuation - The programmable controlled release of guest molecules.

5. Yield - The synthesis e ciency of the DNA nanostructure.

The nal goal of this thesis is to describe design principles for designing multi-
layer DNA capsules, and we examine the challenges that have since hindered that
transition. We rst focus on evaluating common trends between existing DNA nanos-
tructure design methodologies to establish a generalized, widely applicable DNA
origami design methodology by applying heuristic optimization strategies to solv-
ing the placement of crossovers, which to the best of our knowledge, have not been
previously explored for DNA origami design. This strategy is then extended to the
scope of curved DNA nanostructures. Many DNA origami designs rely on a consis-
tent helical twist to provide regularity, thereby reducing design complexity. However,
curved DNA nanostructures are made possible by breaking this consistency, thus los-
ing valuable simpli cations in design complexity. It becomes excessively challenging
for a human designer and therefore calls for automated strategies.

Lastly, this thesis explores tangential work on developing a distributed computing
architecture using DNA hairpin cascades with applications for heterogeneous tumor

tissue targeting.
1.3 Research Questions

This dissertation aims to challenge conventional design principles in DNA origami
design and promote the adoption of alternative approaches, focusing on raising lim-
itations on shape and size in DNA nanocompartments. First, this work evaluates
whether features that govern the design and stability of DNA origami nhanostructures
can be identi ed and quanti ed at both local and global scopes. Second, it explores
the implementation of two heuristic optimization algorithms and investigates their

success in automatically generating DNA nanostructures accommodating the consol-
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idated parameters. Finally, these optimization techniques are applied to a formally
identi ed class of curved DNA nanocompartments called DNA capsules to demon-
strate generated structures experimentally. This thesis surmises that future design
requirements of highly complex, supramolecular DNA nanostructures assemblies may
not be met by conventional design principles and require alternative approaches, such

as those presented in this thesis.
1.4 Organization

The remainder of this thesis is organized as follows. Each section is opened with a

brief introduction that covers relevant previous works and de nitions.

Chapter 2, Review of DNA Origami Designs and Applications of DNA Nanocom-

partments.

Chapter 3, Development of a Heuristic Algorithm for Automated and Gener-

alized DNA Origami Design.

Chapter 4, Application of Heuristic Algorithms and Characterization of Auto-

matically Generated Multi-layer Enclosed and Curved DNA Nanostructures.

Chapter 5, Distributed Hairpin Cascade for Heterogeneous Tumor Tissue La-

beling.

Chapter 6, Conclusions.



2

Review of DNA Origami Designs and Applications

This chapter reviews past milestones in DNA nanostructure design techniques and
applications with a focus on the properties and advantages of DNA nanocompart-
ments. This chapter serves as a primer to the state of the art prior to the work in
this thesis and helps to highlight the signi cance of the reported contributions. The
information provided in this chapter should elucidate the rapid progress in DNA
nanostructures and the limitations that a shift toward generalized DNA origami

design and greater support for curved geometries could resolve.

2.1 History of DNA nanostructures

2.1.1 DNA Tiling Lattices

Nadrian Seeman rst published the seminal observation that DNA could serve a
structural purpose in 1982, where it was envisioned that repeating units of branch-
ing DNA junctions, based on a four-way, branching nucleic acid structure called a
Holliday junction, could hybridize to form a sti 3-dimensional lattice to facilitate

the crystallographic study of other molecules [2]. Seeman demonstrated the rst 3D

This chapter includes excerpts from Fu & Reif (2021) [1].
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DNA cube using eight branching junctions, one at each vertex [66]. The concept
was a revelation that the highly specic, sequence-dependent bonding of DNA had
not only a genetic purpose but could be structurally engineered too. The concept
of using branching junctions as a structural motif would form a foundation for the
emergence of the eld of structural DNA nanotechnology.

The rst leap in complexity following Seeman's discovery wa®NA tiles [3],
which was the earliest multi-purpose design technique for structural DNA design,
capable of generating di erent geometries using programmable changes within the
same fundamental design principles. More generally, a DNA tile is a DNA nanos-
tructure that is self-assembled from a small number of single-stranded DNA (ssDNA)
that hybridize together, forming stabilizing Holliday junctions known ascrossovers
Once assembled, some exposed ssDNA (ternstitky endg allows the DNA tile to
further self-assemble into DNA nanostructures known aBNA tiling lattices, which
have been used to build 1D and 2D DNA tiling assemblies and lattices as physical
representations for molecular-scale computation. The letter sequences of the sticky
ends determine the binding rules of each tile. The self-assembly of patterns by DNA
tiles has proved to be quite complex, as shown in Sierpinski triangle assemblies by
Rothemund, Papadakis, and Winfree [67], which computechod2 sums within the
assembly, forming a fractal-like 2D pattern.

However, the number of possible geometries under only the design principles so
far was very limited. DNA tiling assemblies remained restricted to simple algorith-
mic patterns. Yields and the size scales of early DNA nanostructures self-assembled
by DNA tiles were low. Similarly, DNA crystals, a concept that persevered from
the inspiration of the eld as initially a method to construct crystalline lattices using
DNA, carried limitations as well. Arrays of tensegrity triangle-shaped junctions have
yielded micron-scale DNA crystals [21,68,69], which are the largest DNA nanostruc-

tures to be synthesized to date, but the overall shape of crystals is very restricted,
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such as being limited to rhombohedral or cuboidal shapes.
2.1.2 DNA origami

The shift into the current paradigm of DNA nanostructure design occurred when
Paul Rothemund developed a technique now known d&3NA origami [4]. A long
piece of ssDNA, known as theca old strand, winds through a raster of the shape
while hundreds of short sSDNA, known astaple strands, span and hybridize to spa-
tially adjacent, non-consecutive regions of the sca old strand according to Watson-
Crick base pairing rules, thus tying them spatially together. Staple strands bind
to form duplexes, which sti en the structure to form the shape, creating a series
of coplanar, anti-parallel helices bound by crossovers. This concept was a signif-
icant breakthrough in structural DNA nanotechnology and signi cantly improved
the size, yield, and shape complexity of DNA nanostructures. Although initially
demonstrated for designing only 2D shapes, the DNA origami technique has since
been extensively developed as the underlying strategy for many subsequent derived

techniques for designing increasingly complex 3D shapes.

2.2 Classes of 3D DNA Nanostructures

2.2.1 Packed Lattice DNA Origami

Following the advent of DNA origami, the Shih group made the rst foray toward a
multi-purpose design strategy for 3D DNA origami [8]. This strategy can be thought
of as folding a at 2D DNA origami at creases between adjacent helices to create a
stacked structure of multiple planes of 2D DNA origami and adding crossovers that
span both in-plane and between planes to hold the structure together. All helices
are parallel, and their perpendicular cross-section cutting across all helices is known
as thelattice, but not to be confused with DNA tiling lattices. The lattice indicates

predetermined positions of the helices according to a simple pattern. Structures de-
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signed on these predetermined positions aan-lattice, whereas those that do not
have limitations on helix placement areo -lattice . The Shih and Yan groups intro-
duced two presets of lattices, the honeycomb lattice [8] and the square [56] lattice,
and also later demonstrated a hybrid of both (square and honeycomb) and triangular
lattices [64]. Around this time, unique designs showcasing a growing pro ciency for
designing DNA origami nanostructures were also demonstrated. For example, using
at 2D DNA origami as the faces of simple polyhedral shapes such as cubes [13, 70]
or tetrahedrons [57]. There were also unique artistic structures such as a Mebius
strip [71] and tensegrity structures [72]. As with the other techniques discussed
here, the increasing scale of 3D structures also solicited the creation of CAD soft-
ware to assist in their design, and the software package caDNAno [73] has been the

longstanding, dominant option for on-lattice designs.
2.2.2 Curved DNA Origami

Geometric complexity continued to improve as the Shih group demonstrated smooth
global curvature and twist, as opposed to hitherto straight geometries, along the
axis of ahelix bundle which is a rod-like structure of anti-parallel helices arranged
in a square or honeycomb lattice and has become an archetypal DNA nanostructure.
i-helix bundlesrefer to the number of helices comprising the bundle. For instance,
4-helix bundles and 6-helix bundles, which are the smallest instances of bundles on
square and honeycomb lattices, respectively. Curvature and twist were applied via a
series ofinsertions and deletions[7], which are modi cations in the crossover place-
ment of a few base pairs nearer or farther than a placement that would correspond
most closely to the native winding of B-form DNA (10.5 bps/turn). In doing so,

a helix became locally overwound or underwound, creating strain. Globally, the
relaxation of the structure to satisfy the buildup of strain translated to the twist

or curvature of the bundle depending on the chosen distribution of insertions and
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deletions.

This technique inspired a technique by the Yan group for making curved, hollow,
enclosing DNA origami nanostructures. By connecting the endpoints of a duplex, it
became a cyclic structure. In combination with a duplex's persistence length, the
distribution of strain along the duplex formed a circle, and this shape was reinforced
by its similarly shaped adjacent helices. Modulating the lengths of each duplex of
the at 2D sheet corresponded to changing the circumference. Then, by utilizing the
full availability of dihedral angles, the surface topology of the nanostructure could
be designed to resemble shapes such as spheres, ellipsoids, toroids, or asks [10].
The same group later extended this concept using gridiron designs, which routed the
sca old and placed staple strands so that helical axes could run perpendicular to
each other to reinforce shape and curvature [74]. Thus far, the Tiamat software [75]

has been the leading option for designing such structures in an open 3D space.
2.2.3 Wireframe DNA Origami

Polyhedral structures have established the most extensive variety of shapes, es-
pecially with subsequent stability improvements and software developed to auto-
mate the scaold and staple routing processes [5, 24, 32, 76]. Shape complexity
leaped forward as the Bathe, Yan, and Hegberg groups each embarked on unique
demonstrations of DNA nanostructures capable of rendering a polyhedral wireframe
mesh [5,12,32]. The crux of this problem was how to route the sca old so that
every edge of the polyhedron was included, eventually concluding that any such
sca old routing must follow an Eulerian circuit solution and manipulate the number

of permissible repeated edge traversals to satisfy such a solution. These works also
evaluated how to adjust edge lengths to correspond to the correct full- or half-turn
crossover positions in B-form DNA for stable crossover placement.

Several software suites have been designed, each to satisfy an increase in the
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structural complexity of polyhedral DNA origami nanostructures. Software pack-
ages DAEDALUS [5] and vHelix [32] were among the earliest. PERDIX [76] later
addressed the complexity of 2D wireframe designs, and TALOS [24] for polyhedral
wireframe structures with thicker helix bundle edges which required more complex
sca old routing. The Yin group also demonstrated an alternative method for poly-
hedral shape formation. While it lacked algorithmic foundations [11], it had the
advantage of scalability due to the modular nature of the design strategy, meaning
its entire structure was no longer limited to the maximum size of a DNA origami

nanostructure that uses only one sca old.
2.2.4 DNA Bricks

While the DNA origami technique has been a foundation in most strategies, the
DNA bricks technique pioneered by the Yin group has been otherwise successful
without it. DNA bricks construct structures without any sca old strand, instead
opting only to use short ssDNA referred to asricks. Each brick is a pair of same-
length anti-parallel helices joined by a phosphate linkage. Each helix is split into
two equal-length domains, such that the brick has a total of four domains, and each
domain is a consistent length regarded as thmotif. Motifs are either 8 or 13 nts,
and the choice of motif a ects the scale of designed structures due to the number of
unique sequences possible for a speci c length of DNA, as well as yields and melting
temperature. In a simple one-pot synthesis, the numerous strands self-assemble,
with each strand representing a small volume of the structure like bricks lling in

a shape [6]. This technique has been shown to scale up to gigadalton scales with
high shape complexity, which was also accompanied by the release of its personalized

software tool, Nanobricks [19].
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2.2.5 Scalability

In general, there has been a trend towards scaling up the production and size of
3D DNA nanostructures across all techniques. One strategy has been to pursue
improvements to sca old strand size and customization. Doing so can suppress cost,
relieve design limitations, improve the practicality of 3D DNA nanostructures across
broader size scales, and ensure immunocompatibility of DNA nanostructures far
vivo applications [77]. To create larger, more diverse DNA origami as single, one-
pot syntheses, either longer sca olds or many orthogonal sca olds are required, and
avenues such as re-engineering bacteria and enzymatic toolkits [78{80] to those ends
have been investigated.

On the other hand, rather than facing the challenges associated with longer scaf-
fold strands, other novel techniques rely on hierarchical assembly. The Dietz group
applied self-assembly techniques upon an assembled DNA origami component to
demonstrate gigadalton-scale polyhedral DNA nanostructures [20]. Each compo-
nent was a V-shaped structure Y-brick) that could join to other components by
attachment sites on their at sides. A tripod structure of three V-bricks together
translated to the angle of the vertex it would represent in a 3D polyhedral shape,
such that polyhedral structures would self-assemble towards an energetically favor-
able con guration matching the number of vertices necessary to form a closed shape.
The Yan and Reif groups have proposed usingleta-DNA [9, 25] as another route
towards scaling up the size of DNA nanostructures. Meta-DNA are 3D DNA origami
nanostructures constructed to resemble both the shape and Watson-Crick base pair-
ing rules of the standard nucleotides of DNA. They also hierarchically assemble into
double helix structures resembling DNA which can then be used to emulate DNA
origami designs at a magni ed scale.

In comparison to depending on speci ¢ hybridization reactions to assemble multi-
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component structures, which can be restrictive and di cult to reverse, alternative
methods have also been demonstrated to have the propensity to assemble large, com-
plex 3D DNA nanostructures, such as by using base stacking or shape-complementary
binding [81]. As already mentioned, extended methods of other standard techniques,
such as for wireframe DNA origami [24,76] or DNA bricks [19], have also been devel-
oped to create larger and more mechanically rigid designs. Assemblies utilizing crys-
tallographic regularity of DNA origami nanostructures can also provide large tem-

plates for assembling guest molecules into crystal lattice-like arrangements [22, 28].
2.2.6 The Role of Molecular Dynamics Simulations in Design

Molecular dynamics simulations have been a signi cant development in the compu-
tational aspects of DNA nanostructure design, as they provide faster, cheaper feed-
back and insight into the behavior of DNA nanostructures. Coarse-grained molecular
dynamics modeling tools such as CanDo provided by the Bathe group [82], oxXDNA
provided by the Doye group [83], and NAMD provided by the Aksimentiev group [84]
have greatly alleviated challenges in designing and testing DNA nanostructures. It
has since become possible to simulate large DNA origami [63, 84{86] with molecu-
lar granularity. These tools can simulate the di usive movement of strands, their
hybridization, and their physical properties that may rely on bond strength, sys-
tem temperature, or ionic concentrations. Thus, they can provide information on
the shape and stiness of designed DNA nanostructures in an expected environ-
ment. Simulated studies have revealed properties of DNA nanostructures similarly
discovered via much more challenging characterization by imaging techniques such

as cryo-EM [87,88].
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2.3 Applications of enclosed, curved DNA nanostructures

Within a decade of research, the shape variety of DNA origami nanostructures has
become increasingly saturated, but the plethora of geometries has outpaced their
presence in nanoscience applications. A large portion of applications still utilizes
DNA origami shapes designed as packed lattices. The design criteria of more DNA
origami-derived strategies must evolve to accommodate properties previously sec-
ondary to shape, such as mechanical or biomimetic properties that would enhance
lifetime or e ectivenessin vivo or functionality in conjunction with other nanoma-
terials in situ. In addition, as a soft material, DNA nanostructures are susceptible
to degradation and deformation that may further limit their usage in nanoscience
applications, emphasizing a need for generalized structural reinforcement strategies
to improve the robustness of structures for reliable use.

On the other hand, nano-capsules, such as viral capsids or cell membranes, al-
ready exhibit mechanical and biocompatible properties that are highly bene cial to
nanoscience. DNA origami has so far had limited success emulating this archetype.
Natural structures are di cult to arti cially create and modify to suit a broader
range of purposes. DNA origami may yet provide a solution for designing arti cial
nano-capsules that can be speci cally tailored to their applications. This chapter
investigates the mechanical shortcomings of existing DNA origami methodologies to
implement properties similar to natural nano-capsules for applications where reliable
con nement and manipulation of guest molecules is of utmost importance. A wide
eld of downstream applications, including nanocasting, cellular uptake, drug deliv-
ery, bioreactors, and nano uidics, will be discussed in terms of how they contribute
to design criteria modi cations to develop application-centric design methodologies

for DNA origami.
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Figure 2.1 : Applications of encapsulating DNA nanostructures. (A) A DNA
nanorobot that selectively delivers thrombin to a tumor site to induce thrombosis
of the tumor to destroy it. (Reprinted with permission from Springer Nature [54].)
(B) A DNA nanopore with a locking mechanism that can restrict a ow of molecules
through the channel. (Reprinted with permission from American Chemical Soci-
ety [42].) (C) A DNA origami nanovault functions as a nanoreactor by capturing
a single enzyme within its cavity and controlling its reactions via a latch mecha-
nism. (Reprinted with permission from Springer Nature [45].YD) A DNA origami
mold used for nanocasting of gold nanoparticles. (Reprinted with permission from
AAAS [50].)

2.3.1 Encapsulation

We refer to encapsulationas the concept of separating molecules of interest between
an inner compartment from the outside environment. Encapsulation is a goal of shape
design, where a structure must be able to form a cavity. Here, the signi cance of
shaped DNA nanostructures is primarily in ful lling function. Compartmentalization

is enforced in nature by membranes or protein shells to consolidate processes and
also defend sensitive operations or molecules from interruptions or damage. It is of
great scienti c interest to create arti cial nanostructures mimicking this capability.
Technologies such as polymer or lipid vesicle technologies [33{35] ful Il this goal, but

in comparison to DNA origami, neither are as programmable and addressable.
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On the other hand, DNA nanostructures are not continuous surface structures
like a membrane is, and their parallel helices also have some uctuation [63] that
can reveal gaps in the structure. This can be improved using multi-layer DNA
origami nanostructures [56,64], which minimize uctuations and reduce gap spacings
to become less permeable to the relevant molecules of the application. While not
all examples of encapsulation are shape-dependent, DNA nanocompartments are
uniquely capable of modulating the size of a cavity, the position or quantity of
contained molecules, and access to the space as determined by DNA-based circuit

logic.
Nanocasting

Control over shape and permeability has been vital to synthesizing shaped gold and
silver nanopatrticles using a hollowed DNA nanostructure as a mold via a process
termed nanocasting [49, 50] (Fig 2.1D). The nanocasting process utilizes seeded-
growth nanoparticle synthesis but with the seed beginning within a shaped cavity to
which the growing nanoparticle will conform. This process has been demonstrated
with silica nanotubes [89] and protein shells [90] but without the same degree of
shape variety as DNA nanostructures. The advantage of using DNA nanostructures
to form the mold is the wide variety of shapes, such as cubes, discs, and triangles,
and their compositions, such as Y-branch shapes. Expanding the available geome-
tries of other materials is, in isolation, already a signi cant research problem, while
DNA origami techniques are generalized across a variety of geometries. Currently,
while still e ective in determining the rough shape of the metallic nanopatrticle, the
exibility of DNA nanostructures slightly yields to the forces of nanoparticle growth
upon its inner walls. Thus so far, the process mandates accurate timing, rather than
entirely relying on the walls of the DNA mold, to terminate nanopatrticle growth, but

methods as yet untested for nanocasting for improving the rigidity of DNA nanos-
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tructures could be later shown to improve nanocasting quality [91,92]. Nonetheless,
the results show enticing potential for the bottom-up synthesis of plasmonic nanos-

tructures [50] or nanowires [31].
Single-molecule chemistry

Nanoreactors are con nements of selected molecules such that there is some level
of deliberate control over their reactions. Nanoreactors require the property of an
impermeable encapsulation to be paramount to tailor environmental conditions for
only speci ¢ reactions to occur and thus should be able to shield molecules from un-
favorable reactants pro ciently. The Andersen group demonstrated a DNA origami
nanoreactor \vault" that can capture single enzymes within its cavity and could im-
pose speci ¢ conditions on its locking mechanism [45] (Fig 2.1C) to restrict reaction
conditions further. In doing so, the responsiveness of the enzyme to substrates could
be consolidated into speci c activity levels of scienti ¢ interest.

Alternatively, enzymes can be spatially localized. This has been shown for 2D
surfaces to measure the e ect of distance separation on reactions and investigate
biophysical mechanisms of target proteins [93, 94], but also within the cavity of a
DNA origami reactor [47,48,95]. This localization is similar to how natural enzymatic
pathways achieve rapid reaction rates. Such a system will allow scientists to compose
and study speci ¢ pathways under precisely modulated concentrations and relative
distances. DNA nanostructures can also aid in isolating single membrane proteins
by simulating a small lipid bilayer within a constructed cavity. Such studies are
otherwise challenging due to the poor stability and activity of membrane proteins
in any environment other than upon the cellular membrane [46], thus calling for

strategies that can arti cially simulate that environment.
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DNA-based drug delivery vehicles

Drug delivery is an area where structural DNA nanotechnology may inspire a new
degree of complexity toward therapeutics. Targeted drug delivery is still an open
challenge [96] that ideally establishes strategies for the safe and successful delivery
of a therapeutic payload by limiting their e ective area to only diseased sites. This

is especially a problem for drugs that can harm healthy tissue that unintentionally
uptakes it but must still be circulated through the body to reach its intended site.

The ability of DNA to both form structures and compute with biomolecular
inputs is a unique advantage of the material to satisfy this functionality. Placing
such therapeutics within the cavity of a DNA nanocompartment adds a layer of
separation between the therapeutic and any other tissue it could unintentionally
damage. Then, DNA nanocompartments can be designed to open and expose the
cavity with its therapeutic payload when a targeted biomarker is observed by a
programmed locking mechanism [53]. The limitation and future opportunities for
research here, of course, are thus to expand the variety of biosensors that can be
conjugated to DNA and incorporated into DNA nanocompartments.

One area of high potential impact is the targeted delivery of anti-cancer drugs,
which can have severe side e ects, such as doxorubicin which can cause damage
to the heart muscle. DNA circuits have been shown to perform complex pro ling
of cancer cells, thus heightening the specicity of any DNA nanostructure-based
targeting for cancer therapeutics [97]. DNA nanostructure drug delivery vehicles
have also been shown to be su ciently stable undein vivo conditions to passively
build up at a tumor site [98]. Li et al. successfully delivered and released thrombin
to tumors to induce thrombosis of only the tumor tissue [54] (Fig 2.1A). Paret
al. demonstrated that DNA nanostructures can easily be programmed to carry

multiple di erent drugs simultaneously and could thus help the simultaneous delivery
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of multiple-drug therapeutics to combat complex diseases that are drug-resistant [99].
Membrane-spanning DNA Nanopores

DNA nanocompartments have been used to build transmembrane channels, some-
times referred to asmembrane-spanning DNA nanoporeshat implant into a cellular
membrane. Tubular DNA nanocompartments decorated with hydrophobic groups
along its outside enable a DNA nanocompartment to embed itself into a lipid mem-
brane as an arti cial transmembrane channel [41,44]. We consider this an essential
function of encapsulation in isolating a leak-free channel for molecules to be trans-
ported across.

Natural transmembrane channels span their lipid bilayer and typically help to
regulate the nutrients within a cell. DNA nanopores may enable forced control over
the nutrition gradient of cells by implementing commonly used locking mechanisms or
could be used for biophysical studies of how materials pass through the membrane by
monitoring voltage changes from the DNA nanopore that indicate molecules are pass-
ing through. The Howarka group demonstrated that designed DNA nanopores are
functionally similar to their associated natural counterpart when measured for trans-
portof K ions [42] (Fig 2.1B). Proteins may also be passed through the channels, and
each event can be measured by the transduced electrical signal of the channel [100].
Gating can also be applied, which blocks the channel under speci cally programmed

conditions to modulate the ow of molecules through the channel [43,101].
2.3.2 Geometric Templating

Geometric templating is the principle of utilizing the geometry of DNA origami
nanostructures to orient or position other molecules that do not have the intrinsic
capability to organize to the geometric complexity of the DNA-based template. This

principle depends on the shape of the DNA nanostructure itself as designed or as
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Figure 2.2 : Applications of utilizing DNA nanostructures as a geometric template.
(A) Pitch-scaling of carbon nanotubes by trenches constructed from DNA bricks.
(Reprinted with permission from AAAS [102].)(B) Liposomes sca olded by a DNA
origami cage can replicate the appearance of the Golgi apparatus. (Reprinted with
permission from Springer Nature [26].YC) Gold nanoparticles placed within polyhe-
dral DNA nanostructures that assist in placing the gold nanopatrticles in crystalline
lattice positions. (Reprinted with permission from Springer Nature [28].)(D) A
DNA origami bundle with a tailored spacing of uorophore markers that assist in
the calibration of images against drift. (Reprinted with permission from Springer
Nature [103].)

addressed on its interior or exterior surfaces.

The rst demonstrations of DNA origami included a \world map" designed by
attaching physical moieties to speci cally addressed locations on the DNA origami
surface, creating a pattern that could be viewed under an AFM. This principle has
since been exploited to arrange a wide selection of other molecules. DNA nanostruc-
tures are addressable by binding functional groups, which can encompass organic or

inorganic molecules, to nucleotides at the desired locations within the design. These
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modi cations are usually done at the 5' or 3' end of an ssDNA segment. How-
ever, some situations may call for modi cations to be made mid-sequence, such as
phosphorothioate for hydrocarbon modi cations [104]. The ssDNA segment can be
an extension of staple strands already included in the structural design of a DNA
origami nanostructure or be a separate strand that hybridizes to a complementary
domain extended from those strands. The latter option is typically chosen to be
more economical and versatile as it decouples guest molecules from each unique sta-
ple sequence. A universal sequence can place the same guest molecule in multiple
locations, reducing costs, as functionalization can be an expensive process to repeat
for many distinct strands. It is more economical to synthesize a universal comple-
mentary sequence extending from the staple strands. If multiple unique locations
are desired, then the sequences can also be chosen with the necessary orthogonality.
As such, DNA nanostructure surfaces can place guest molecules with a resolution
similar to its per base resolution of approximately 3.4A along a strand or 2 nm

between helices [105].
Hybrid DNA-Lipid Nanostructures

Lipid vesicles are lipid bilayer membranes typically encapsulating some uid. Gen-
erally, cells and organelles all have an encapsulating lipid bilayer membrane. Lipid
vesicles that are arti cially created areliposomes which are self-assembled from am-
phiphilic lipid molecules. Liposomes preferably self-assemble into spherical shapes,
but in natural systems, membrane proteins can also regulate the deformation of
cellular membranes to dictate cellular function. The function of these membrane-
deforming mechanisms still warrants study, and DNA nanostructures could help
probe and mimic their e ects.

DNA nanostructures have been shown to template the size and shape of lipid

membranes. A DNA nanostructure template can be decorated with hydrophobic
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functional groups. These are lipid membrane components that can embed into a lipid
membrane, usually cholesterol, but also hydrocarbon chains [104]. A lipid membrane
self-assembles around the DNA nanostructure spanning the anchored hydrophobic
groups [37], and this has been shown to manipulate continuous lipid membranes
into unnatural con gurations such as cuboids [106] or winding tubular shapes that
have also been shown to mimic the structure of the Golgi apparatus [26] (Fig 2.2B).
The study of lipid vesicles is also made more challenging by inconsistencies of size
and shape in leading synthesis techniques which still necessitate strict lItration of
undesired specimens [107]. Round DNA barrels have been shown to act as a physical
template for synthesizing lipid vesicles where it becomes energetically favorable for
the lipid vesicle to conform to the size of DNA nanostructure template [38]. In
biomimicry of nanodiscs [108], circular DNA templates can also consolidate a lipid
bilayer for biophysical studies [51,104]. Another circular template, a DNA barrel
extruded using hierarchical assembly, was also shown to be able to template the
formation of a lipid membrane along the outer pro le of the structure, forming a
long, tubular lipid membrane [52].

Biophysical studies of lipid membranes are also possible using DNA nanostruc-
tures as an architectural framework. For example, joint work by the Lin and De
Camilli groups used a column-like DNA nanostructure as a ruler for spacing lipo-
somes, which were themselves suspended in circular DNA origami templates at each
end of the ruler, apart to study the transfer of lipids between their membranes [109].
Shaped DNA nanostructures can also be used to mechanically impose shape upon an
existing membrane [36,110,111], similar to the BAR-family of proteins, which have
a role in forming tubular substructures in cells, which among its functions creates
lopodia, which are protrusions of the cell membrane that allow the cell to probe its
environment. These studies help to show how DNA origami can elucidate the me-
chanical properties of cellular function. Composition and the organization of lipid
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membranes and their membrane proteins can also be studied by tracking the posi-
tion of DNA barges that have speci c targeted behaviors or interactions upon the

membrane surface [112,113].
Molecular-Scale Imaging with DNA Nanostructures

The consistent and speci ¢ shape of DNA nanostructures make them a dependable
reference object to assist in the characterization of other nanoscale moieties. Given
the rise of techniques like super-resolution microscopy, it is now possible to observe
specimens with nanometer resolution, but quantifying spatial information requires
the development of a consistent frame of reference. Here, the geometry, including the
size, length, and sometimes even aspect ratio, and stability of DNA nanostructures
0 ers a consistent, widely compatible metric to measure by.

Martin et al. used a DNA nanocompartment with a hollow column to facilitate
tomography measurements by suspending a desired analyte in the cavity [114]. The
aspect ratio of the supporting DNA nanocompartment determines its orientation
within a Im of vitreous ice. At the same time, the structure can also protect the
analyte from harmful interactions with surrounding molecules or the air-water inter-
face. The shape of the supporting DNA nanocompartment provides an orientation
reference, and the binding of an analyte to the DNA suspension wire can also tilt
the orientation of the sample itself.

The shape variety of DNA nanostructures can also be used to resolve complex
properties, such as single nucleotide polymorphisms, by shape [115], or by barcoding
the surface with physical protrusions [116], then imaging with AFM. The consistent
and predictable shape of DNA nanostructures can also be used as calibration or mea-
surement references. Designed lengths of DNA origami nanostructures can provide
an object of known size to performn situ calibration for AFM analyses [117]. A

vital property of linear DNA nanostructures of xed length is that they can be repro-
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ducibly synthesized in high yield. This is especially helpful to the communication of
data, where instead of nanoscale standards needing to travel and risk damage, they
can be communicated via the saved design of the DNA nanostructure. In several ex-
amples of previous work, uorophores could be placed at exact locations with known
spacing along the addressable surface of a DNA nanostructure to provide a repro-
ducible nanoruler [118,119]. In another example, Raadt al. use a DNA origami

bundle with red and green uorophores to calibrate against drift [103] (Fig 2.2D).
Nanofabrication of Plasmonic and Nanoelectric Devices

There are numerous strategies for DNA nanostructure templates to bind or interact
with inorganic nanomaterials such as gold or carbon nanotubes. Thiol-modi ed
DNA strands are a well-known method for conjugating gold nanoparticles to DNA
nanostructures, but so can various peptides and proteins [120]. The geometry of a
DNA nanostructure template can provide an unparalleled substrate to pursue the
bottom-up assembly of electric and plasmonic nanodevices. Studies involving DNA-
templated gold clusters have been numerous in the last decade. Recent work has
also drawn attention to a wider variety of inorganic materials, such as silica and
carbon nanotubes. Considering the breadth of proteins and peptides with specic
material a nities that have yet to be used in conjunction with DNA nanostructures,

a paradigm shift in the possible applications of DNA nanostructure templates for
nanofabrication could occur soon.

In the last two decades, DNA-templated arrangements of metallic nanoparticles
have produced a bevy of novel plasmonic nanodevices and provided insight into
multiple phenomena. Some of the earliest demonstrations were with single DNA
duplexes acting as tethers to assist the ordered aggregation of gold nanoparticles [121,
122]. Since then, many new techniques have been developed implementing complex

geometric arrangements. The intensity and wavelength of plasmonic phenomena
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heavily depend on the geometric layout and composition of its metallic components,
such as gold, silver, and platinum. In single particles, the geometry is typically
constrained by the extent to which crystallographic facets of the material can be
chemically restricted for growth beginning from a seed. While this has generated an
incredible variety of particles, including spheres, rods, triangles, and stars, arranging
them for reproducible clustering or colloidal e ects has been much more challenging.

Many applications have since demonstrated the advantages of tailored shape de-
sign using DNA nanostructures compared to existing biological templates such as vi-
ral capsids or bacterial sca olds [120,123,124]. Chiral assemblies of gold nanospheres
spaced helically along a straight DNA origami bundle emit a distinct circular dichro-
ism signal [125]. Similar e ects are also generated by gold nanorods oriented along
the edges of an adjoining pair of DNA origami triangles [126], and in general, there
have been numerous methods to produce chiral orientations using a DNA nanostruc-
ture support [127{133].

Nanoparticle geometry can also determine eld enhancement e ects. For ex-
ample, gold nanospheres arranged into a square on a at DNA origami template
form a SERS hotspot in the negative space in their middle [134]. The Ding group
and collaborators used a DNA origami template to position two gold triangles with
nanometer precision in a bowtie shape to generate a high local eld enhancement
between their tips [135]. The Ke group and collaborators created DNA nanotubes
from a honeycomb lattice similar to how carbon nanotubes appear as rolled sheets of
graphene, then set gold nanoparticles into speci c lattice holes to produce plasmonic
metamaterials [136].

Over time, the scale of DNA-templated nanoparticle assemblies has also become
increasingly complex by utilizing the modular assembly of DNA nanostructures into
multicomponent, superstructure assemblies. Zhat al. reported a modular strat-
egy in which, rst, gold nanoparticles are placed anywhere within a half-hexagonal
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DNA origami trough. Those troughs, each as a module, could be linked in series
to form a specic, linear assembly of gold nanoparticles [137]. The Gang group
demonstrated a strategy for utilizing polyhedral DNA origami as a frame for fabri-
cating gold nanoparticle clusters with high spatial complexity. The attachment of
gold nanoparticles on selected vertex points of the polyhedral DNA frame produced
speci ¢ geometric arrangements of gold nanoparticles that can mimic the position of
atoms in a crystal lattice unit cell. This could be done either using a single, high-
degree polyhedron [138] or a large, crystalline assembly of low-degree polyhedra such
as cubes and octahedrons, where gold nanoparticles could be placed at either the
vertices or at the center of the structure [27, 28, 139] (Fig 2.2C). The Turber eld
group demonstrated a deterministic strategy of tethering gold nanoparticles using
DNA origami nano owers, which wrap around a gold nanoparticle giving it rota-
tional speci city [140].

DNA-assisted fabrication of electronic nanodevices has also garnered signi cant
research attention. Carbon nanotubes (CNTs) have been an enticing candidate to
outperform and replace silicon-based electronics. However, they are di cult to in-
dividually handle and align to precisely tailor the electrical properties of any CNT
connection. Sunet al. used micrometer-scale trench-like structures constructed
by DNA bricks as a solution to the challenging problem of aligning and position-
ing CNTs between two nodes [102] (Fig 2.2A). DNA strands attached to the CNTs
guided and locked them into parallel trenches that were only wide enough for a single
CNT, thereby physically Itering and aligning them. His group later used this tech-
nique to create FET transistors [141]. Various metallic growth strategies have also
explored site-speci ¢ growth of metallic nanostructures based on a DNA nanostruc-
ture template. Bayrak et al. used the nanocasting method to create gold nanowires
by growing a gold crystal through a chain of DNA origami molds [31]. Ji&t al.

demonstrated how low-valence metal ions (Cu and Ag® ) aggregate to and begin
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to metalize upon clusters of long ssDNA preferentially over sti er DNA origami as
a seedless approach to the fabrication of metallic nanostructures [142]. Stetral.
used DNA origami nanostructures as a lithography mask to produce similarly shaped

patterns of gold upon a silicon nitride chip [143] to create plasmonic nanostructures.

2.4 Conclusion

Despite the myriad of applications, the shape variety carried forward toward down-
stream applications is just a tiny subset of possible DNA nanostructures. When
considering the application of DNA nanostructures to a molecular landscape, there
is no need to overthink what primitive functionalities are necessary other than to refer
to what has evolved naturally. Spatial organization relies signi cantly on the com-
partmentalization of molecules. Matrices of brous structures often support and dis-
tribute molecules within that space. Becoming somewhat of a ubiquitous material for
spatial organization at the molecular level, DNA nanostructures continue to demon-
strate these primitives with incredible adaptivity. These structures undoubtedly are
set to become more complex. To maintain the structural and functional delity of
DNA nanostructures in their downstream applications, design principles must like-
wise scale to higher-level abstractions of DNA nanostructure design to heighten the
integration of purpose without being hindered by low-level decisions for determining

shape and yield.
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3

Generalized DNA Origami Design and Automations

3.1 Introduction

DNA origami is a powerful technique that has signi cantly expanded the variety of
DNA nanostructures. Design methodologies that followed, such as DNA bricks and
polyhedral DNA nanostructures, developed automated, algorithmic strategies with
repeatable and scalable local design principles, which translated to a major leap for-
ward in the scale and geometric complexity of DNA nanostructures. These strategies
were able to leverage algorithmic patterns and computational power to apply com-
plex design principles beyond those that a human designer could comfortably work
with. A notable contributor to these methods' success has been that, despite their
geometric complexity, the mathematical formalism of their geometries simpli es one
of the most challenging design principles, crossover placement. Polyhedral structures
can be de ned as a set of vertices and edges, and bricks can be de ned as voxel po-
sitions. Crossovers are placed at vertices in polyhedral designs. Due to the xed
domain lengths in DNA bricks and the shape of each brick, crossovers occur as an

e ect of correctly placed bricks and appear with periodic regularity throughout the
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design.

On the contrary, while less geometrically complex, basic DNA origami designs,
like those based on the packed lattice, do not share these constraints on crossover
positioning. This lack of constraints yields an optimization problem for crossover
placement that has not since been seriously considered nor resolved. That is not
necessarily peculiar. Many such shapes still utilized in applications are at a scale
and complexity where a human designer can reasonably complete a desired design in
less than an hour. The simple block-like shapes allow a local crossover pattern to be
repeated throughout most geometrically similar portions of the design. That is, the
positioning of a few crossovers in one area of the structure likely applies throughout
many other areas of the design. Despite the di culty of a mathematically rigorous
solution, to a human, it appears much simpler to create a design that ensures the
correct shape, high yield, and high structural integrity of the structure. Compared
to the di culty of automation, it is understandable that there is limited interest in
automating DNA origami design from its fundamental design principles.

However, the advantage of simplicity may not hold forever. As previously dis-
cussed in Chapter 2, many applications still utilize but, at the same time, are also
limited by packed lattice designs. The plane-based routing of packed lattice DNA
origami yields a compact shape when extruded to 3D but also has a high material
overhead cost. The maximum shape complexity and feature resolution are limited,
as each helix requires a minimum number of connections to any adjacent helices to
preserve its intended position within the shape. That minimum number is thought
to be at least two full turns, which in B-form DNA would be equivalent to 21 base
pairs or approximately a length of 7 nm. Also, considering the expected interhelical
distance of around 2.6 nm, this is a signi cant overhead of material required to create
even minor protruding geometric features.

Design principles within the scope of fundamental DNA origami design, such
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as those that allow curvature [7, 10, 74], can surpass the previously listed feature
resolution limits. The availability of orthogonal sca olds [78, 144] will also begin to
relieve size limitations of all DNA origami-derived design strategies. This enables
DNA origami designs to be created with more than one sca old, which was previously
a hard limit for DNA origami design. These developments motivate this thesis to
revisit the previously raised issue of automating fundamental DNA origami design
that appeared trivial but will no longer be for future designs of greater complexity.
It investigates the traditional design principles of DNA origami, how to quantify
them and abstract them to higher-level design properties, and possibilities for novel
geometries that challenge previous design constraints.

The remaining sections of this chapter are organized as follows: Section 3.2 dis-
cusses fundamental concepts and terminology relevant to discussing DNA origami
design. Section 3.3 reviews the design principles of several of the most popular DNA
nanostructure design techniques. Section 3.4 provides a walkthrough of DNA origami
design from the perspective of a human designer, which will cover basic principles we
will refer to in Section 3.5 for discussing a proposed set of higher-level abstraction
parameters and how each relates to the design of DNA origami. Section 3.6 then
discusses strategies for utilizing the consolidated parameters in automated design

pipelines for DNA origami.
3.2 Fundamental Concepts and Terminology

A DNA nanostructure is a nanometer-scale object made entirely from DNA. duplex
refers to dsDNA, which is a rigid molecule relative to sSDNA. DNA nanostructures of
speci ed shape can be designed by the relative positioning of duplexes to each other,
a xed by crossoverslinking nearest neighbors. A crossover is a continuous segment
of a DNA strand that spans two discontinuous segments on a complementary strand,

forming a junction similar to the Holliday junction that positions the discontinu-
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ous segments spatially close together. The placement of crossovers throughout the
nanostructure is determined by the letter sequence of each DNA strand to program
their complementarity. The deliberate placement of these crossovers determines the
design's shape, stability, and yield, and the total patterning of crossovers across the
design will be referred to as therossover network

DNA origami is one of the most popular techniques for designing DNA nanos-
tructures. The basic principle of the technique is to use many, usually hundreds,
of short (100 nts) ssDNA strands termedstaplesto \fold" a few, often only one
but more recently up to two or three, long { 1000 nts) ssDNA strands termed the
sca old strand or sometimes thdambda sequenceStaples are typically added at a
10-fold excess concentration relative to sca olds into ane-pot synthesiswhere all
staples and sca olds are added into a single mixture. Next is thermal annealing
step to synthesize the structure from this mixture. The solution is heated to about
95 C, much higher than thedenaturing temperature of DNA around 60. Denaturing
refers to breaking hydrogen bonds that hold a dsDNA molecule together in its fa-
miliar double helix shape, such that all duplexes become ssDNBNA hybridization
refers to the forward process, where all ssSDNA bind together by their complemen-
tary domains, forming as many and as entirely complementary duplexes as possible.
Following the heating, the mixture is cooled to room temperature over at least 2
hours but sometimes as long as 72 hours, with the cooling rate most gradual be-
tween approximately 35C to 70 C. The obtained nanostructures are often puri ed
for downstream purposes using gel electrophoresis or spin columns to remove un-
bound staple strands. Structures are frequently imaged by atomic force microscopy
(AFM) or negative-stain transmission electron microscopy (TEM).

B-form DNA is the most stable form of duplex DNA and is the preferred form to
work with. When handling DNA for synthesizing nanostructures, bu ers are adjusted

to maintain DNA in this form as much as possible. In B-form DNA, the DNA
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molecule has araxial rise of 0.332 nm and &helical twist of 10.5 bps/turn. The axial

rise is the distance between each successive nucleotide in a sequence. The helical twist
is the number of bases to count along a duplex to arrive at a nucleotide along the helix
at the same angle. A single count of this distance is referred to agudl-turn. Other
terms like half-turns or quarter-turns denote the linear distance to nd nucleotides
with 180 and 90 angular di erences to the initial nucleotide, respectively. These
representative terms are often used for lattice-based DNA origami, where potential
crossover positions are distributed at discrete intervals. For example, for a 2D DNA
nanostructure where all helices are planar, only crossovers at full-turn and half-turn
intervals will be used to link each pair of neighboring helices.

DNA origami mainly utilizes full crossovers(or sometimes also called aouble
crossover) which are two adjacent crossovers. However, \crossover" is often used
instead of the complete terminology. Thus, a crossover always involves two pairs
of nucleotides, one on each helix to be linked. We refer to these pairsragleotide
pairs. When determining a potential crossover position, we do not evaluate the angle
of a single nucleotide but rather the bisecting angle of the nucleotide pair. This angle
is referred to as thedihedral angle

Additional terminology that will be used throughout this chapter is as follows:

1. A nick is a position along a duplex where a continuous strand is disconnected

into two separate strands.

2. A region is a continuous segment on any duplex between nicks and crossovers.
Long regions have greater binding strength between their complementary ss-

DNA.

3. A scaold routing is the sequential path of the sca old strand through each

helix of the structure.
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4. A staple routingis the sequential path of the staple strand through any number

of helices of the structure.
3.3 Common Design Principles

This section describes the design primitives of various DNA nanostructure design
strategies. While numerous variations exist, this thesis summarizes DNA nanostruc-
ture design strategies into only a few categories de ned by their design principles.
These include designs on packed lattices, polyhedral, and curved nanostructures.
An exception to the DNA origami strategy that has demonstrated success is DNA
bricks, which does not use a sca old strand and instead uses a huge pool of only

short oligonucleotides.
3.3.1 DNA origami on 2D and 3D packed lattices

The DNA origami technique, pioneered by Rothemund [4], rasterized geometries
using only straight and parallel helices. In a 2D, planar design, modulating the
length of each helix forms the contour of a shape when viewed normal to the plane.
Each helix forms crossovers with two adjacent helices, one on each side of it. So
along each helix, crossovers are separated by half turns, alternating between each of
its neighbors. In B-form DNA, this is approximately every 5 or 6 bases. Crossovers
should be spaced at least one full turn away from any adjacent crossover along
the same helix. This helps to ensure that in between these crossovers, there is
a su ciently long continuous region to improve the binding strength between the
complementary ssDNA. Strands that are only complementary for a short region can
come apart due to weak binding, thus damaging the structure's overall stability. A
single, planar DNA origami is referred to as &heet

This technique can be extended to 3D by stacking sheets together, like a stack

of paper [8]. The lattice choice, honeycomb, square, or triangular, determines the

35



positions of crossovers along each helix and the intervals at which they occur [145].
Adjacent crossover positions are divided into quarters, thirds, or sixths in honeycomb,
square, or triangular lattices, respectively. These lattices are often used to create
bundles which are named either by their total number of helices present (e.g. 6-

helix bundle) or their dimensions as width height (e.g. 3-by-2 helix bundle).
3.3.2 Polyhedral

The polyhedral strategy [5,24,32] of DNA origami design is also based on the principle
of using short staples to fold a long sca old. However, helices are no longer placed
straight and parallel to each other. Instead, shorter, straight segments of helices
represent the edges in a polygonal structure. The most challenging problem for these
structures has been how to route the sca old. It was discovered that solutions could
be adapted from the Eulerian path problem. Once the sca old is routed, staples are
also generated to lock the routing of the sca old into place.

Second, a critical design principle is how the routing handles the transition of the
sca old and staple strands at the vertices of the shapes. Depending on the relative
positions of polygonal faces to each other, either full-turn or half-turn crossovers are
used at the junction of DNA segments at the polygonal vertices. Thus, this limits the
geometric resolution of each edge and face, as edges need to be intervals of full-turns
or half-turns to ensure that their endpoints that meet at vertices can appropriately
form crossovers with adjacent edges. Most notably, this also constrains the locations
of the crossovers. The vertices in the geometry help to determine crossover placement,
which is a critical reduction to the complexity of its design compared to packed lattice

designs.

36



Figure 3.1 : Conceptual conversion of a 2D DNA origami sheet to a 3D DNA
capsule. (A) Beginning with a 2D DNA origami sheet, if it is rolled into a cyclic
structure, it creates a cylinder.(B) Editing the dihedral angles of each helix creates
some extrusion of features. (Reprinted with permission from AAAS [10].)(C)
When this is applied to the cyclic template, it creates curvature along the pro le of
the structure.

3.3.3 Curved and rounded

Rounded nanostructures can be designed by connecting each helix by its endpoints,
such that it is cyclic [71] (also see Fig. 3.1). Due to the rigidity of a DNA duplex,
after being bent such that it is cyclic, the helix relieves the stress of curvature evenly
throughout its length, thus becoming a rounded, circular shape. This strategy also
follows the traditional technique of DNA origami using short staples to fold a long
sca old strand.

A key di erence in this technique is the usage of all dihedral angles along the
double helix instead of simply those at discrete intervals. By doing so, each circular
helix can be scaled to a circumference relative to its adjacent helix, such that it is
spaced no further away than the interhelical distance = 2.6 nm. When each con-
secutive helix is placed with some o set to the last, these curved structures can also
exhibit curvature along two dimensions.Out-of-plane curvaturerefers to curvature
along the pro le of the shape, whilein-plane curvature refers to the curvature along
the length of each helix. In-plane curvature is a natural property of the cyclic helices,
while out-of-plane curvature results from the unrestricted choices of dihedral angles.

A challenge to this method is that the circumferences, determined by satisfying
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the constraint of interhelical distance, are not always integer multiples of the helical
twist of B-form DNA (10.5 bps/turn). The e ect is that instead of a predictable
and dense availability of crossover positions between adjacent helices, due to their
varying periodicity, there are very few crossover positions as would be decided by

previous conventions. This will be further discussed later in Chapter 4.
3.3.4 DNA Bricks

DNA bricks [6,19] is an alternative strategy distinct from DNA origami. Instead of
using a sca old strand and staple strands, it uses many short oligonucleotides, each
with typically four domains of 8 nts or 13 nts long. It uses each as\axel within a
cubic DNA nanostructure. Strands for each voxel form a single crossover (not a full
crossover) to one other voxel. In repeating this same strategy through the structure,
the relative position of all voxels is determined in 3D. This strategy can form lled
cuboids of voxels and then selectively exclude them for creating shapes or cavities.
Overall, the helical axes in these designs are still aligned to positions following a

square lattice.
3.3.5 Optimization

Several optimization techniques of DNA origami have been investigated in previous
literature. These pertain primarily to the hybridization strength of each comple-
mentary region within a design. Aside from ensuring a high quantity of well-placed
crossovers, several design principles exist to maximize the yield of the designed DNA
nanostructure. While primarily evaluated for packed lattice structures [56, 64, 146],
it is likely, but not proven, that the principles generalize to any variation of the DNA
origami technique.

The presence of $eed regions for each staple strand has a notable impact on the

yield of the nanostructure. A seed region is a continuous region of at least 14 bps in
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length, such that a staple is guaranteed to have some subsequence that binds strongly
to the scaold strand. This is implicitly achieved by the corresponding placement
of crossovers and nicks but is not always guaranteed due to the density of crossovers
and nicks. By ensuring that each staple has at least one seed, all staples are more
likely to nd, bind, and remain in the local proximity of the sca old strand. This
helps shorter regions form with greater success.

Furthermore, any subsequence of the staple strand that is not the seed region
should preferably be at least 7 bps long to reach a minimum binding strength with
the sca old. Generally, this means that crossovers should often be placed more than
21 bp apart. That would accommodate a seed region for one staple and another
minimum region for another staple that would have its seed region elsewhere. While
principles may not always be perfectly applied to every staple, it is advantageous to
use them as much as possible.

Furthermore, B-form DNA can have a slightly varying helical twist in bu ers
with di erent ionic concentrations. Each crossover position is rarely perfectly angled
towards the position of its adjacent helix, and each minor misalignment can add
strain to the structure. Additively, this causes global stress in the intended shape of
the DNA nanostructure, which, when the deformation is signi cantly large, the yield
and stability of the nanostructure begin to decrease. These are categorized into two
e ects. Overwinding refers to crossovers appearing along a helix slightly before it
completes a full turn causing the helix to twist more than intended to meet crossover
positions. Underwinding refers to the opposite e ect, whereby the helix twists less
than intended. Each of these can cause the entire structure to have a twisting defor-
mation, either in the left-handed direction from overwinding or in the right-handed
direction from underwinding. The most straightforward method of compensating
for this deformation is to ensure that a structure has crossovers that introduce both
overwinding and underwinding by periodically placing crossovers either earlier or
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later along the sequence. This is often referred to &sist compensation

The crossover densityis an aggregate property of a DNA nanostructure that is
sometimes referred to informally when associating the stability of a nanostructure
with the number of crossovers it contains. However, it does not actually reveal
any information pertaining to the speci c local choices per crossover. It is generally
accepted that ranges of crossover density roughly correlate to the observed structural
integrity of designed structures. If crossovers are very sparse, the structure is unlikely
to form even an approximate shape. As crossover density increases, the likelihood of
an accurate shape forming also increases. However, this either plateaus or begins to
trend downward past a currently unknown limit, after which adding more crossovers
has diminishing returns in making a more accurate shape. Instead, more crossovers
past that limit would continue to add strain and reduce the frequency of long regions,
thus increasing structural deformation and weakening the bonding strength of the

sca old strand to staple strands across the structure.
3.4 Walkthrough of DNA origami design

This section explains the basic concepts of DNA origami design by walking through
the simple example of creating a 2D rectangle DNA origami shape. The gures shown
here depict snapshots of major steps from the perspective of a human designer using
caDNAnNo to design an on-lattice DNA origami nanostructure.

We rst begin by indicating the positions of helices to create a canvas for the
intended shape. On the lattice-based design of caDNAnNo, the helices are rst set up
using a cross-sectional view of the helices (Fig. 3.2).

In the next step, we view each helix with a level of abstraction that displays
each helix as a discretized row of cells. Each cell represents a nucleotide along the
helix. Sca old strands are added to the canvas to de ne the length of each helix.
The position and length of each helix determine thashape template That is, the
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Figure 3.2 : Manual DNA origami design, Step 1. Cylinders abstract the position
of each double helix in a shape template. Each row of the user interface represents
each helix, and cell positions along each row represent nucleotide positions. The
ssDNA sca old strand and its crossovers are initially added to rasterize the shape
template.

outline of the shape template should match the intended shape we seek to design.
Crossovers in the sca old strand are added to complete the sca old routing, such
that the sca old strand is one continuous strand running throughout the entire shape

template (Fig. 3.3).

Figure 3.3 : Manual DNA origami design, Step 2. ssDNA sca old strands are added
into the interface. Sca old crossovers are placed to form one continuous sca old loop
throughout the shape.

Then, in the third major step, staple strands are drawn, mirroring the location

41



of each sca old strand. Now, all sections of the shape will be duplexes. A periodic
array of crossovers are added to make several loops of staple strands that are, at this
step, still quite long. However, notice that these crossovers can be placed at regular

intervals, and globally, a pattern is noticeable (Fig. 3.4).

Figure 3.4 : Manual DNA origami design, Step 3. Staple strands and
crossovers are added to the structure.

Finally, nicks are added to break each looped staple sequence into segments that
are preferably within a length range (typically about 30-50 nts) that, empirical evi-
dence shows, promotes high yield synthesis of DNA nanostructures (Fig. 3.5). Thisis
often referred to as thefolding kinetics which describes the relative ease with which
staple strands nd and fully bind to complementary positions on the sca old strand.

In brief, short strands (20 nts) can be unlikely to remain bound to the sca old due
to having an insu cient length to bind strongly. Long strands (j 100 nts) can be

di cult to fully bind in the rst place, either due to becoming entangled or needing

to bind too many distinct regions simultaneously. Again, nicks can be placed with
mostly periodic regularity, greatly reducing the number of distinct design decisions
for the human designer to be well below what would be expected for the size of the

nanostructure.
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Figure 3.5 : Manual DNA origami design, Step 4. Nicks are placed along staple
strands at intervals to reduce all staple strands to be within a range of lengths
conducive to high-yield synthesis.

3.5 Consolidation of Parameters

From the above walkthrough, we carefully consider the decisions made by the human
designer and the quantities and properties considered in each major step and sum-
marize these as oudesign principles The design principles are the comprehensive
set of rules applied in determining the crossover network and nicks within a DNA
nanostructure to generate a list of staples that reliably form the intended design with
high yield, stability, and accuracy. While crossover density is often a reliable global
value to quantify and compare crossover network variations, it does not contain any
information applicable for local decisions. Instead, we present DNA origami design

in the following parameters:

" Same helix crossover spacing (SHS) - The base pair length between two

crossovers that span the same pair of adjacent helices (see Fig. 3.6).

" Common helix crossover spacing (CHS) - The base pair length between
two crossovers that span two di erent pairs of adjacent helices, with one in

common (see Fig. 3.6).
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~ Staple length - The base pair length of each staple strand that is preferably

maintained to a range corresponding with high synthesis yield (see Fig. 3.6).

Nick proximity - Constraints indicating how close nicks can be placed to

crossovers and other nicks (see Fig. 3.6).

Crossover bonding distance - The metric length measured between the mid-
points of two pairs of nucleotides with respect to their position, then projected
onto the central axis of the helix. Each pair is on a separate helix in a pair of

adjacent helices (see Fig. 3.7D and later, Fig. 4.5).

Furthermore, we consolidate the following objects within a DNA model:
" Nucleotide Pair - Any pair of adjacent nucleotides on a helix.

" Half Crossover - The crossing over of a single staple strand from one subse-

guence of the sca old to another.
~ Full Crossover - Two adjacent half crossovers.

Nick - Removes the 5'-3' binding of nucleotides in adjacent positions to the

nick, such that the strand is \disconnected" at that location.

Figure 3.6 : Diagram of spacing parameters.
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3.6 Automation

Absorbing all of the above parameters, we consider algorithmic foundations of gen-
eralized automatic DNA origami design. To clarify the scope of this problem, we
do not consider accomplishing this from a \shape-level" abstraction. That is, struc-
tures like polyhedral structures can exploit established graph algorithms to convert
a shape into the placement of each helix. Instead, we assume that the arrangement
of helices is already known either by manual input by a human designer or generated
from another algorithm. Next, we consider instances of DNA origami with room for
non-determinism. That is, multiple di erent choices in the crossover network can
form the same structure, with at most trivial di erences.

Instead, the construction of automating a generalized strategy draws inspiration
from the manual process a human designer undergoes to design DNA origami, as
presented above in Section 3.4. This thesis describes an automated methodology

based on that process as follows:

1. The length of helices is determined and each is correctly placed. Helices are
placed as duplexes. This is a shape determination step for creating tsieape

template

2. A scaold routing is determined. By placing crossovers, the scaold strand
must form a continuous path through each other helix in the design. This
step has few constraints as the template has no other crossovers. Thus sca old
crossovers can be placed anywhere as long as they are at aligned positions

between the two adjacent helices to be connected.

3. The next step is placing staple crossovers. Once there is a satisfactory local
solution in simple packed lattice structures, it can often be repeated across the

entire design since many sections will be identical. This is an advantage of
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crossover positions being periodically available at the same interval between
each pair of adjacent helices and throughout the entire structure. Crossovers
can also be positioned with consideration for the optimization techniques as

discussed in Section 3.3.5.

4. Finally, nicks are placed to segment staple strands into lengths ideally between

30-50 nts for favorable folding kinetics.

The steps to place staple crossovers and nicks are the most complex parts of this
process. If crossovers are placed poorly, such as too close together, it hinders the
ability to choose favorable nicking locations. A human designer may often move
problematic crossovers to a new location, then update nick choices. This process is
repeated if that move should create new problems. In general, this process could be
summarized as rst loosely applying a crossover network, looking for problems, mak-
ing alternate choices, propagating those decisions, then reviewing again for additional
issues, changes, and updates and iteratively applying this process until arriving at a
satisfactory solution with no observable con icts.

While the goal of generating a valid crossover network is to maximize the stability
of the nanostructure, there is no known relationship capable of immediately mapping
the crossover and nicking choices of a DNA nanostructure to its predicted stability.
Molecular dynamics simulations can be done, but the feedback is not immediate.
Many techniques widely applied to optimize DNA nanostructure yield and stability
are followed from experience and empirical evidence. Furthermore, these techniques
may not all be simultaneously applied. Even if there is an optimal solution, there is
currently no known way to nd or verify it. Instead, nding an assumedly suboptimal
solution that satis es the desired constraints and appears outwardly correct is more
pragmatic.

The iterative process above suggests trying to implementlguristic algorithm,
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which is an algorithm that does not attempt to solve for the globally optimal solution
exactly, but via an iterative process, attempts to discover an approximate solution.
A heuristic algorithm focuses on immediate, local improvements based on a set of
constraints and is expected to converge onto an approximate solution that may or
may not be optimal but is expected to be close. This chapter discusses the develop-
ment of automated DNA origami design based on two heuristic algorithms. One is
based ongreedy decision-makingwhich takes the next best solution at every itera-
tion without observing any context. Another is based orsimulated annealingwhich
begins with any possible solution stat&y, then generates and scores small, random
permutations of that solution. A new solution stateS; ; is selected by scoring it
and comparing it to the score of the current stateS;, with some padding factor,
often referred to as the temperaturd . Depending on this di erence,S; ; has some
probability of being selected as the next state. However, for the sake of speed, in the

context of DNA design, these probabilities are weighted to be binary instead.
3.6.1 A digital workspace for automation

For applying the heuristic algorithms, this work creates a digital workspace with a
coarse-grained digital representation of DNA helices by initializing the position and
orientation of each nucleotide in a 3D Cartesian coordinate system. Three primitives
of DNA shapes are implemented: ring, line, and arc (Fig. 3.8). Each geometric shape
can be scaled and converted into a helix according to the intended helical twist.
Multiple modules are initialized and positioned into a@emplate of the intended DNA
nanostructure shape. (Note: The shape template is an abstraction of the shape
using only helices, while the template represents that abstraction converted into the
coarse-grained model with nucleotides.) This template evaluates crossover positions
by rst reducing relevant positions on a helix to nucleotide pairs with a neighboring

helix that have an aligned dihedral angle. Each nucleotide pair is then evaluated
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