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ABSTRACT

In DNA nanotechnology, DNA molecules are designed, engineered, and assembled into arbitrary-
shaped architectures with predesigned functions. Static DNA assemblies often have delicate
designs with structural rigidity to overcome thermal fluctuations, whose design strategies have
been studied extensively. Dynamic structures reconfigure in response to external cues. Such
transformational mechanisms have been explored to create dynamic nanodevices for
environmental sensing, payload delivery, and other applications. However, the precise control of
reconfigurable dynamics has been a challenge due partly to flexible single-stranded DNA
connections between moving parts. Deformable structures are special dynamic constructs with
deformation on double-stranded parts and single-stranded hinges during reconfiguration. These
structures often have better controls in programmed deformation. However, related deformability
and mechanics, as well as deformation mechanisms are not well understood or documented. In this
review, we summarize the development of dynamic and deformable nanostructures from the
mechanics perspectives. We present deformation mechanisms such as single-stranded DNA hinges
with lock-and-release pairs, jack edges, helicity modulation, and external loading. Theoretical and
computational models are discussed for understanding the deformations and mechanics, including
commonly used elasticity theory, finite element method, and coarse-grained molecular dynamics
models. Other special models are also introduced. We elucidate the pros and cons of each model
and recommend design processes based on the models. The design guidelines should be useful for
those who have limited knowledge in mechanics as well as expert DNA designers. After presenting
unique applications, we conclude with current challenges in dynamic and deformable structures
and outlook for the development of the field.
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1 INTRODUCTION

DNA usually functions under the central dogma of molecular biology.! That is, DNA molecules
are transcribed into RNA which is then translated into peptides, proteins, and enzymes. The
genomic information carried by DNA can guide them to assemble into intricate structures and
perform programmed functions in cells, including intracellular trafficking, apoptosis, migration,
division, etc. The shapes and structures of biomolecular assemblies are critical in their functions.
Thus, the understanding of their geometries and related mechanics is the key in structural biology.
In DNA nanotechnology, DNA molecules are engineered to directly assemble into complex
architectures and perform similar mechanisms and functions. This is based on the Watson-Crick
base-pairing principles, where A hybridizes with T and G binds with C, which may be used as a
programmable bottom-up manufacturing strategy. This idea was first proposed in 1982 by Seeman
who designed a four-way junction from several DNA strands.? Since then, numerous structures
and complex geometries have been explored. Initially, DNA structures were not well-defined nor
rigid. A following milestone was the double-crossover motif.>-> With the sticky-end association,®
8 1D and 2D assemblies were made possible with a reasonable stiffness. However, this type of
assembly did not guarantee the structural addressability which is critical in programming functions.
This method later developed into the DNA tile approach, which uses a few strands to form a unit
(motif) and then associate the units via sticky ends. Recently, a similar yet distinct method called
DNA bricks was introduced where a large number of unique oligonucleotides assemble into
desired conformations with each behaving like a brick (analogous to Lego bricks).” Both DNA tile
and brick methods produced complex architectures with various functions. The DNA bricks have
shown excellent addressability.

A DNA origami approach pursues a different direction. This approach uses a long single-stranded
DNA (ssDNA) as a scaffold in conjunction with multiple oligonucleotides (termed staples) to
secure the scaffold into desired shapes. This concept was first introduced with a macromolecular
octahedron made of a 1669-nucleotide (nt) long scaffold and five 40-nt staples.!® Later,
Rothemund demonstrated several distinct structures in the well-recognized DNA origami work
using 7249-nt M13mp18 phage DNA as a scaffold.!! With the same scaffold, various geometries
can be created with different sets of staples. DNA origami has been extremely popular because
arbitrary shapes can be constructed in one-step annealing and the process is reliable, robust, and
fault-tolerant.'>!* The size of a single DNA origami structure is limited by the length of the
scaffold. However, larger structures are possible by employing multiple orthogonal scaffold
strands or by linking multiple preformed DNA origami with linkers (special staples that combines
segments of different scaffolds).!>!8

In addition to the development of various static constructs, dynamic and deformable structures
have also been explored for resembling protein-based dynamic motors and reconfigurable
assemblies. Commonly available structures with dynamics and reconfigurability are DNA
walkers,'”?* molecular beacons,®?’ and switches.’*** These dynamic DNA assemblies are
typically made of one or few strands forming a motif without rigid domains and dependable
connections. They are small (usually, about 10 nm or less) and rely mostly on soft ssDNA segments.
Therefore, structural deformations, that is, shape changes of rigid dsDNA parts, are missing. These
all-flexible complexes are not considered in this review. Rather, this article will include another
type of well-established dynamic and deformable structures which usually have two (or more)
rigid parts linked with a soft connection. The reconfiguration is often realized by a ‘locking'



mechanism which forms a solid dsSDNA connection between the two rigid parts. The locking
mechanism may be released by strand displacement, enzymatic reactions, or molecular recognition
events. Most of such structures switch between two distinct conformations, such as open and
closed states. Thus, precise shape control may not be straightforward when the connection is soft.
More precise progressive control may be realized by intercalators and other chemical adducts.?>#!
This method usually applies on dsDNA helices, thus the structures formed by several closely
packed dsDNA helices will be reconfigured or deformed in response to the adducts. There are also
other DNA structures which deform due to external loading. The loading can be created by direct
mechanical methods or by electric or magnetic fields. The dynamic mechanisms and deformable
structures are the major focus of this review. Large and complex as well as dynamic and
deformable architectures have been increasingly more desired and as such pursued heavily. Given
the minimum structural resolution of a single base-pair, size and complexity increase
simultaneously. Dynamic motions and structural deformations also add to the complexity.
Therefore, the importance of relevant mechanics has elevated. Besides, we find that although
dynamic systems have been explored, those with actuation or deformation on the rigid dsDNA are
neither abundant nor well-modelled. The dynamic and deformable DNA nanostructures thus call
for comprehensive mechanical models for better understanding and precise predictions on the
structural behaviors and an explanation for the experimental observation.

We envision that the improved understanding of dynamics and deformability will benefit the
designs of static structures as well. Structures often suffer from internal stresses, and thus, they
may deviate from the designed conformations.!®*>* For example, DNA tiles can be programmed
to propagate indefinitely along the designed directions with sticky ends. However, they have
limited sizes and often cyclize, forming unwanted aggregates.***¢ This is largely due to the
accumulation of the stresses which may not be so serious in small structures. In addition, DNA
assemblies are also subjected to thermal fluctuations. The synthesized DNA structures may
resemble the design, but their conformations may have a distribution. Sometimes the variation can
be non-negligible. Both internal stresses and thermal fluctuations require rational designs based
on the mechanics such that the structure can be compliant (i.e., the parts work together without
creating stresses at the boundaries between them) and stiff enough against small variations.

In this review, we present detailed discussion on mechanics of dynamic and deformable DNA
nanostructures. Our major focus is the dynamic structures with a reasonable size and geometrical
complexity, which undergo structural transformation and deformation by various methods. We
first introduce the basic knowledge in mechanics relevant to the DNA nanotechnology. Then we
explain the mechanics of static structures so that the development of deformable DNA structures
is depicted. We also discuss deformable structures by introducing different types of deformation
methods based on mechanics. We provide insights on the mechanics along with models in design
principles of deformable structures. Several synthesis and characterization methods are also
included. Finally, we discuss representative applications of dynamic and deformable DNA
structures as well as current challenges and outlook.

2 FUNDAMENTALS OF STRUCTURAL MECHANICS
DNA is particularly suitable for creating complex structures because of their excellent
programmability and structural predictability.*” Two complementary single strands form a double



helical rod with ~2 nm in diameter and ~3.5 nm in height in a full turn (~10.5 base-pairs or bp per
turn) under natural conditions. The double-stranded (ds) DNA strands can be programmed to
assemble into desired geometries. A sound understanding of the theory of elastic beams and
kinematic mechanisms will allow us to incorporate these structures with the ability to perform
complex maneuvers. Previous studies have used DNA as a building block to create nanoscale
mechanisms.*® This chapter introduces the basic concepts involved in designing mechanisms and
the foundations of the elasticity theory.

A kinematic mechanism is comprised of linkages (or edges) and joints. A link is a rigid body that
has at least two nodes, i.e., points of connection to other linkages. Based on the number of nodes,
a linkage is classified as a binary, ternary, and quaternary link having two, three, and four nodes,
respectively. A joint is a connection between two links that allows some degree of motion.
Linkages and joints together form kinematic chains. A kinematic chain in which at least one of the
links is grounded or attached to the frame of reference is called a mechanism.*’ The motion of a
mechanism is described with respect to a frame of reference, i.e., a set of axes used to describe the
position of each object. An essential idea in the design of mechanisms is the degrees of freedom
(DOF) of a mechanism, that is, the number of independent parameters needed to completely
describe the position at any point of time. For instance, a rigid body on a plane has three DOF,
namely, x, y, and 6, as shown in Figure 1(a). For a rigid body in 3D space, it possesses 6 DOF
which are the three positional coordinates, x, y, and z as well as three angular coordinates, 6, ¢,
and . With all these, its possible motions can be described completely.

The DOF of a system are determined by the number of linkages and joints and the types of joints
in a system. There are several kinds of joints based on the number of DOF they allow and the type
of contact between them. Joints with point contact are termed lower pair joints, while those with
surface or line contact are called higher pair joints. A rotating pin joint and a slider joint both offer
1 DOF. A pin-in slot joint and cylindrical joint both have 2 DOF each, while a spherical joint
possesses 3 DOF. In DNA nanostructures, a pin joint can be as simple as a short strand of unpaired
nucleotides connecting two DNA helical linkages. A few examples of the different types of joints,
namely, revolute joint, slider joint, and slider crank mechanism, are depicted in Figure 1(b).

The concept of DOF is invaluable during the design of nanostructures to decide the range of
motions we want to incorporate. It is important to note that a planar mechanism has only one
ground link, even if multiple links in the mechanism are grounded. This is because the system has
one ground plane. A systematic way to calculate the number of DOF of a planar mechanism is
using the Kutzbach equation (Eq. 2.1):

DOF =3(L—-1)-2(y) — ], (2.1)
where L is the total number of links. Ji and J2 are the numbers of lower pair and higher pair joints
respectively. Using this, we can calculate the degrees of freedom of the mechanisms in Figure 1(b)
to be 1 DOF each. A visualization of a DNA nanostructure as a system of links and joints is shown
in Figure 1(c)-(¢). Some common mechanisms are the slider-crank mechanism, the crank-rocker
mechanism,’! and quick return mechanisms.>

An inherent assumption of the theory of mechanisms is that the links in the mechanism are rigid
members. However, the behavior of DNA nanostructures which exhibit some degree of flexibility
can be understood by the engineering theory of elasticity. DNA and other polymeric structures



have also been analyzed by more complicated models such as the worm-like chain (WLC) model,>?

which will be discussed in the later part of this article. Previous studies have provided concrete
examples that show the utility of the elastic beam theory in understanding phenomena such as the
folding kinetics of DNA origami tiles.’* It is also useful when the nanostructures synthesized have
curved edges rather than straight rods.*> A beam, in an engineering sense, is a member used to
support and transmit forces. The elastic beam theory primarily focuses on prismatic beams with
high aspect ratios (length/diameter), i.e., having a uniform cross-section throughout their length.
This assumption holds true for most DNA nanostructures as they are made up of members with
uniform cross-sections. The first step in studying elasticity is the concept of stress and strain.

The stress experienced by the member is defined as the force per unit area. An elastic member can
experience both axial and shear stress caused by longitudinal and transverse forces, respectively.
A pair of distanced, equal magnitude forces acting in opposite directions generate a moment (M)
or torque. Beams experience bending when moments act perpendicular to the axis. Torsion is
caused by moments around the axis. To quantify deformation, strain is defined as the deformation
of a member per unit length. Similar to stress, it can be classified into axial strain when
perpendicular to the surface and shear strain when parallel to it. In general, indicial notation is used
to denote the stress and strain experienced by the body. The various forces that a rod can be
subjected to, and the quantitative definitions of corresponding stress and strain are shown in Figure

2(a)-(c).

The foundation of analyzing the deformation of a body and its relation to stress and strain is
Hooke's law. The Hooke's law states that the resultant strain in a body is directly proportional to
the stress applied. The constant of proportionality relating these two parameters is the Young's
modulus (£). In general, the Young's modulus is obtained by calculating the slope of the stress-
strain curve in the elastic region. Several previous studies have worked towards determining
Young's modulus of the DNA helix, which was found to be on the order of 100 MPa.>> An elastic
member, in general, can undergo axial compression/tension, twist or torsion, and bending.
Analogous to the Young's modulus for axial forces, the shear modulus (G) is defined for torsion.
The flexibility and shape of DNA nanostructures can now be predicted through finite element
method (FEM) analysis and molecular dynamics (MD) simulations on platforms such as CanDo>¢
and oxDNA®’. It should be noted that the mechanical properties of these structures vary
significantly depending on the surrounding environment. Thus, the medium where they are present
should also be accounted for while considering their structural moduli.’® These devices also exhibit
interesting behaviors when subjected to forces. The forces applied may lead to the separation of
hydrogen bonds between base-paired nucleotides, thus altering the properties of the structure
further. Additionally, the elastic constants are also affected by nicks in the DNA helix, which have
been found to reduce the stiffness by a factor of 100.%° The elastic parameters help us correlate the
mechanical and thermodynamic behaviors of these systems by estimating the strain energy stored
in the structure and relating them to the free energy change generated due to strand displacements.
The strain energy of an elastic rod is defined in Eq. 2.2.5%6°

U=fa-edv (2.2)

In the above equation the strain energy per unit volume v is U and can be obtained by integrating
the product of stress ¢ and strain €. This is analogous to the basic definition of work W = F x s as
a product of force and displacement. Apart from the energy stored, it is also useful to understand



the response of a beam to external force. A comprehensive yet concise representation of this
behavior of the material is provided by its -¢ curve. The o-¢ plot of a general material is provided
in Figure 2(d). The initial portion of the curve is reversible elastic deformation with constant
Young's modulus which can be summarized by the Hooke’s law. Beyond the linear range, the
behavior transitions into irreversible plastic deformation followed by fracture at higher stress. For
comparison the force extension plots of dSDNA and ssDNA are also provided (Figure 2(e)).
Because of the involvement of more complex factors such as strand dissociation, the behaviors are
not equivalent. However, it is evident that dsSDNA and ssDNA have different regimes of nearly
constant Young's modulus (Figure 2(e)). Thus, the behavior in these regimes can be accurately
predicted using simple equations directly relating the stress and strain, and thus renders the
elasticity theory relevant in this context.

While Hooke's law successfully characterizes the elastic regime, beams may also undergo
irreversible deformation when subject to sufficiently high forces. This is known as plastic loading.
When beams are unloaded after plastic loading, they experience permanent, irreversible
deformation known as residual strain. A comparison of loading-unloading curves for elastic and
plastic loading is depicted in Figure 2(f)-(g). It can be observed that once the stress has passed the
yield strength, i.e., the point which the behavior shifts from the elastic to plastic regime, the
material experiences residual strain. Upon reloading, the force extension curve experiences a
horizontal shift, starting from the x-intercept of the unloading curve, rather than the origin.

3 STATIC DNA STRUCTURES

Over the past four decades, DNA nanotechnology has produced complex 1D, 2D and 3D structures
with various geometries. In the early years, the assembled structures were predominantly static.
These structures vary in size from small constructs (e.g., few-strand motifs) to macroscopic
crystals. While DNA self-assembly may propagate indefinitely in theory, there is a size limit in
practice due to the material availability, inherent curvature, and internal stresses.®! Well-defined
DNA assemblies can be up to approximately 500 um in size.®

The simplest 1D structures are DNA rods which usually have a few dsDNA with some double
crossover connections to hold them together.®* The rods may be constructed with various cross-
sections. For example, 6 dSDNA bundles may form a rod with a cross-section of 3x2 rectangle or
hexagonal arrangements. The respective square and honeycomb arrangements (or lattices) will
have an impact on the placement of crossovers, resulting in some differences in DNA helicity (vide
infra).®+% In addition, there is a correlation between the length of a rod and its cross-sectional area.
That is, the thickness of the cross-section must be at least a certain percentage of the length to
avoid any significant structural deflection. This will be discussed in detail below in Chapter 5
Design Requirements and Guidelines. The rods (or linkages in the mechanics point of view) can
be connected by ssDNA joints at the terminals and become wireframe structures.®’*® The
wireframes may be extended into 2D or 3D structures with the joints as the corners.”®’? In such
cases, there are some hollow area in the wireframe structures. Given the same material, wireframe
structures can be larger than the solid-piece structures without any cavities.

In a wireframe design, one must determine how to build the ssDNA joints. The terminals of the
rods may not be on the same plane due to the nature of DNA double helix. Yan ef al. used integer
numbers of full turns on dsDNA aiming for the same plane with angles controlled by the number



of un-hybridized nucleotides at the joints (Figure 3(a)).?® Given the integer number, the edge length
may only be certain values (e.g., approximately 3.5, 7, and 10.5 nm, etc.). This limits the possible
configurations of wireframe structures. Bathe group further developed this approach for general
design principles.” In their design, there is no need to be on the same plane. The free ssDNA
segments at corners are used to form an angle as well as to compensate the plane disagreements.
Versatile shapes are all available with some trade-off on the flatness. The structures may not stay
perfectly in the same plane; however, the out-of-plane angle can be ~10°, which is not severe and
generally acceptable.

Other 1D structures can be seen as 2D or 3D designs. For example, DNA tubules or cylinders are
similar to DNA rods, but their diameters may be tens of nm with hollow centers.!>’+75 Therefore,
they can be viewed as 2D DNA sheets connected into cylinders. Another example is a DNA gear.®
It is similar to DNA tubules but has a diameter of ~450 nm. Not only can it be viewed as folded
sheet, but it also has a variation along the height of the cylindrical direction. Therefore, it can either
be a 2D or 3D structure. These complex 1D structures are discussed with 2D and 3D structures.

In 2D structures, a variety of geometries are possible by strand arrangements. If all the dsSDNA
bundles are closely packed, the structure will be a solid piece type. Due to the close packing, slight
mismatch of the length and angle in a structure can accumulate. For example, flat rectangular DNA
origami is usually designed with a square lattice in cadnano’® or similar DNA CAD platforms. In
the software, the helicity is often set as 10.67 bp/turn for simplicity of making crossovers (e.g., 32
bp for 3 turns). However, this is different from the intrinsic helicity of B-form DNA, which is
~10.5 bp/turn.*>%? The reason is that a possible placement of a crossover is 1 every 3/2 turns or
10.5 bp/turn yields 15.75 bp per crossover. The closest integer is 16 bp. This slight difference in
helicity will cause strain throughout the assembled structure, resulting in a global curvature or
twist. This effect may not show up in a structure less than 100 nm, given the limited resolutions in
measurements (e.g., atomic force microscopy or AFM). However, the strain can accumulate and
cause significant distortion in larger structures. For example, polymerized DNA origami tiles show
apparent structural twists (Figure 3(b)), while each tile does not show significant distortion.'® One
way to mitigate this is adding ssDNA spacers, however, the trade-off is that the structural integrity
may be compromised.

Another method is using 10.5 bp/turn for DNA helicity in the design, which is realized in
honeycomb lattices. In this lattice, a crossover is placed every 2/3 turn, which is exactly 7 bp per
crossover. Therefore, there is no intrinsic mismatch and no global curvature in the assembled
structures.'® Due the different crossover density, a flat plane from honeycomb lattices is thicker
than one dsDNA helix. This is because the planar geometry is realized by wave-like cross-sections,
as shown in Figure 3(c). In other words, honeycomb lattices realize no curvature by sacrificing the
thin flat surfaces. Similar 'thick plane' effects are also available in 1D and 3D structures, but more
significant in 2D structures given the characterization methods, especially AFM (see chapter 4.2).

3D structures are more complex to design and assemble. Due to the limitation of the scaffold in
DNA origami, for example, 3D solid-piece structures are usually smaller than 40 nm. Small unit
origami structures can be assembled together for larger assemblies; e.g., gear shaped rings.%? This
takes a significant amount of material, and the yield would suffer. Wireframe structures could be
large given the cavities that are not occupied by DNA strands. Therefore, it is possible to use less



material to reach the same overall size. Since wireframe structures are not fully filled, however,
the edges tend to deflect if the length is too long. The threshold is related to persistence length Lp,
which is the ratio between the bending modulus x and the environmental thermal energy ksT. (ks

is the Boltzmann constant and 7 is the temperature).>”
K
LP = ﬁ (31)
B

At room temperature, Lp is approximately between 50 and 60 nm. This means that a single dSDNA
rod will show significant bending due to the environmental thermal fluctuation if it is longer than
50 nm. To be on the safe side, the threshold may be set at 30 nm. Thus, a general rule of thumb is
that below 30 nm, the assumption of individual dsDNA strands as rigid cylinders and ssDNA as
soft spacers holds true. There are ways to make single edges long and straight, while sacrificing
the overall scale by using more bases on each edge (Figure 4(a)).”® One should always consider a
balance between how large a structure is built with given material and how stiff the structure is.

The tile-based assemblies are normally not limited in size and can easily build into 3D structures
similar to wireframe DNA origami.”” The difference is that the starting point is an n-way joint
motif with defined angle and edge number. Then the motifs are associated with each other by
sticky ends and form desired structures, such as polyhedra. For example, the 3-point-star motif in
Figure 4(b) provides threefold rotational symmetry and their flexibility allows them to bend and
assemble into 3D tetrahedron, dodecahedron, or buckyball. If the tile were to be completely planar
and stiff, they would form a large-area 2D flat crystal.®” To make each edge of the tile flexible, the
motif must be thin enough as illustrated in Figure 4(b). Since all the motifs assemble without any
scaffold DNA strands, there is no trade-off between the scale and the stiffness. The limit factor
would be the assembly process. The larger and more complex the final structure is, the lower the
yield will be.

The DNA bricks method can generate customized 3D structures. There are two ways for the
structure-building process, by either addition or subtraction. In the additive approach, the structure
starts from a single strand, and neighboring strands hybridize with the first strand and propagate
to occupy the space towards the target structure. In contrast, the subtractive method initiates from
the entire brick with all the possible strands (which can be a cube or a rod). Similar to machining,
strands related to the parts to be removed are taken away so that the target structure emerges from
the rest of the strands. For example, this method can turn a brick into a toy bear,’' as shown in
Figure 4(c). The stiffness is generally not a problem given the support from the base of the brick.
The resolution of the assembled structures is the size of the single strands. Therefore, a trade-off
between resolution and yield exists. If the strands are too short, the resolution benefits but the
assembly yield may be low. The yield is usually not as high as DNA origami even with typical 32-
nt-length strands, indicating that a portion of the strands are wasted. Since all the strands are unique
in this approach, the cost may be significant.

There are infinite types of 2D and 3D structures. In 2D scenarios, there is a balance between
flatness, curvature, stiffness, and thickness. With curvature, the assembly will either stop growing
at some point or cyclize into a tube. The infinite assembly in 3D may lead to macroscopic crystals.
Thus, they are also called DNA crystals. The idea was proposed by Seeman, Mao, and their
coworkers.?? They aimed to make microscopic structures visible via self-assembly using sticky
ends. Thus, this is one of tile-based structures. A tensegrity triangle was developed as an assembly
unit. Via association in all three directions, 3D crystals can be built into hundreds of micrometers
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in size (Figure 4(d)). There are other types of motifs developed by Yan and other groups with 4-
to 6-arm motifs.®*%* The angle and length can be well controlled with a huge number of units
coherently linking together and facing the same orientation. After the tiles are assembled, the
sticky ends can be connected together by covalent bonds by ligation enzymes.*® The crystal before
and after ligation are referred as native and ligated crystals, respectively. The ligated crystals show
significantly improved stability and mechanical properties. For example, they can withstand or
resist external loads such as indentation far better than native crystals. They can also survive in
ion-free environments. They may collapse or severely deform after drying out completely.
However, they can restore their conformation when rehydrated. Therefore, their deformation
behaviors and structural mechanics are of great interest.

4 DYNAMIC AND DEFORMABLE STRUCTURES

In addition to static structures with complex geometries and structural integrity, dynamic DNA
materials have been explored in pursuit of building DNA nanomachines. These nanomachines
benefit from the biocompatibility and programmability of DNA-based designs. Dynamic motions
and reconfigurations can originate from DNA-DNA hybridization, enzyme activities, chemical
stimuli, and external loadings. Here we provide a mechanical perspective on the dynamic and
deformable structures along with discussions on the reconfiguration methods and tools for
studying them.

The simplest and most straightforward method for dynamically reconfiguring DNA structures is
by reversible assembly of units. For example, DNA origami tubules may be stacked together into
a long, hollow cylinder by incorporating a set of linker strands. By removing the linkers via
toehold-mediated strand displacement, the stacked cylinder may be disassembled. It may be
reassembled by reintroducing linkers.!> Chen et al. used this strategy for reconfigurable chirality
of a long DNA origami cylinder using multiple sets of linkers and releasers.!” Here, the
involvement of rigid dsDNA parts in the reconfiguration is minimal, and there are no issues or
interests from the mechanics point of view. Thus, we discuss below more interesting deformation
mechanics related to structural transformation.

4.1 Reconfiguration methods

To realize nanomachines, it is essential to develop mechanisms for dynamic transformation of
DNA structures and understand the related mechanics. A common strategy is altering the DOF by
adding or removing restrictions from DNA-DNA binding in nanostructures.®®®” This can be
realized by introducing signaling strands,®® enzyme-powered reactions,**° photosensitive
molecules,’®®! or using aptamers with target-specific affinity.”® Structural changes can also be
performed by incorporating ‘jack’ strands, which alters the strain and controls the states of DNA
structures. Adjusting the jack edges allows one to change the force distribution in the structures
and design conformation patterns with several stages.” Another strategy is using chemical
adducts to modulate the helicity in DNA-DNA associations,* thereby changing the force states
and deforming the structures progressively. Deformation of DNA nanostructures may also be
induced by external loadings. External forces are applied by multiple tools including optical
tweezers, %192 magnetic tweezers,5>19%1%4 electric fields,''%” and AFM.!%-11% These devices can
add forces or torques precisely and used for studying deformation mechanisms as well as
mechanical properties.



ssDNA hinges with lock-and-release mechanisms

A common design for dynamic structures is involving ssDNA hinges to control the freedom of
motion within their structures as well as their conformations.!!'!'? Unhybridized DNA strands are
flexible and free to move around with little constraints. Addition of complementary strands will
enforce structural connections and restrict the moving space of DNA by transforming ssDNA to
dsDNA. From the thermodynamic viewpoint, the introduction of complementary strands creates
an energetically favored state, which makes the strategy simple and applicable. One of the earliest
demonstrations is the DNA tweezer (shown in Figure 5(a)) designed by Yurke and coworkers.?’
This nanodevice has two ssDNA arms sticking out in an open state initially. A closing strand
hybridizes with the two arms upon introduction, resulting in the reduction of rotation freedom in
the structure. The tweezer thus transforms into a closed state. This process can also be reversed
with another strand that removes the constraints on the rotation of the arms. Another commonly
used structure is the DNA box shown in Figure 5(b).!!'? A ‘lock-key’ system is designed on the lid
of the box. The lid is initially held tight on the box by a pair of locks which restrict the DOF. The
key strands bind to the locks via strand displacement and release the double strands into a ssDNA
state. This allows the lid to recover its mobility and open up. This system is similar to DNA tubules
stacking together forming a long, hollow cylinder discussed above.'> However, the difference is
that the lid is connected to the box via ssDNA soft spacers, thus it will close the box when the lock
is presented again. In contrast, the tubules were completed disconnected and finding the same
neighboring tubules during reassembly would be highly unlikely. dSDNA may also be used as rigid
joints, where elastic energy can be stored and released. Ke et al. designed a DNA origami whose
corners were locked by binding strands which were compressed as a spring.”® Upon addition of a
restriction enzyme, BamHI, the binding sites were cleaved and the compressed dsDNA were
released, leading to an extended state of the structure. This type of dsDNA joints or spacers have
some similarities with the jack edges (vide infra), but it can be seen as the joints rather than edges
if they are small and the elastic energy is stored within them.

Similar controls may also be realized with environmental cues.!'*!'* For example, guanine-rich
sequences often form a unique secondary conformation called G-quadruplex where four guanine
bases constitute a plane in presence of K* or other cations.!!* The G-quadraplex may be interrupted,
thus giving back freedom of movement to sequences. [-motifs are single-stranded DNA sequences
which respond to pH change.'!'> At low pH, i-motif strands fold together and reduce the DOF. At
high pH, they will unfold and can perform base-pairing. Thus, they may be used for reconfiguration
mechanisms for DNA structures.!'® Other environmental conditions such as UV light has also been
developed. With chemical modification, strands can be combined with photoisomerization groups
or photolabile moieties; thus, upon light exposure the structures react to the environment cue and
alters conformation.'!” It should be noted that due to the nature of the DNA binding-unbinding, a
precise control of multi-states is challenging with most current designs and strategies. Though
some efforts have been made (e.g., a three-state structure control by introducing more DNA strands
to form intermediate steps),''® such studies are still limited and several states may coexist during
the structural transitions.

Jack edges

Derived from the strategies in machine design, jack edges can provide more precise controls on
structural deformation. Jack edges use a similar idea of car jacks by adjusting the length of
strengthened strands (or more typically edges), and the reconfiguration can operate accordingly.
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Choi group designed architectured metastructures using DNA for the first time and demonstrated
their auxetic reconfiguration with this strategy.”* In the structure shown in Figure 5(c), adjustable
jacks (in red color) are placed and can bind with different sets of strands for various lengths. With
the elongation of the jacks, the structures can expand from a squeezed state to an extended
conformation. By varying the jacks to desired lengths, the structure can increase or decrease its
size. Note that this 2D structure, called re-entrant honeycomb, can expand in both horizontal and
vertical directions simultaneously, showing negative values of Poisson’s ratio (v), a measure of
relative deformation between two orthogonal directions (e.g., x and y).
A
__ by
Ax /X Ex
where & and g are strain in x and y coordinates, respectively.'!® This type of deformation behaviors
is termed auxetic, thus this structure may be termed as auxetic or negative Poisson’s ratio (NPR)
materials. Reversible shape changes are also straightforward as current jack edges can be removed
via toehold-mediated strand displacement and the sequences corresponding to the desired jacks
are needed. The advantage of the jack design is that the extent of expansion can be well controlled
by the length of jack edges. In their work, the intermediate states were demonstrated with several
different angles and edge lengths, showing that a precise control can be achieved. Similarly, a
reconfigurable DNA origami tripod with struts was reported recently.”* The lengths of the struts
can be adjusted by adding locking and releasing strands. With different lengths, the angles between
the edges were adjusted accordingly; for example, angles of 30, 60 and 90°. Furthermore, the
structure served as a template for gold nanorods towards plasmonic assembly.”*!16:120-122 Apother
example is an origami rectangle with modular reconfiguration.” The origami consisted of 19 x 9
units and the size of each unit was controlled by an expansion strand. With replacements on
different units, the structure achieved a control on the length, curvature, and twist. Overall, the
length-based controls utilize the programmability of DNA designs, and this approach is capable of
structural reconfiguration with high precision. >3-

4.1)

Helicity modulation

A precise control on the helical pitch of DNA is also possible using chemical adducts. Intercalators
such as ethidium bromide (EtBr) insert between base-pairs of a DNA helix, which changes the
helical pitch. The intercalative binding unwinds the helicity and causes strain in the DNA
structures. A recent study showed that EtBr can change the conformation of DNA origami in a
progressive manner by modulating the helical pitch.!® Polymerized DNA origami tiles forms 1D
ribbons as shown in Figure 5(d), where kink patterns appear periodically due to internal strain and
resulting global curvature. Intercalation of EtBr changed the helicity from intrinsic 10.5 bp/turn to
designed 10.67 bp/turn (square lattice). The helicity modulation compensated for the initial right-
handed curvature and gradually flattens the structure, thus the kinks appeared less frequently. At
10.67 bp/turn, the micron-long origami polymers were completely planar and free of kinks. Further
increase of EtBr concentration resulted in a helicity greater than 10.67 bp/turn, which
overcompensated for the mismatch and led the structural transition to left-handed twists. Another
study also demonstrated that adding chemical adducts can tune curved structures.*®> Several C-
shaped monomers were put together forming a 10-bundle-crosssection left-handed spiral structure.
Since dsDNA has right-handed twisting and EtBr can weaken the right-handed twist, the structure
would have more left-handed twisting/curvature with the addition of EtBr. Therefore, the helical
density of the spiral structure and the pitch length both decreased as the EtBr concentration
increased. Another recent study demonstrated that the helicity control may be extended with photo-
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modulation.>® Short- and medium-wavelength ultraviolet (UV) light, UVC and UVB, can cause
photo-lesion in DNA, damage the structure, and lead to the release of internal strain. As a result,
curved structures may flatten. In contrast, long-wavelength UVA (315-400 nm) does not damage
the DNA strands, and thus, DNA assemblies are unaffected. There are a class of photo-responsive
intercalators which may be utilized to control the shape of DNA constructs in conjunction with
UVA, thereby regulating their intercalative binding properties.'?* For example, a triarylpyridinium
cation (TP1) can be biscyclized into a polycyclic form (TP2) by UVA radiation.'?* TP2 is a strong
intercalator with DNA, whereas TP1 is not. Under UV A radiation, it binds with DNA like EtBr,
which changes the conformation of DNA assemblies.’® The photo-responsive molecule may not
have sequence specificity. However, using photoactivable intercalators with UV light may provide
an alternative method to sequence based designs and show possibilities of a progressive control of
DNA structures remotely by external radiation.

External loading

Like any other materials, DNA nanostructures deform upon exertion of external loads. To
understand the mechanics of DNA deformations, several methods have been exploited. Dietz et al.
used an optical tweezer to study DNA linker systems.! The linkers were put between a pair of
beads and extended as the beads were moved by the optical tweezer. They first tested DNA rods
in honeycomb lattices with 6, 8, 10, and 12 helices and compared the force-extension between
them. Then they used the 10-helix rods to test the hairpin structures with the forces to pull it open.
Different hairpin designs resulted in distinct mechanical properties in folding and unfolding
behaviors. Another study investigated bending and torsional rigidities of DNA bundles with
magnetic tweezers.® Several DNA bundles were designed with one end fixed to a coated substrate
while the other end was modified with a magnetic bead, as shown in Figure 5(e¢). The movement
of the bead was controlled by applied magnetic forces and exerted bending as well as torsion to
the structures. Several DNA structural designs were examined for their rigidities and were
compared to FEM analysis. AFM can also be used for external loading studies.'”®® A DNA crystal
was constructed and nanoindentation was performed using AFM. The mechanical deformation
behaviors and elastic properties were probed successfully. These studies provided useful tools and
platforms to study deformation and mechanics of DNA structures. However, the precision, types
of loadings, and the structural complexity that can be probed are still limited, thus more
possibilities remain to be explored.

Other related methods for reinforcement

Combining DNA structures with other methods is useful for improving their mechanical and
thermal properties.'* By combining thymidines with DNA nanostructures, Dietz group showed
that covalent bonds formed within the structures via UV irradiation.'?® This photo-crosslinking
strengthened the designated DNA origami and improved their stability. Their results demonstrated
stable structures at temperatures up to 90 °C and in pure double-distilled water, where hydrogen
bond-based structures cannot remain intact. Similarly, Sugiyama and coworkers demonstrated that
8-methoxypsoralen can crosslink with pyrimidine bases in DNA origami upon photo-
irradiation.'”” The crosslinked structures have improved resistance to high temperatures. Apart
from photo-crosslinking, chemical crosslinking methods also have been developed.!?®?° Shih et
al. used polyethylene glycol (PEG) modified oligolysine-coated DNA nanostructures. With
addition of glutaraldehyde, the structures can be crosslinked and show 400-fold higher resistance

12



to nuclease as well as improved stability in low-salt environments. The reinforced structures are
also expected to have improved mechanical properties.

4.2 Experimental characterization

Given the versatility and programmability of DNA self-assembly, one can construct complex
structures, which may be static or dynamic in nature. Due to their small size on the order of
nanometers, it is crucial to have a proper toolbox of measurement techniques to observe or monitor
the structures after synthesis. AFM, transmission electron microscopy (TEM), and fluorescence
microscopy are prominent methods used for visualizing nanoscale devices.'*° While AFM and
TEM are primarily used to measure structures in static states, several methods such fluorescence
microscopy and fast-scan AFM excel in monitoring real-time dynamic changes in DNA structures.

AFM has been widely used to create images with a high spatial resolution (< 5 nm) of various soft
materials including DNA constructs.!*!!*2 It is versatile as it can be performed in heterogeneous
media like air and buffer solutions. While AFM in air involves drying the sample, imaging in
buffer allows one to ensure that the measurement reflects their behaviors in native environments. '3
AFM was used to characterize dynamic nanodevices such as quasi-fractal patterns on a flat origami
surface.'** The states before and after dynamic process were observed by performing AFM scans
of the device in 1-, 4-, and 10-cavity states, as shown in Figure 6(a). AFM has been proved to be
reliable on a variety of length scales. Prior studies have successfully used AFM imaging to analyze

structures ranging from a few nanometers®® to microns'?>.

While traditional AFM is generally used to image structures in their static states (or the initial and
final states of dynamic structures), fast-scan AFM makes it possible to monitor the formation of
2D DNA origami lattices'*® and the assembly of DNA nanostructures on lipid bilayers.'3” The real-
time movement of dynamic nanodevices such as DNA rotors'*® can be visualized with remarkable
accuracy. The nanostructure is comprised of a stator and a rotor element constrained by photo-
responsive oligonucleotides. The structure is imaged using high-speed AFM at a rate of 0.2
seconds per frame while being irradiated by UV light. The snapshots of the structure at various
instants show the rotation of the rotor upon exposure to UV. With improving scanning speed and
accuracy, high-speed AFM can also be utilized to understand the molecular dynamics of DNA
nanostructures by in-situ measurements of structural changes.!* Sugiyama and coworkers have
worked towards single-molecule imaging of the enzymatic actions on DNA origami.'*°

Apart from providing information about the topography, AFM can also be used for studying the
behavior of nanostructures in response to the tip. DNA structures are flexible and can respond to
variations in tip force while being imaged. The tail of dolphin-shaped DNA origami structures can
be pushed to the sides by the AFM tip."*! More controlled force application can probe
nanomechanical properties. Fundamental structural properties such as Young's modulus of DNA
constructs were measured in nanoindentation experiment using AFM.!98:10%142 Dyring indentation,
the force with respect to the separation between the AFM tip and the deepest indented point of the
sample is recorded and used to calculate the Young's modulus (Figure 7(b)). The tip can also cut,
fold, and stretch the surface of DNA structure.'** Figure 7(c) shows an AFM tip cutting the
rectangular and triangular DNA origami surfaces. The scans of before and after the cutting confirm
the effectiveness. This may open the door for nano-manipulation. The versatility and multitude of
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options that AFM offers have made it an indispensable part of any nanostructure researcher's
toolbox.

Another popular technique to study DNA nanostructures is TEM. This process utilizes high-speed
electron beams extracted in a vacuum for imaging. It involves the 3D reconstruction of a
nanostructure using several 2D electron micrographs. This results in a highly accurate
representation of the nanostructure capable of ~0.1 nm resolution. Imaging is usually performed
using thin slices adorned with DNA structures. The samples are often stained with heavy metal
ions (e.g., uranyl) to improve electron scattering. The staining is either on the object of interest or
by its surroundings. Staining the DNA structures is termed positive staining, which makes the
DNA structures appear dark, while the other method results in bright structures and is called
negative staining. Cryo-EM is used for exceptionally high resolution and measuring samples in
the pristine state without staining. In this method, the sample is quickly frozen with liquid nitrogen
and measured at very low temperatures (e.g., -170 °C). Cryo-EM has been leveraged to capture
high-resolution images of molecular structures'* and verify the structural fidelity of automated
DNA designs.!* TEM imaging is often suited for observing static structures because the 3D
reconstruction obtained is a cumulative average of several structures. Similar to AFM, TEM can
observe the initial and final states of dynamic structures. Due to the vacuum environment, the
sample is protected from external contamination. This method is handy for obtaining the
probability distribution of the various conformations of the designed structure from which the free
energy landscape of the object can be mapped. Figure 6(b) shows the TEM images used to
determine the conformations of a nanostructure with an ssDNA hinge.!¢ The snapshots of the
device in various conformations allow one to map the energy profiles of the structure, thus enabling
the ability to fine tune its properties as desired.

AFM and TEM have both found extensive applications in DNA nanotechnology. However, each
method comes with its own share of pros and cons. While AFM is relatively fast and offers good
spatial resolution, its utility is limited to 1D and 2D samples. Given the nature of the AFM probe
method, precise 3D imaging is difficult. It is also hindered by the fact that the properties of the
imaged structures might be different from those exhibited freely in solution. This is due to the
deposition of samples on mica which leads to the flattening of the structure. Drying the sample for
in air imaging will likely deform the structure and change its conformation. Cryo-EM, on the other
hand, offers exceptional resolution and 3D reconstruction but requires rigorous preparation,
vacuum environment, and additional postprocessing of the 2D micrographs.

Besides AFM and TEM, researchers also make use of other methods to gain insights into the
behaviors of dynamic and deformable DNA structures. These include methods like Forster
resonance energy transfer (FRET) that take advantage of fluorescent markers incorporated into the
designed structure. Several groups have exploited FRET for observing a variety of dynamic DNA
processes ranging from DNA cargo sorting robots to transformable 3D DNA structures.”’®!47-148
FRET is a distance-based energy transfer mechanism between a pair of dye molecules.'* The
resonance occurs because of the interactions between a fluorophore (donor) and a quencher
(acceptor) when they are in close proximity. This phenomenon is marked by a decrease in observed
fluorescence signal of the donor due to the overlap of the emission wavelength of the donor and
the absorption wavelength of the acceptor. Due to its inverse-sixth power dependence, it has found
several applications as a molecular ruler to perform distance measurement. It is particularly
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invaluable while observing dynamic processes and mechanisms such as toehold-mediated strand
displacement.”® In DNA structures, FRET is introduced by strategically decorating DNA strands
with fluorophore and quencher labels. An example of this method in practice is shown in Figure
6(c), which is a simple DNA machine decorated with fluorophores.”® Whenever strand
displacement occurs, the reconfigurable edge shortens in length, making the fluorophores come in
close proximity and leading to a change in fluorescence. Common FRET pairs used in DNA studies
include cyanine-3 and cyanine-5 (Cy3-CyS5) as well as fluorescein amidites and 5-(and-6)-
carboxytetramethylrhodamine group (FAM-TAMRA). FRET measurements are pivotal in 2D and
3D cases involving biological entities (e.g., cells) as they help observe phenomena occurring inside
the entities where methods such as AFM and TEM become redundant.'®® One limit is that the
fluorophore-quencher pair must be with the range for FRET to occur. This can bring challenges
for the placement of the pair on the structure of interest.

In addition to visualizing a pair of points by fluorescence, DNA nanotechnology has also enabled
the development of super-resolution microscopy techniques like DNA points accumulation for
imaging in nanoscale topography (DNA-PAINT).!*!"!5 Unlike commonly used fluorescence
methods, DNA-PAINT utilizes freely diffusing dyes to localize molecules. The design consists of
imager (strands freely diffusing with a dye) and docking strands (affixed to the assembled DNA
structures at the location of interest). The camera cannot detect the imager strands in free solution
since they diffuse over several pixels within a second. However, they are fixed to a specific
location for an extended period when they bind with the complimentary docking strands, allowing
them to be detected. The advantage of using DNA strands is that it provides precise control over
the kinetics of binding and unbinding of imager and docking strands by strategically modifying
their binding affinity or the salinity of the imaging buffer.!** The programmability of the binding
duration helps improve the localization precision of this approach. This method has been
successfully implemented in characterizing the assembly of 3D polyhedra.'*

There are several techniques that can provide an avenue to study mechanical behaviors. Force
application through optical traps is achieved by attaching DNA handles to micrometer-sized
dielectric optical beads. The force is generated due to the change in momentum of refracted
photons that are shone using a laser. It must be ensured that the DNA handles are sufficiently long
so that the DNA structure is far from the optical beads and is therefore protected from heating
effects.!>® A pictorial representation of DNA nanostructures being manipulated by optical traps is
shown in Figure 7(a). This method has proved useful in measuring fundamental properties of DNA
like stretch modulus.'>” In an analogy, this method acts as a microscale device of the tension test
performed for macroscopic specimens. A similar but simpler approach leverages magnetic traps
to subject nanostructures to forces. The application of magnetic traps to external loading has been
briefly discussed in chapter 4.1. This method is advantageous as it allows the application of a
constant force without a complex feedback loop. Earlier studies have used DNA rotors attached
with magnetic beads, to impart rotational motion through the application of magnetic fields.
Though attaching magnetic beads to DNA devices increase complexity, it offers a reliable way for
controlling nanoscale devices.

Like magnetic fields, electric fields can be leveraged for incorporating mobility into nanostructures.

This approach is based on the fact that the DNA backbone is negatively charged. Consequently,
these structures respond when subject to an external voltage. Earlier studies proved electric fields
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as a reliable way to achieve precisely controlled motion in nanoscale mechanisms similar to DNA
rotors.!% Electric fields have also been able to estimate the mechanical properties of DNA
helices.!>%1> The force actuation with electric and magnetic fields may be differentiated by the
fact that electric fields subject the whole structure to forces, while magnetic fields allow
application of forces on specific components of the nanostructure.

4.3 Theoretical and computational models

There are several models for dynamic and deformable nanostructures. This chapter provides an
overview of the models as well as the pros and cons of each model. The models are sorted based
on the scale, from macroscale (continuum) to mesoscale (covering microscale to macroscale) and
ultimately to microscale (atomic or molecular level). Deformable nanostructures were initially
developed from macroscopic mechanical systems. Therefore, DNA structures may use similar
continuum models. These include elastic beam theory and FEM for numerical simulations. Given
the sub-nanometer resolution of DNA assemblies, mesoscale models may also be applied. An
effective mesoscale model on polymers is the freely-jointed chain (FJC) model (or ideal chain
model) among others. At the microscale, atomic or molecular models consider the interactions
between particles (e.g., atoms), and thus, provide significantly more detailed information. Given
the enormous number of particles in the calculation domain, these models are used for simulations
only. One important note here is that the models discussed in this chapter are design driven, which
means that they must benefit the design process, either by revealing the mechanical properties or
ensuring the deformation schemes. Practicality (i.e., reasonable size or the number of particles to
be calculated) is also important. Therefore, full-fledged quantum mechanics models are not
considered.

Spring network models are the simplest form of elasticity theory. It can be rough or fine, depending
on the size of the parts represented by the springs. Typically, a segment of continuous dsDNA is
modeled as a spring with a given spring constant and initial length. The loading on a spring can be
uniaxial, torsional, bending or their combinations. Chen et al. applied the spring system to a single-
layer origami rectangle which has an original curvature.’* The cyclization process of the tile using
a set of linkers was modeled as a two-step process with an intermediate state: (i) flattening the
initial curvature and (ii) rolling up into a tube. The deformation was assumed to be elastic and
evenly distributed on the spring system analogy. Figure 8(a) illustrates a spring network of dsDNA
bundles that experiences torsional and bending loads. The calculated energy for cyclization
matched with the experiments and the simulations.!®® The advantage of the model includes the
simplicity and accuracy for regular deformation. For a less than 100 nm scale structure, the manual
calculation gives a superb precision at the uncertainty level of 1 %. The downsides are also obvious,
nonetheless. The deformation should be small, simple, and evenly distributed without any
concentrated spots. In their work, the deformation between the neighboring dsDNA helices was
around 10°, which may be considered as small deformation. Therefore, the spring constants may
be assumed as constant, not varying with any parameters or under different environmental
conditions. Moreover, the deformation process must be assumed in a certain way that it can be
calculated. Complex deformations may not be possible in the spring model.

The key difference between the spring system and general elastic beam theory is that the springs

in the spring model have no volume and are linked with other springs only at the terminals, whereas
the beams in the elasticity theory have volume and can connect with others anywhere on the
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surfaces. Therefore, the beams enable more boundary conditions. For example, the elasticity
theory considers how one piece of material is connected to the other. Liedl et al. modelled the
DNA rods made of 4 to 6 dsDNA bundles as elastic beams, as shown in Figure 8(b).* By
considering four different types of boundary conditions between the bundles (fully disconnected
in red, fully attached in blue, and two partially attached in green and yellow), they compared the
elastic beam theory with the FEM simulations. They concluded that the conditions with best
agreement were the two partial attachments. A downside of the simple model is that the actual
torsional rigidity may be less than predicted. There could be some uncertainties in applying the
elasticity theory on complex structures since it often requires additional information. For example,
Choi and coworkers applied this theory on auxetic metastructures and found that it could roughly
estimate their mechanical behaviors.”® However, their experiments and simulations suggested that
the mechanical properties of components (edges and joints) also must be considered to accurately
predict the deformation behaviors and structural properties.

FEM is a numerical method that solves a set of partial differential equations for structural analysis
or other applications. The finite elements refer to smaller, simpler parts subdivided from a large
system. In such a way, the equations are numerically manageable. CanDo is a widely used FEM
platform in DNA nanotechnology. It has a single base-pair resolution, which means that the finite
elements in CanDo are each base pair. The boundary conditions are set such that the neighboring
bases can slide but not separate. CanDo offers reasonable initial values for DNA mechanical
properties, and users can change the values for their specific conditions. All the simulations are
normally performed online and finished within a few minutes. One of the challenges in CanDo is
that applying forces is complex, which requires the users to install the CanDo related software
locally and to adjust the structure manually. Another challenge is the representation of ssDNA in
the simulation. No matter how long the ssDNA segment is, it is recognized as a connection without
length. Thus, it cannot simulate certain structures, for example, the crank slider by Castro group,
where many ssDNA connections are used.'®! Generic FEM platforms such as COMSOL, Ansys,
and ABACUS may be good alternatives. These programs are capable of all kinds of direct
mechanical loadings but may require heavy work to set the system up in the generic platforms to
fully depict the bases of dsDNA as well as nucleotides of ssDNA. Liedl and coworkers used the
COMSOL simulations and successfully described the detailed responses to bending and twisting
of DNA rods (Figure 8(b)).%

The FJC model may be the simplest mesoscale model to describe polymers, including DNA. It
assumes the polymer as a random walk with a set step length.!6? Each step stops at a monomer.
This neglects any interactions between the monomers within the polymer. The polymer may thus
be modelled as more likely to have curvature than in experiments. A slightly modified model is
worm-like chain (WLC), which limits the angle between the neighboring monomers.'®* This model
assumes that the neighboring connections are almost in the same direction. Therefore, the polymer
will remain straight. Another change can be made to the step length. It can be set as extensible,'®*
and then, the distances between the monomers are not fixed and can change upon loading. This
introduces more parameters such as stiffness so that the models can fit polymer behaviors better.
In DNA molecules, the monomers are usually the bases, and thus the step is the distance between
bases, which is the sugar and phosphate backbone. Dietz and coworkers used extensible WLC and
extensible FJC models for conventional (2 dsDNA) and stiff (>2 dsDNA) duplex bundles,
respectively.'” Both models agreed with the experiments, as the tested systems were simple rods.
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If large complex wireframe structures are examined, however, the chain models may not be
applicable. Like elastic beam theory, it also requires additional information on which chain model
to apply based on the buffer conditions and crossover designs.

MD simulations provide more detailed information with significantly better resolution. This
method analyzes the physical movements of particles (e.g., atoms or molecules). The particles are
subjected under interactions for a set duration, producing a view of the dynamic evolution of the
whole system. The trajectories of the particles are determined by numerically solving Newton's
equations of motion for the particles. Coarse-grained models use a pseudo-atom to represent a
group of atoms. Thus, the resolution is pseudo-atom level. OxDNA is a commonly used coarse-
grained MD platform in DNA nanotechnology.®’ It uses one particle to represent one nucleotide.
Seven different association energies are used to consider the connection between the backbones
and the base-pairing, stacking, and other relations among the bases. The platform allows external
loadings to the system. As such, this model provides significantly more details than the
abovementioned methods. Choi group performed coarse-grained MD simulations on cyclization
of an origami tile (Figure 9(a)) and compared the results with experiments, FEM results, and
elasticity theory.*!®% The experiments determined the conformations only before and after the
cyclization, from which related energy was estimated. A simple spring network model provided
results that matched with the experiments. However, details of the deformation were missing. For
example, the exact deformation pathways were not revealed (Figure 9(b)). The MD simulations
on the oxDNA software calculated the forces needed to induce the cyclization and provided the
details of structural evolution under loads. Overall, coarse-grained MD models are powerful tools
that can include non-specific binding of bases, the charge effect of salts, and the sequence
specificity.”’ Some details are not included, however; for example, the DNA form (e.g., B-Z
transition), pH-dependent behaviors, and other molecular effects.!® The best way to consider such
effects would be all-atom models.

All-atom models include all the related atoms in the simulations for better accuracy. Thus, DNA,
water molecules, free ions, and base-ion complexes will all be calculated. Therefore, direct
simulations of non-Watson-Crick (or noncanonical) base pairings are possible, including i-motif,
G-quadplex, and other possible bindings. Nanoscale molecular dynamics or NAMD is an all-atom
software that can simulate DNA structures.!®® It can also explore the DNA association with
proteins, lipids, and carbohydrates. However, there are significant issues. Firstly, all-atom
computations take significantly longer than coarse-grained models, because all the atoms are
considered. Secondly, simulating deformations of large DNA structures may not be realistic even
if it can take up to 1 billion atoms. Acuna et al. simulated the position of a fluorophore on a DNA
origami using NAMD.'®” The simulation suggested that the fluorophore bounced back and forth
due to the thermal fluctuation. Stacking and unstacking of the bases were observed. Although all-
atom models can capture details, the entire simulation domain is about 50 bp (~17 nm) in size. It
is difficult to calculate the overall deformation of large structures. Thus, the all-atom models are
recommended for small segments rather than assembled structures. For example, the detailed
behaviors of function groups (e.g., pH- or ion-dependent groups) may be well described.

5 DESIGN REQUIREMENTS AND GUIDELINES
Given the focus of this review on dynamic and deformable structures, this chapter provides our
recommendations for designing structures with deformability during dynamic processes. Our
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guidelines presented below are based on three common models: elasticity theory, FEM, and
coarse-grained MD models. Suppose a complex structure is being analyzed by FEM. The coarse-
grained MD computation may also be performed to gain more details in exchange of design and
modelling time. However, the elastic beam theory may not give sufficient information due to the
complexity, and the experiment may not agree with the design. Note that other models such as FJC
and WLC models as well as all-atom models are not discussed here since they may be best suited
for special cases as discussed in chapter 4.3. For example, FJC models are applicable for long
DNA rods, while all-atom models are suitable for direct simulation of non-Watson-Crick base
pairings in a small domain. In the following discussion on the general designs and models, the
structures are classified into two groups: solid piece and wireframe.

In solid-piece DNA nanostructures, it is generally safe to assume that dsDNA strands are rigid
cylinders with deformability and ssDNA are soft spacers. Most deformations occur with ssDNA
parts or thin dsDNA bundles, while thick dsSDNA segments will barely deform. Conceptual designs
may be verified with the elastic beam theory and examined with FEM. A rational design route may
be: (1) conceptual design with assumptions on rigid dsDNA and soft ssDNA; (2) intermediate
design with possible changes based on elastic beam theory; (3) final design verified by FEM
simulations. Between the steps, corrections should be made on the design to reflect any parts that
do not fit the design criteria (e.g., a curved edge should be reinforced to be straight). Given the
simplicity of the solid-piece design, not many changes are expected.

Wireframe structures can be more complex. The complexity comes from both the dsDNA edges
(linkages) and ssDNA joints. Depending on the expected deformation of the dynamic structures,
different strategies may be used. For small deformations (< 10 % of relative changes), the
assumptions of dsDNA as rigid cylinders and ssDNA as soft spacers still hold true. In such a case,
they can be designed like static structures. Edges should be shorter than the persistence length, and
ss-segments at joints should be designed accordingly for the range of adjustable angles. Yan et. al.
summarized correlations between the ssDNA length at a joint and the angle between two adjacent
edges.®® As depicted in Figure 10(a), the length increases from 2 to 6 nt with the angle ranging
from 180 to 0°. Each ss-segment length would be suitable within the small deformation. General
FEM platforms such as COMSOL may be used for better simulations on the ss-segments.

For a greater extent of deformation (e.g., 10-50 %), the edge rigidity and joint flexibility must be
considered. Choi group developed a set of design requirements on DNA origami wireframes
experiencing significant deformation (> 30 %).”*> They explored several auxetic structures which
normally have sharp angles and relatively long edges. Two key points from the work are as follows
(Figure 10(b)). (1) Edges must have a thickness greater than 10 % of their length for sufficient
rigidity. Otherwise, the edges will likely have curvature. (2) Joints must have a certain level of
tension, quantified by a stretch level (length of a ssDNA segment at a joint divided by its fully
stretched length) of 55 to 70 %. For the stretch level below 55%, the joint will be loose, and as
such the structural integrity will be compromised. On the other extreme, the joints with a stretch
level of over 70 % may experience internal stresses and likely distort (without any loading) due to
the lack of sufficient deformability. If both recommendations are met, the assembled structures
will have straight edges and sharp angles. Note that the joint stretch level is difficult to study with
FEM simulations which also may not be able to reflect the changes of elastic properties under large
deformation. Therefore, coarse-grained MD computation will be the best choice. Like any designs,
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corrections are needed before finalizing the design. The changes on the lengths of ssDNA segments
are usually not significant, for example, from 8 to 6 nt, due to the moderate deformation.

If a structure undergoes significant deformation (> 50% relative change) or is too large and
complex to design, several iterations are required. A recommended design route is: (1) disassemble
the structure into several components; (2) design each component based on the guidelines shown
above; and (3) assemble the components and check for additional corrections on the design.
Suppose a round table with four legs is the structure to be designed, and it is subjected under loads
in the center of its upper surface. If the initial design is under a large force (e.g., 1 nN) that might
result in a significant deflection. In this case, the table may be conceptually disassembled into five
components: a round tabletop surface and four table legs. The force distributed on each leg can be
estimated (e.g., 0.25 nN if four legs are symmetric). The design of the legs may be evaluated by
FEM to ensure that they remain straight under the load. The table surface should be examined by
coarse-grained MD simulations because of the significant deformation. Due to the possible large
deformation, corrections on the thickness of the tabletop are expected. After the legs and the
surface are ready for the assembly, the coarse-grained MD simulations may be performed for the
assembled structure. Additional corrections on the connections between the legs and the tabletop
or even the components themselves may be necessary. Eventually, the DNA table will be shaped.
Castro and coworkers proposed a design flow on complex structures, which reflects the same idea
of design.!®®

Overall, the design recommendations are closely related to possible models on dynamic and
deformable structures. Simple models, such as elastic beam theory, often require additional
information of the structure and components. The effectiveness of the design purely based on
simple models may thus be limited. As discussed in chapter 2, DNA properties can vary when
subjected to large deformations. Therefore, complex deformable structures would require models
that can account for variation of the properties. This type of model would be able to provide more
detailed information about the structure; for example, coarse-grained MD models as opposed to
FEM. The time for design would then increase exponentially with respect to structural complexity.

6 APPLICATIONS OF DYNAMIC AND DEFORMABLE STRUCTURES

6.1 Devices based on flexible ssDNA hinges

As discussed above, ssDNA is widely used as a joint connecting rigid DNA bundles. Its flexibility
and low stiffness enable it to be a perfect joint which allows a greater degree of motion compared
to dsDNA or other higher order duplexes. Castro group demonstrated the effectiveness of ssDNA
hinges in the machine mechanisms constructed by DNA origami.'®! They constructed the crank
slider mechanism which outputs translation upon circulating the crank, from dsDNA bundles. The
bundles were used as links of machine elements and ssDNA to control the motion of these links.
The flexibility of ssDNA segments varied the crank angle, resulting in the translation of an outer
bundle (slider) over the inner rod. Further, ssDNA was also used to change the conformations of
a bennet linkage. These basic mechanisms drive the challenge to create complex functions for
nanomachines. A fully functional nanomachine may contain intricate mechanisms which contain
two basic components when broken down; for example, the DNA rods are being pulled or rotated
upon hinge. By standardizing the two, higher order mechanisms can be devised.
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Multiple groups have developed various mechanisms for controlling cargo actuation. In an attempt
to using DNA as a cargo delivery vehicle, Kjems and coworkers designed a DNA origami box
with internal cavity.!'® The hollow volume of the DNA box may be used to carry molecular
payloads and have the capability to open and close the lid with a set of locks and keys. This concept
was demonstrated for drug delivery by Douglas et al. with DNA-aptamer locks which respond to
an array of cues.!” The cues can be platelet-derived growth factor (PDGF) or protein tyrosine
kinase 7 (PTK7).!7":!72 The cargo in the box can be antibodies or anti-cancer agents. Thus, delivery
vehicles leveraging the programmability of DNA can be effective in finding the target cells and
releasing the drug molecules.

Liposomes or lipid vesicles are often used to mimic biological cell membranes. There is a
challenge on controlling the size and shape of liposomes.!”® Lin et al. created a dynamic long and
thin quadrangular prism or cylindrical DNA template for liposomes to grow on (Figure 11(a)).!!!
The cylindrical template was polymerized from monomers which have two rings and four pillars
such that the distance between the rings is well defined. The liposomes will form in the center of
the rings in the presence of free ssDNA segments projected to the center of the rings. The pillars
in the monomer can be removed (changed from dsDNA to ssDNA) so that the individual liposomal
spheres can merge into a single long rod shape liposome. This development using DNA structures
as a dynamic template can exponentially increase the functionalization of liposomes as synthetic
vesicles.

6.2 Jack-enabled reconfigurability

Jack edges induce local strain to displace some parts within a structure, thereby changing the
conformation.”>*° As discussed in chapter 4.1, jack edges prove to be more precise than flexible
ssDNA hinges/locks. Li et al. designed jack edges as a structural transformation mechanism for a
Hoberman flight ring.!”* A Hoberman sphere is a 3D deployable structure developed as a kids toy
and can change its finite size upon external loading (e.g., switching between compressed and
extended states). Its 2D version is a Hoberman flight ring. They constructed a Hoberman flight
ring with DNA origami which consisted of 6 deployable triangles in 2 layers, representing a trefoil
knot. As shown in Figure 11(b), when the red triangles are located on top of blue triangles, the
inscribed circle is at its largest (open state). It becomes smallest (closed state; a hexagon overall)
when the red triangles slide farthest with respect to the blue ones. The structural transformation
was made possible by changing the lengths of three jack edges implemented (i.e., long jacks for
the hexagon; short jacks for the triangle). All joints between the triangle edges are made of
unpaired ssDNA segments, with their length depending on their rotation angles. About 50%
change between the two conformations marks as an excellent deployable structure. This 2D
reconfiguration mechanism could be extended in 3D and the volumetric change has the potential
for payload delivery.

This type of deployable structure is distinct and different from regular reconfigurable structures.
Typical structures capable of reconfiguration often have the conformation changed for distinct
differences. Examples includes a box that opens the lid,!'? a tetrahedron which changes one of its
edge lengths,”® and a set of rings that stacks and disassembles.!> After reconfiguration, the
symmetry is changed. In contrast, deployable structures preserve their global shapes during
expansion and contraction.!”> In the case of the flight ring, the structure is centrosymmetric in both
open and closed states. To keep the structural symmetry, the open or closed parts must be either at
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the center (flight ring) or symmetric (with respect to the middle axle or the center point). The shell
of cowpea chlorotic mottle virus (CCMV) can be considered to be deployable.!”®!”7 Upon pH
change, the shell deploys and the genetic molecules inside are released. A simplified view of the
process is that the shell reconfigures from icosahedron to icosidodecahedron. In this process, the
20 equilateral triangle surfaces rotate, and 12 regular pentagon surfaces emerge. These pentagon
surfaces are the channels for releasing genetic molecules from the cavity. Before and after the
deployable reconfiguration, its centrosymmetric property remains the same.

6.3. Propagation of local deformation driven by information transfer

Structural deformation mechanisms discussed thus far need local deformation on each actuation
site to induce global changes in configurations. With the increase in the size of DNA assemblies
and the number of reconfiguration sites it becomes a challenge to supply proportional amounts of
ssDNA to act on the sites. Ke ef al. proposed a method that uses a single reconfiguration site to
transform the entire structure.!” The nanostructure contains repeating units of four dsDNA
bundles in thombus shapes. The structure has two stable states, corresponding to the standing and
falling of the dominoes. When a trigger strand is presented, the unit that recognizes the trigger
changes its configuration from standing to falling, causing all other units to fall. This work proves
that the transfer of structural deformation between molecular units is possible and can be
dynamically propagated with external activation. If the structure can be made longer, the sensing
(of ssDNA) and actuating (reconfiguration) can be far from each other. This could be useful in
building complex DNA function devices.

The research on deformable DNA structures is rapidly developing yet is still in its youth. Thus,
related applications have been relatively limited. Other reviews on the applications of dynamic
structures can be found elsewhere *5:179-183

7 CONCLUSIONS AND OUTLOOK

This article provides an overview of the development of DNA nanotechnology, the basic
mechanics, and the evolution from static DNA structures to dynamic, deformable nanodevices.
We have focused on mechanical perspectives on deformation mechanisms, different scales in
modelling, and ultimately design recommendations. Both static and dynamic DNA nanodevices
with small deformation share the same basic mechanics, and thus have similar design principles.
For a greater degree of deformation (e.g., 10-50% of relative changes), the conformation changes
must be considered during the design process. For significant deformation (> 50%), the change of
mechanical properties of DNA components must be accounted for as well. Design by parts and
iterations on assembled structures are required for complex architectures.

To expand our understanding of dynamic and deformable nanostructures, there are several
questions that need to be answered.

What we can build. The dynamic DNA nanostructures with soft ssSDNA hinges have been well
developed and used for various applications as discussed above. For example, DNA origami boxes
have been demonstrated by multiple groups with different chemical schemes;!!>!6% 184186 however,
the open-close mechanisms were very similar from the mechanics point of view as all used ssDNA
hinges. In contrast, deformations on dsDNA parts are still underdeveloped, yet they could be
developed into unique mechanisms for programming structural transformation and functions. This
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review summarizes the fundamentals in related mechanics and design suggestions. With a library
of mechanical designs and mechanisms, one can envision a broader range of feasible structures
and functionalities that may be tailored to specific applications.

How we can program DNA mechanics. In any deformable structures, some parts are designed
for structural integrity while the others are accounted for deformation. Under selections of
materials with different stiffnesses, distributions of deformation may be arranged. For example,
soft parts can deform noticeably, whereas rigid parts may have minimal deformation. The utility
of DNA on this aspect is that stiffness of ssDNA is smaller than that of dSDNA by two orders of
magnitude.”® This can benefit in arranging deformations at different parts. Additional methods
include cross-section designs. For example, 6 dsSDNA can be arranged into a hexagon or a 3x2
rectangular cross-section. Hexagonal arrangement will have almost the same bending stiffness
regardless of bending directions while rectangular lattice will be stiffer if the bending is on the 3-
bundle direction and softer if bent on the 2-bundle direction. Depending on the loading, cross-
sections should be selected accordingly.

There are several strategies for strengthening DNA, such as adding chemicals that can enhance
DNA mechanics. For example, crosslinking molecules can improve the thermal stability of DNA
structures,'2®12° and will likely enhance the stiffness and mechanical stability. This mechanical
enhancement has not been explored yet. Given different crosslinking reactions on different bases
(e.g., C and T vs. A and G),"®"!8 it may be possible to design sequence-based stiffness, which
could open new opportunities in mechanical designs and related applications. Besides, increasing
Na* from 1 mM to 1 M can reduce the DNA stiffness to ~1/3 of the original value.'®’ The downside
of this salt method is that all the DNA in the structure would be affected. If it is combined with
protection methods, such as polyethylene glycol (PEG) coating on DNA, only parts without
coating would become softer. As such, DNA may possess 4 distinct rigidities (ssDNA, dsDNA,
enhanced DNA, and weakened DNA). This will enable significantly more versatile structures. For
example, auxetic DNA origami wireframes may benefit from different stiffness in their designs.
Suppose dsDNA edges in the wireframes are replaced with enhanced DNA with higher stiffness.
The edges will then be strengthened and likely remain straight during deformation (thus
maintaining structural integrity), while the deformability is preserved. Similarly, different
rigidities of DNA parts can be used on a structure to enable regioselective deformations during
reconfiguration to fit the design purposes.

What we can model. The designs are hinged to the available theoretical and computational models.
With new types of deformable structures and several distinct stiffnesses (ssDNA, dsDNA,
enhanced DNA, and weakened DNA), dynamic mechanisms and deformation modes can be
complex. New models or amendments on available models will be necessary to provide suitable
guidance on those structures. For example, crosslinked DNA structures cannot be simulated
directly by all-atom models, not to mention the three common models (elasticity theory, FEM, and
coarse-grained MD models). Alternatively, the stiffness values of crosslinked double helices could
be acquired from experiments, which may then be used as an input for general FEM platforms
(e.g., COMSOL). Since the crosslinking typically occurs at designed sites, it will be reasonable to
replace the stiffness of those sites with the experimental values in the calculation domain.!'87:188
Therefore, it may be possible for FEM to compute crosslinked structures. One downside of the
method is that FEM simulations normally do not reflect the changes of elastic properties under
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large deformation. If the structure with enhancement experiences more than small deformation,
the simulated results will not be accurate without additional information. One may need to measure
the mechanical properties under small and significant deformations for the DNA so that the
computation can result in better accuracy. With proper modelling for newly developed structures
and mechanical properties, the subfield of dynamic and deformable DNA structures will be on a
fast-developing route.
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Figure 1. (a) A planar rigid body with 3 degrees of freedom (DOF), i.e., the coordinates x, y, and
the angle of inclination 6. (b) An example of common kinematic mechanisms and a nanoscale
hinge realized using ssDNA connections (white lines in the inset).'®! The transmission electron
microscopy (TEM) image resembles the design. On the right side, angular (top), linear (middle),
and combined motions are shown in schematics. (c)-(e) Architectured auxetic metastructures from
DNA.” (c) Schematic of a unit cell of a rotating square design composed of linkages and joints.
(d) Coarse-grained molecular dynamics (MD) simulation on the oxDNA platform and (e¢) Atomic
force microscopy (AFM) image of the DNA origami unit. Scale bar: 100 nm.
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Figure 2. (a) A DNA beam under uniaxial loading, where ¢ is the stress, /" represents the force,
and 4 is the normal cross-sectional area. The stress o is proportional to the strain & (which is AL/L
where L is length) with the constant £, the Young’s Modulus. (b) The DNA beam under bending
due to moments acting perpendicular to the axis, where M is the moment, and / is the area moment
of inertia. (c) The beam under torsion where G is the shear modulus, and J is the polar moment of
inertia. (d) The stress-strain curve of a general body with the slope representing the Young's
modulus in the linear region. The turning point from linear to non-linear of the o-¢ plot marks the
yield strength. As the general body extends more after yield, fracture will happen at the end. (e)
The force vs. strain curves of dsDNA (left) and ssDNA (right), showing that their behaviors are
characterized by distinct regimes with different Young's modulus.!®® The behaviors predicted by
the inextensible worm-like chain model (WLC) for ssDNA and dsDNA are shown in red line for
comparison. As the extension of dSDNA continues, the behavior transitions from pure dsDNA to
ssDNA. The arrows indicate that it is possible to change the dsDNA behavior to ssDNA by
exonuclease activity (Exo) and the other way around by polymerization (Poly), both at any
constant force in the transition region (10-60 pN). (f)-(g) The force extension curves of a material
under elastic (f) and plastic (g) loading.’® (f) The loading and unloading curves of the elastic
deformation are the same but in different direction. (g) With plastic deformation, only the elastic
part of the deformation can be recovered during unloading. When loading again, there will be more
permanent plastic deformation.
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Figure 3. (a) Schematics of possible joint designs.®® Left: 4-way junction. Right: 3-way junction.
Integer full turns on dsDNA will place the joint to be on the same plane. Angles (white, in degree)
are then controlled by the number of un-hybridized thymine (T) nucleotides on staples (yellow;
e.g., 4-nt and 3-nt of ploy-T). (b) A DNA origami tile designed with a helical pitch of 10.67 bp/turn
will experience strain due to the difference from the inherent 10.5 bp/turn of B-DNA.'¢
Neighboring helices will have a mismatch of ~17°, which leads to a right-handed curvature as
shown in the FEM computed structure on the right. This effect may be magnified if the tiles are
polymerized into a long ribbon (shown in the bottom). (c) Cross-section of cadnano design in a
honeycomb lattice. In this design, a planar structure would have a wave-like corrugated
arrangement of the DNA bundles. Numbers indicate the dSDNA helices.
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Figure 4. (a) TEM images of hexagon DNA origami with the same edge length but different cross-
section.”® The left four have 2 dsDNA bundles in each edge while the right four are composed of
6 dsDNA. Adding more dsDNA in an edge from 2 to 6 makes the edge more rigid and straight.
Scale bar: 50 nm. (b) Symmetric motifs (e.g., 3-point-star) from several oligonucleotides are
assembled into tetrahedron, dodecahedron, and buckyball shapes.” (c¢) Schematics of DNA bricks
approach. Like a machining process, this method conceptually starts with a cube and removes
unneeded parts so that desired geometries such as a teddy bear will emerge from the annealing.®!
(d) Optical image of macroscopic DNA crystals from tensegrity triangle motifs.?? Scale bar: 200
pm.
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Figure 5. (a) A DNA tweezer that switches between open and closed states.” The structural
changes are initiated by complementary strands F and F that induce strand displacement. (b) A
DNA box that can open and close its lid using a ssDNA hinge mechanism.!'? The box is locked
initially by DNA strands (two independent groups, marked in blue and orange) and upon addition
of keys the binding is released, thus opening the box with freedom of rotation from hinges. The
Cy5 and Cy3 are depicted in red and green, respectively. Stars with different sizes represent
emission with different intensities. Circle indicates a loss of emission. (c) Auxetic 2D DNA
origami structures (re-entrant honeycomb) with jack edges (shown in red).”® The jack edges can
adjust its length with toehold-mediated strand displacement and addition of replacement strands.
The structural deformations are performed by changing the length of jacks, demonstrating negative
Poisson’s ratios. The angle (noted by red dot) can vary from 30 to 60 to 90° (and vice versa). Scale
bar: 100 nm. (d) Conformational control of polymerized DNA origami ribbons with chemical
adducts.'® The increased concentration of intercalator ethidium bromide (EtBr) progressively
changes the structures from right-handed to flat and then to left-handed conformations (noted by
the yellow kink shape). Scale bar: 500 nm. (¢) Schematics of magnetic tweezer experiments on
DNA bundles with one end fixed on the surface and the other end attached to a magnetic bead.®*
The bead moves under magnetic fields, exerting external loadings on the DNA structure.
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Figure 6. (a) AFM scans of a flat origami surface with 3 quasi-fractal patterns (left to right): 1, 4
and 10 cavities.!** Scale bar: 50 nm. (b) TEM images of a DNA device with ssDNA hinge.!46
Different probability distributions are obtained for various lengths of ssDNA segments at the hinge.
Scale bar: 20 nm. (¢) Schematic design of reconfigurable DNA tetrahedron decorated with
fluorophores, where Forster resonance energy transfer (FRET) between two fluorophores (orange
rhombus and blue ellipse) is activated or deactivated upon structural changes via strand
displacement.” The fuel strand binds with the single stranded free loop and extends the green edge,
while the anti-fuel strand associates with the fuel strand (first, binding with the toehold to initiate
strand displacement) and shrinks the green edge, leaving a free single stranded loop.
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Figure 7. (a) Schematic illustration of a possible optical trap setting.!”° The DNA strand of interest
can have one terminal attached to a surface while the other terminal is connected with an optical
bead. The bead will be subjected under the optical trap. The laser beam exerts forces on the bead,
pulling it away and thus stretching the DNA strand. (b) A pair of representative approach and
retract force curves during the nanoindentation of an AFM tip on a single point of a macroscopic
DNA crystal. The separation is the displacement from the lowest indented point. The indentation
depth is approximately 100 nm.'®® (c) Manipulation of DNA origami using AFM through
cutting.'*® Left: The schematics show the movement of the AFM tip. Right: AFM images present
the comparison of two DNA origami samples (rectangle and triangle) before and after cutting.
Scale bar: 200 nm.
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Figure 8. (a) Spring network system applied on a solid-piece origami tile, shown as a structural
motif in a segment.>* From left to right, the schematics show the undeformed motif (with blue and
gray representing dsDNA rods and ssDNA crossovers, respectively), twisting of the double helix
in the middle (maroon), and bending of crossovers (maroon). The length between neighboring
crossovers is 16 bp. k: is the torsional spring constant, while k» is the bending spring constant of
the crossovers. (b) Elastic beam theory models dsSDNA bundles with different boundary conditions
(red, fully disconnected; blue, fully attached; green, partially attached; and yellow, partially
attached with discontinuity in the dsSDNA bundles).®> As a comparison, FEM simulations are
shown in gray.
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Figure 9. (a) Coarse-grained MD simulation on cyclization of a single-layer origami tile with
initial curvature.'®® As the tile cyclizes, the initial curvature gradually disappears and the tile rolls
from the boundary to the middle into a cylinder. The cylinder does not have a perfect circular
cross-section. (b) Model for a spring system, where a perfect circular cross-section is assumed. '’
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Figure 10. (a) Suggestions for unpaired ssDNA at the joints of a wireframe origami.%® Un-
hybridized thymine (T) nucleotides on staples are marked as Tn (e.g., T6 means 6-nt ploy-T, or
TTTTTT). The length of ploy-T increases from 2 to 6 as the angle narrows from 180 to 0°. (b)
Design guidelines for wireframe DNA origami that undergoes significant structural deformation
(e.g., 10-50% relative changes).”® Dimensionless flexure (Jfacc//) on the left and joint stretch (&) on
the right as a function of angle y which defines the conformation. The line is the prediction from
the elasticity theory and the filled triangles denote the deformation data from coarse-grained MD
simulations. dracc and / are the flexure and length of an edge in a wireframe DNA origami. Joint
stretch & is defined as the length of a ssSDNA segment at a joint divided by its fully stretched length.
Blue shades indicate recommended regions for edge thickness and joint stretch. If the design
recommendations are met, the wireframe structures will assume straight edges and sharp angles.
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Figure 11. (a) A dynamic long and thin quadrangular prism or a cylindrical DNA template
polymerized from monomers.!'! Left: a monomer with two rings and four pillars. Middle-left:
polymerized cylindrical DNA template. Middle-right: the cylindrical DNA template with a
liposome formed in the center of each ring. Right: liposomes merging together into a long single
liposome by removing the pillars in the monomers. (b) 2D deployable Hoberman flight ring from
DNA.! Left: schematics of the reconfiguration between open (triangle overall) and closed
(hexagon overall) states. The inscribed circle is marked with a dotted line. The three red triangles
are on top of the blue triangles. Note that the inside vertex of each red triangle is connected to that
of the blue one on the opposite layer, thus forming a trefoil knot. Right: AFM images of open and
closed states of the DNA origami. Scale bar: 100 nm.
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