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Abstract

Invention of DNA origami has transformed the fabrication and application of biological 

nanomaterials. In this review, we discuss DNA origami nanoassemblies according to their four 

fundamental mechanical properties in response to external forces: elasticity, pliability, plasticity 

and stability. While elasticity and pliability refer to reversible changes in structures and associated 

properties, plasticity shows irreversible variation in topologies. The irreversible property is also 

inherent in the disintegration of DNA nanoassemblies, which is manifested by its mechanical 

stability. Disparate DNA origami devices in the past decade have exploited the mechanical regimes 

of pliability, elasticity, and plasticity, among which plasticity has shown its dominating potential 

in biomechanical and physiochemical applications. On the other hand, the mechanical stability of 

the DNA origami has been used to understand the mechanics of the assembly and disassembly of 

DNA nano-devices. At the end of this review, we discuss the challenges and future development of 

DNA origami nanoassemblies, again, from these fundamental mechanical perspectives.

1. Introduction

Since DNA origami was invented in 2006,1 its programmable nature and highly precise 

structure at the nanometer scale have made DNA origami an ideal nanoscale platform 

adopted in various disciplines across chemistry, physics, and biology fields.2–8 While DNA 

origami has been recently reviewed9–14 and properties of various biomolecules, DNA in 

particular, under mechanical force have been reported,15–18 none of the prior work has 

provided a comprehensive mechanical perspective on DNA origami nanoassemblies. Given 

that DNA origami is a biomaterial whose mechanical properties are of utmost importance in 

both applications19,20 and mechanistic studies,21 it is of critical significance and urgency to 

provide a mechanical perspective to this new nanomaterial.

Like macroscopic materials, there are four basic mechanical regimes in DNA origami 

structures in response to external forces (Fig. 1).22,23 In the low force regime, a small 

mechanical force can change the property of Holliday junctions24 or pi–pi base stacking in 

DNA origami. Because neither the overall frame nor constituting secondary structures are 

damaged, the bending, stretching, and other deformations of DNA origami are reversible 

when force is withdrawn. This regime can be understood as the elasticity or pliability of the 

DNA origami nanoassemblies.
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In the next regime under dozens of picoNewton (pN) mechanical force,24 some Holliday 

junctions start to get compromised, resulting in an irreversible deformation of the overall 

DNA origami structure. However, since the majority of the junctions are intact, the DNA 

origami structure still remains intact. Such an irreversible deformation under force is 

considered as the plasticity of DNA origami self-assemblies.

In the final regime of even greater mechanical forces, the entire DNA origami structure 

falls apart.25,26 In this regime, all the Holliday junctions are compromised, resulting in the 

dissociation of staple strands from the long ssDNA template strand. The dissociated staple 

strands then release into bulk solution irreversibly. We define the force that disassembles 

DNA origami as the mechanical stability of DNA nanostructures.19,27,28

In the following sections, we first discuss mechanical properties of basic components in 

DNA origami structures. We then provide selected examples of DNA origami structures 

that harness these four force regimes: the reversible pliability and elasticity, as well as 

the irreversible plasticity and stability. Finally, we discuss the folding mechanism of DNA 

origamis revealed by subjecting the DNA nanoassemblies under disassembling mechanical 

forces.

2. Mechanical properties of DNA origamis are determined by duplex DNA 

and Holliday junctions

Since mechanical force exerted on an object is a localized vector characterized by the force 

loading rate and the applied direction, the mechanical stability of the object varies with the 

direction29 and the loading rate30 of external force. Therefore, it is of high importance to 

specify these two factors when comparing mechanical stabilities of different objects. In this 

section, we discuss mechanical stabilities of DNA secondary structures that constitute DNA 

origami nanoassemblies.

2.1. Duplex DNA

There are two basic directions, unzipping and shearing, along which a force can be applied 

to evaluate the mechanical stability of a duplex DNA (Fig. 2).

2.1.1. Mechanical stability of dsDNA by unzipping.—Bockelmann et al. applied 

mechanical force perpendicular to the dsDNA backbone (Fig. 2a).31 They found that 

such unzipping was able to de-hybridize duplex DNA into two single-stranded DNA 

(ssDNA) strands. Due to the difference between G/C and A/T Watson–Crick base pairs, 

the mechanical force changed at this stage, oscillating back and forth around 15 pN.31 The 

stability of G/C pairs significantly exceeds that of A/T pairs.32–34 For example, Rief et al. 
showed that mechanically unzipping force of a poly-A/T duplex was 10 pN while that of a 

poly-G/C duplex was 20 pN.17

2.1.2. Mechanical stability of dsDNA by shearing.—When a force is applied along 

the long axis of the duplex DNA arranged in an antiparallel fashion (Fig. 2b), shearing of 

duplex DNA may occur.35 The dsDNA shearing contains two stages: a nonlinear elastic 

behavior followed by mechanical disintegration.36 The shearing force increases with the 
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length of the dsDNA within a certain limit.35 Strunz group found that the mechanical 

shearing force of a 30-base pair dsDNA was about 46–50 pN.36 For shorter duplex DNA 

(10–30 bp), the mechanical shearing force was about 20–50 pN.36

2.1.3. Mechanical stability of pi–pi stacking.—The stacking force exists between 

adjacent base pairs along two spiral DNA backbone strands (Fig. 2c).20,37 By a dual-beam 

optical tweezer instrument,20 Dietz group found single base stacking had a mechanical 

stability on the order of 3 pN. The change in free-energy of base stacking decreases 

according to the following order: (CG:GC) or (AT:TA) base-pair stacking > (AT:AT) > 

(CG:AT). The trend is caused by different stacking modes between pyrimidines and purines. 

They found that larger stacking areas had longer lifetimes and stronger stability with respect 

to smaller stacking areas. According to different sequence combinations, stacking areas and 

salt conditions, the expected lifetime of the stacked array can be obtained.38,39

2.2. Holliday junction and other secondary DNA structures in DNA origami

2.2.1. Holliday junctions.—The Holliday junction serves as a basic infrastructure in 

DNA origami (Fig. 3a). Mechanical stability of individual arms of a Holliday junction 

by unzipping is equivalent to that of duplex DNA (~15 pN) discussed in Section 2.1. 

The mechanical force at which two conformation isomers of a Holliday junction (Fig. 

3a) reach equilibrium is rather weak, on the order of 0.5 pN.40 On the other hand, a 

structurally similar DNA structure, cruciform, has a mechanical stability up to 50 pN under 

torsionally constrained conditions.41 Such a significant difference has been ascribed to 

the cooperative unfolding of the two cruciform arms in a positively supercoiled template. 

Mao group systematically investigated the mechanical property of Holliday junctions in 

different DNA origami structures.24 Overall, they found that the mechanical stability of 

nanopyramids was weaker than that of nanotubes, both of which (nanopyramids and 

nanotubes) showed higher mechanical stabilities than nanotiles (Fig. 3b). In addition, 

compared with longitudinal stretching, higher force was required to disassemble the 

nanotubes during horizontal stretching. All these suggested that Holliday junctions had 

anisotropic mechanical properties, which was rationalized by the anisotropic arrangement of 

Holliday junctions along specific mechanical unfolding directions (Fig. 3c and d).24

2.2.2. H-DNA, G-quadruplex (GQ), and i-Motif (iM).—In addition to Holliday 

junctions, other DNA secondary structures are occasionally employed in DNA origami 

nanoassemblies. H-DNA is formed between homopurine–homopyrimidine tracts that fold 

into a triplex (Fig. 4a).42 The structure showed a mechanical stability around 20 pN in 

physiologically relevant buffers.43,44

G-quadruplex is composed of a stack of G-quartets (Fig. 4b),45 which are connected 

together by Hoogsteen hydrogen bonds. The structure is further stabilized by intercalating 

monovalent cations such as Na+.46 Mao group and others determined mechanical stabilities 

of G-quadruplexes were on the order of ~25 pN.47

Another secondary structure, i-Motif,48 is made of a stack of hemiprotonated cytosine–

cytosine pairs (Fig. 4c).49 Because of the requirement of hemiprotonated cytosines, i-Motif 
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is mainly formed in a slightly acidic environment around pH 5.5.49 Mao group has 

determined its mechanical stability around 30 pN.49

Recently, new DNA secondary structures have been used in DNA origami structures. Sen 

group constructed DNA nanostructures using G-triplex,50 which has presented a mechanical 

force around 32 pN.51 Li et al. assembled poly(thymine) into antiparallel duplexes in 

presence of melamine, which connected to two thymines in the same plane via hydrogen 

bonding.52 The average mechanical stability of a stack of thymine–melamine–thymine was 

about twice (26.2 pN) as the that of AT pairs, albeit with a much wider unzipping force 

range.52 These synthetic DNA secondary structures increase the versatility of DNA origami 

nanoassemblies.

2.3. Significance of the mechanical stability of DNA secondary structures

As a basic component in origami nanoassemblies, DNA is a naturally occurring material in 

cells. Therefore, it is not surprising that mechanical stabilities of various DNA secondary 

structures lie within the reach of many biological machineries such as motor proteins53,54 

that process DNA templates. This feature renders DNA origami an ideal nano-assembled 

material to interfere with various biological processes. However, for a nanomaterial to be 

applied inside cells, it is important that components of DNA origami should withstand the 

hydrophobic force in cell membranes during the cell entry of these origami nanoassemblies. 

Here we take transmembrane DNA origami channels as examples to illustrate that the 

mechanical stabilities of these DNA secondary structures in DNA origami can indeed 

survive the hydrophobic stress inside phospholipid membranes.55–57

In one approach, Howorka and colleagues used a six-helix bundle (6 HB) to 

design transmembrane DNA nanopores (Fig. 5).55 The nanopore was modified with 

tetraphenylporphyrins (TPPs) to be anchored in phospholipid bilayers. Lipid modifications 

such as cholesterols were also used to anchor nanopores in lipid bilayers.56,57

These DNA nanopores are rather stable in phospholipid membranes. Given that hydrophobic 

forces of phospholipid bilayer are on the order of tens of picoNewtons,58 such examples 

clearly demonstrated that DNA origami can withstand the stress of hydrophobic forces in 

membranes, which paves the way to carry out biological applications inside cells after DNA 

origami nanodevices pass through cell membranes.

Once inside cells, DNA secondary structures in DNA origami may be compromised 

by intracellular proteins including various nucleases.59,60 After studying the interactions 

between DNA nanostructures and proteins, Castronovo group found that mechanical 

properties of DNA origamis, such as DNA packing density, local or super structures, 

and intactness of DNA staples, affected enzymatic activities on DNA nanostructures.59,61 

While using non-B DNA structures may inhibit the digestion of various enzymes on DNA 

origami nanoassemblies, these structures may compromise the efficiency of the loading of 

non-intercalating drugs.62 Other approaches to maintain structural integrity of DNA origami 

inside cells include the introduction of sharp shape in the origami structure,61 enzymatic 

ligations and chemical modifications,63,64 as well as photochemical crosslinking.65,66
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3. Applications of DNA origami nanoassemblies by exploiting four 

mechanical properties

3.1. Reversible elasticity regime

Similar to a macroscopic object, elasticity of DNA origami is originated from the changes 

in the backbone enthalpy and conformational entropy of a DNA nanoassembly in response 

to external forces. When the external force is small, such elastic response is fully reversible, 

facilitating the repetitive usage of DNA origami structures.

To be used as a quantitative force measurement tool, Korber and Dietz designed a force 

spectrometer in which supporting components and elastic sectors in DNA origami formed 

a spring clip structure (Fig. 6a).8,67–69 Because of the honeycomb structure in the DNA 

origami, two origami levers showed strong stiffness.6,19,56 A spring hinge was added to 

convert these two levers into the force spectrometer. The authors found that the force exerted 

by the spring can offset the attraction between two nucleosomes.70 The authors also used 

this force spectrometer to detect salt-induced disassembly of nucleosome core particles, 

from which they obtained binding constants and the energetic penalties for nucleosome 

integrations.67

In other examples, Liedl et al. designed a DNA nanoclamp that can produce 0–50 pN 

to study the bending of duplex DNA induced by a TATA-binding protein (Fig. 6b).71 Su 

and Castro developed an adjustable curved DNA device (Fig. 6c),72 which can carry out 

controllable bending by adjusting the length of a hinged ssDNA.

Elastic levers represent another type of applications. Su and Castro groups prepared a DNA 

nanodevice with rigid links (blue and green) and a compliant link (red) (Fig. 6d).73 When 

the nanodevice was deformed by external factors, the mechanical energy could be stored 

in the compliant link. This energy could be calculated from the bending angle and elastic 

properties of the origami device.

Elasticity has been exploited to build nanosprings. To observe mechanical movement of 

myosin VI and associated mechanical force changes, Shih group constructed a DNA 

nanospring (Fig. 7a)5 with a spring constant 0.012 ± 0.002 pN nm−1. Compared with 

traditional nanosprings made of ssDNA, this nanospring had a more gradual change in 

spring constant in the range of several pNs. Recently, an environmentally responsive DNA 

nanospring was demonstrated in the Mao group. By incorporating i-Motif, this DNA 

nanospring was responsive to environmental pH variation (Fig. 7b).74 At slightly acidic pH 

where cancer cells usually experience, the origami was coiled into a nanospring, inhibiting 

the movement of cancer cells via clustered RGD-integrin interactions. At neutral pH under 

which healthy cells experience, the nanospring was stretched, which did not affect the 

motion of cells. Such a device can be used to selectively target metastasis of cancer cells 

without affecting the property of healthy cells. Measurement of spring constant of this 

device using force-jump approach revealed that these nanosprings were 50 times stiffer than 

that obtained in the Shih lab,5 which suggests more mechanobiological applications can be 

carried out using these nanosprings.75
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3.2. Reversible pliability regime

Pliability refers to the resistance of a material to reversible deformation under external 

forces. It can reflect materials’ flexibility, stiffness, and bending resistance. The parameter 

that can represent the degree of pliability is persistence length.76–79 The greater the 

persistence length, the greater the stiffness of the material. Persistence lengths of basic 

origami components such as dsDNA and ssDNA are ~50 nm80 and ~1 nm,81 respectively. 

In DNA origami nanoassemblies, due to combined helical bundles made of duplex DNA 

strands, the persistence length is often in the micrometer range.19,20,79 The much-increased 

persistence length suggests much stiffer DNA origami structures, which has been harnessed 

for applications that require rigid frameworks.

3.2.1. Rigid levers.—The introduction of optical/magnetic tweezers has provided 

unprecedented mechanical information on individual macromolecules and assemblies. These 

targets are often linked to optically and magnetically trapped beads via linkers such as 

DNA.82 Since DNA is soft, noise in mechanical measurement is significant.

To address this problem, Dietz group used 10–12 HB DNA origami beams as linkers 

for mechanical force transmission.19,20 A 10 HB beam has persistence length ~3.5 

microns.20 These rigid linkers therefore effectively increased the signal-to-noise ratio during 

mechanical unfolding experiments. Resolutions on the order of 5 nm per 2 ms in the 

mechanical unfolding of DNA hairpins have been achieved.19

3.2.2. Rigid nanocages.—Mao and collaborators constructed a series of hollow cuboid 

nanocages (Fig. 8a)83–85 that serve as nanoconfinement to investigate the folding and 

unfolding of DNA structures such as G-quadruplexes, i-Motifs, and duplex DNA. Their 

studies revealed that duplex DNA had reduced mechanical stability in nanoconfinement 

(unzipping force ~9.4 pN vs. ~20.2 pN without confinement) whereas G-quadruplexes 

and i-Motifs demonstrated nearly 2 times stronger mechanical stabilities (~38 pN, for 

G-quadruplex) with respect to free structures (~20 pN, for G-quadruplex in solution). Such 

results suggest a new way to control mechanical properties of DNA origamis structures by 

using confined environment.

In another example, Dietz and Scheres designed a hexagonal prism-like hollow columnar 

structure (Fig. 8b),6 in which orientation of transcription factor p53 was constrained. This 

allowed the decipher of higher resolution structures of p53. Similarly, Seidel group used 

double-layer structure to manufacture a DNA origami mold (Fig. 8c),86 which served to 

prepare metal nanoparticles with specific compositions and shapes. Recently, a stiff cage 

with three-layer DNA origami design was prepared by Bathe and Yin,3 which showed 

improved nanometer precision for preparations of inorganic nanostructures.

3.2.3. Other rigid structures.—DNA origami has been used as a rigid template to 

prepare metamaterials and biosensors.87,88 To obtain chiral plasma signals, Wang group 

first synthesized a 2D DNA origami plate. After modifying the plate with gold nanorods 

(AuNRs), the plate rolled into a cylinder on the surface of AuNRs (Fig. 9a).89 Then, gold 

nanoparticles (AuNPs) were attached at different locations of the cylinder, resulting in either 

left-handed or right-handed AuNP helices. In the sensing application, chiral plasma signals 
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in stiff origami hosting templates have been used to detect adenosine molecules (Fig. 9b). In 

this sensor, binding of adenosine targets changed the relative position between two origami 

arms, which varied the chiral plasma of the AuNRs attached to the two arms.90 Similar 

strategies have been exploited in other applications such as fabrication of AuNR trimers for 

chirality manipulations and controllable assembly of 3D anisotropic nanomaterials.91–95 In 

biochemical applications, rigid DNA origami rotor blades with high torsional stiffness have 

been used to measure rotations caused by nucleic acid processing enzymes.96

3.2.4. Bending resistance and flexibility.—Bending resistance and flexibility are 

other examples of pliability. Under appropriate forces, the pliability allows DNA origami to 

undergo limited deformation while still maintaining the integrity of the overall structure.

Based on the DNA tile-tube assembly,97 Maier et al. prepared artificial flagella by 

assembly of short ssDNA fragments, which have different mechanical properties in twist 

diameter, stiffness, bending stiffness, and flexibility (Fig. 10a).98,99 These flagella have 

shown swimming capabilities, which can serve as biocompatible nanorobots. Inspired by 

Yin’s work,97 Smith group used structurally tunable DNA nanotubes to form semiflexible 

polymers with entangled networks.79 Their persistence lengths ranged from 1.2 to 26 μm 

with other interesting mechanical properties such as adjustable bending stiffness.79

Juul et al. designed a DNA nanocage based on temperature responsive DNA structures (Fig. 

10b).100 Among six nanocage corners made of 3-nt thymidine linkers, one corner contained 

four pieces of 32-nt ssDNA.101,102 This corner was tightened by the folding of hairpins in 

the ssDNA fragments at low temperatures, which would melt at an elevated temperature. 

In contrast, short thymidine linkers did not show this conformation change, leading to 

temperature dependent morphology change in the DNA nanocage. This property allowed 

temperature actuated releasing of cargos contained inside the nanocage.

From these examples, it is clear that bending resistance and flexibility allow ssDNA with 

~1 nm persistence length to be assembled into flexible and functional structures, which 

have greatly enriched the structural complexity and expanded the application scope of DNA 

origami devices.

3.3. Irreversible plasticity regime

Compared to elastic deformation which is reversible, when an object undergoes irreversible 

deformation under sufficiently high force, the object demonstrates its plasticity property 

which is irreversible.103,104 For DNA origami, plasticity can be affected by physical, 

mechanical and chemical conditions.105,106 The coupling between physicochemical 

environment and morphology of the DNA origami renders origami nanoassemblies ideal 

mechanochemical platforms to report changes in the chemical or physical surroundings. 

Indeed, many applications have exploited these traits in DNA origami devices, which can be 

categorized by localized plasticity and system plasticity according to the regions affected by 

external forces.
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3.3.1. Localized plasticity.—When physical, chemical, or mechanical stimuli exert 

on a specific region in an origami device, only the affected region produces irreversible 

structural and/or functional changes. This response is defined as localized plasticity.

Based on a brick-like nanocage whose cavity surface was modified with photolabile 

cross-linkers,3,107,108 Kohman et al. packaged a cargo inside a nanocage cavity via these 

photolabile linkers. The nanocage released the cargo under light by breaking these localized 

photolabile linkers (Fig. 11a).109 The size of the cavity could be varied to load different 

cargos ranging from small molecules to proteins.

In Yamazaki’s strategy, invasive binding of a peptide nucleic acid (PNA) transformed a 

stick-like origami structure into an irreversible scissor-like structure (Fig. 11b),110 which can 

be used to report the binding of nucleotide analogues such as PNA. Mao group designed 

a 7-tile DNA origami nanoassembly for multiplex mechanochemical sensing of a platelet-

derived growth factor (PDGF) and/or a complementary nucleic acid fragment (Fig. 11c).4 

When binding to a target, the seven DNA origami tiles would sequentially decouple under 

10–25 pN force, generating mechanochemical signals in optical tweezers.7,111

Drug delivery requires efficient transportation of cargos to designated locations where the 

payload can be released in response to external cues. Andersen et al. constructed a DNA 

origami box (Fig. 11d),2 which can be opened when oligonucleotides bind and unlock 

the cover.112 The cavity of these boxes was large enough to contain large biomolecular 

assemblies such as ribosomes. Likewise, Church et al. synthesized a hollow hexagonal 

barrel as a nano-transportation robot (Fig. 11e).7,107 The lock for this robot consisted of 

aptamer-containing DNA duplexes which would be unlocked upon binding of molecular 

targets to the aptamers arranged according to a specific logic gate pattern (i.e. AND, OR, 

etc.).

3.3.2. System plasticity.—In contrast to the localized plasticity where the irreversible 

morphology or functional change occurs only at localized area in response to external 

stimuli, system plasticity refers to the irreversible topology change of the entire origami 

device.

The ssDNA probe demonstrated by the Yan group perhaps represents the simplest example 

of system plasticity (Fig. 12a).105 Made of 20-nt ssDNA, these soft probes did not show 

distinct signals under AFM scanning. When hybridized with complementary single-stranded 

RNA, the duplex structure became stiffer, showing a V-shaped rigid structure clearly 

distinguished by AFM.

To encapsulate virus capsid proteins (CPs) more efficiently, Kostiainen et al. let positively 

charged CPs bind to origami structures (Fig. 12b),113,114 which reduced the repulsion 

between negatively charged DNA helixes. Since each CP slightly bent the rectangular 

origami, the origami plate rolled into a column, enhancing the transfer efficiency of the CPs 

into the cells.

Using concepts of dynamic DNA units known as anti-junctions,115,116 Ke and Song groups 

prepared reconfigurable DNA origami arrays (Fig. 12c).115 Because anti-junctions could 
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switch between two stable conformations, the structure change in the anti-junction would 

propagate the change in other anti-junctions, leading to the conversion of entire origami 

structures just like dominoes. The same idea has led the groups to develop a reconfigurable 

DNA origami domino array-based dynamic pattern operation (DODADPO) system117 in 

which structural transformations were achieved with incorporation of more functionalities 

in nanodevices. This allowed to explore more potential applications such as platforms for 

chemical syntheses.

3.4. Irreversible disintegration regime

At even higher external forces with respect to those experienced by the DNA origami in the 

plasticity regime, the DNA nanoassembly may disintegrate irreversibly. This disintegration 

has been cleverly exploited for sensing applications (Section 3.4.1) as well as to study 

the mechanism of the assembly and disassembly of DNA origami nanoassemblies (Section 

3.4.2).

3.4.1. Applications exploiting disassembly and assembly processes.—Chen et 
al. used a DNA hairpin to detect traction force of adherent cells (Fig. 13a).118 The hairpin 

with 5.7–16.5 pN mechanical stability served as a bridge connecting the target cell and 

the substrate. When a cell moved, its traction force disassembled the hairpin, resulting in 

longer distance between a fluorophore and a quencher. This decreased FRET (Fluorescence 

Resonance Energy Transfer) efficiency between the fluorophore and the quencher, causing 

increased fluorescence signal. Similar strategies have been used to measure tensile forces 

between adjacent cells.119–122

Another example exploiting the disassembly of DNA origami came from the Liu and 

Wang groups (Fig. 13b)123 in the construction of an ultraviolet light radiometer. Given 

that ultraviolet light can damage DNA, the basic component in a DNA origami device, 

integrities of particular DNA origami nanoassemblies were monitored under AFM to reflect 

the damaging UV intensity in the environment.

The irreversible disassembly exploited in the radiometer does not allow repetitive usage 

of DNA origami devices. To address this problem, Scheckenbach et al. exploited the 

self-repair strategy in DNA origami structures.124 They used strand exchange to facilitate 

the self-healing of DNA origami structures at damaged locations. However, for origami 

structures whose damage locations are not known, such a strategy requires a whole set of 

displacing DNA staples, which is costly and requires special staple designs to facilitate the 

displacement. In addition, this method does not apply to the case where the damage occurs 

in the template strand.

3.4.2. Mechanics of assembly and disassembly of DNA origami nanodevices.
—To better understand the mechanics of DNA origami structures, it is important to 

monitor the assembly or disassembly of individual DNA origami nanoassemblies under 

external forces (Fig. 14). Tracking individual DNA origami structures in the force-based 

approaches provided much increased temporal and spatial resolution to follow the assembly 

and disassembly processes. In addition, the use of mechanical unfolding can directly 

synchronize these processes. Such studies on DNA origami folding mechanisms often start 
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with mechanical unfolding of a particular origami nanoassembly, which disintegrates the 

device irreversibly due to the loss of DNA staples.

Using AFM and FRET spectroscopy to follow the assembly process of a DNA device 

after its mechanical unfolding, Saccà group proposed a dynamic model for the assembly 

process.125 In this model, the initial folding of DNA origami and the topological stress in 

the nucleation sites demonstrated their critical roles in DNA origami assembly. While the 

former process determined the whole energy landscape, the latter profoundly affected the 

final stability and the topology of the DNA origami.

In another work, Yoon and colleagues first used magnetic tweezers (MT) to mechanically 

unfold DNA origami nanoassemblies.25 Upon relaxing the mechanical force on the 

stretched template strand, the lower entropy state of DNA origami then folded into 

various intermediate structures in the presence of staple strands while avoiding unnecessary 

secondary structures. Finally, displacement reactions took place to overcome energetic 

barriers, which helped to remove redundant staple strands. In a mechanical model proposed 

by Chen et al.,21 these barriers could come from overcoming duplex DNA twisting and 

accommodating local conformations to desired global structures. The three-step process 

made DNA origami mechanically stable due to the compliance with entropy.

Taking together, these studies suggested that DNA origami follows a self-assembly path to 

lower its entropy, which is compensated by enthalpic energy released from the hybridization 

between the staples and the long scaffold template. Since the initial nucleation determines 

the topology and mechanical property of the final origami state, it is important to control the 

preparation conditions for the DNA origamis. For example, to obtain reproducible origami 

structures each time, thermodynamic equilibrated condition should be maintained for the 

DNA nanoassembly. On the other hand, kinetic conditions can be explored at the nucleation 

state to obtain DNA origami structures with desirable mechanical properties.

By assembling long DNA template and short strands of DNA staples together, DNA 

origami reshapes the physical limit of DNA materials. Duplex DNA has a relatively 

short persistence length of ~50 nm while its mechanical unzipping stability is considered 

to be low (about 15 pN),31 both of which are compatible with innate constraints of 

biological environment,53,54,58 For individual Holliday junctions, the mechanical stability 

and isomerization force are also low.40 However, DNA origami shows at least twice 

stronger in mechanical stability (>30 pN)4,24 and ~20 times longer in persistence length20,79 

compared to duplex DNA. With respect to individual Holliday junctions, the isomerization 

force of DNA origami is ~60 times higher.24,40 All these indicate that DNA origami as a 

whole has much stronger and stiffer properties. While persistence length can be explained 

by the helical bundles made of multiple duplex DNA strands employed in the DNA origami 

assembly, the mechanical stability can be rationalized by the effective density of Holliday 

junctions (Fig. 15), which has shown a positive correlation between mechanical stability 

and the density of Holliday junctions along a particular direction of applied force.24 The 

critical role of Holliday junctions in the DNA origami assembly has been confirmed by the 

computer simulation in which removal of some DNA staples leads to easier accessibility 
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of restriction enzymes to compromise the origami structure, likely due to the more flexible 

origami framework.59

4. Conclusions and prospects

In summary, we have discussed the properties and applications of DNA origami according 

to the four fundamental mechanical regimes, reversible elasticity and pliability, as well as 

irreversible plasticity and stability, in response to external stimuli. Almost all applications 

of DNA origami nanoassemblies can be categorized into these four mechanical regimes. 

Different properties of these four regimes have been rationalized by the collective assembly 

of basic components in DNA origami: duplex DNA and Holliday junctions.

Challenges exist for current research and development of DNA origami nanoassemblies. 

First, for all four mechanical regimes (pliability, elasticity, plasticity and stability), 

the applicable mechanical force range is limited for DNA origami. It is necessary to 

expand the force responsive range for DNA origami (either strengthening or weakening) 

by incorporating other materials such as small molecules,52 polymers,126 nanometallic 

particles, silica coating,127,128 and carbon nanotubes, among others. In doing so, not only 

can DNA origami components withstand greater mechanical force, but also their properties 

can be more precisely regulated at smaller force ranges. Currently, DNA origami has 

high programmability and spatial precision due to the presence of duplex DNA. Given 

there are only four bases in DNA, the chemical diversity of DNA origami framework 

is limited. In addition, it is still expensive to scale up DNA based materials. With the 

incorporation of other synthetic materials, DNA origami’s mechanical properties will be 

diversified while cost can be reduced. In particular, in the plasticity regime, incorporation 

of synthetic functional groups is expected to drastically expand the capability of DNA 

origami to respond to physical (temperature, light, and force) and chemical stimuli. In 

another approach, Gerling et al. demonstrated that DNA components assembly by shape-

complementarity rather than base pairing can produce sturdy micrometer-scale objects.38 

Such shape-complementarity is likely due to the excluded volume effect.129,130 It is 

interesting to directly measure the mechanical force of this effect, which is yet to be 

achieved.

Second, it has been successfully demonstrated that a hierarchical network in nanoassembly 

can drastically improve its mechanical properties.131–133 In a recent report, such hierarchical 

structures have shown to improve effective Young’s modulus.134 Other studies have shown 

high tensile elasticity132 and exceptional stiffness135 in hierarchical structures. We propose 

that similar hierarchical structures can be incorporated in the DNA origami nanoassemblies. 

In current strategies, Holliday junctions serve as fundamental crosslinks in the DNA origami 

framework. Since the Holliday junction has weak mechanical properties, mechanical 

isomerization force in particular,40 we argue other DNA secondary structures can be 

used. One good example is DNA quadruplexes. These structures are mechanically more 

stable than duplex DNA.47 The four-stranded topology in G-quadruplex is expected to 

be compatible with current design in DNA origami. In addition, long range assembly of 

G-quadruplex junctions is feasible, increasing the level of hierarchical topology. Recent 
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demonstration of using the G-triplex in the building of DNA nanoassemblies has indicted the 

feasibility of this approach.50

Finally, most mechanical characterization of DNA origami devices uses single-molecule 

force instruments such as optical tweezers,19,24 magnetic tweezers,25 and AFM.125 All 

these instruments have low throughput. For scale-up applications of DNA origami 

nanoassemblies, the molecule-by-molecule characterization and demonstration of DNA 

nanodevices become a bottleneck to expand the use of this new material. Therefore, new 

mechanical characterization devices and approaches in a high-throughput manner136 become 

an imminent call to further the development of DNA origami nanomaterials.
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Fig. 1. 
Four mechanical regimes of objects under mechanical force.
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Fig. 2. 
Schematics of (a) unzipping of dsDNA, (b) shearing of dsDNA, and (c) stacking of two 

adjacent Watson–Crick base pairs. The arrows in (c) represent stacking interactions and the 

dashed lines represent hydrogen bonds20 (reprinted with permission from AAAS).
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Fig. 3. 
Mechanical stability of DNA origami structures is determined by Holliday junctions. 

(a) Schematic of two structural isomers of a Holliday junction13 (reprinted with 

permission from ref. 13, copyright (2017) American Chemical Society). (b) Comparison 

of mechanical stabilities of four different DNA origami structures. Tiles: nanotiles, 

Py: nanopyramid, 8T(L): 8-tube DNA (Longitudinal direction), 6T(L): 6-tube DNA 

(Longitudinal direction), 6T(H): 6-tube DNA (Horizontal direction) and 8T(H): 8-tube 

DNA (Horizontal direction)24 (reprinted with permission from Oxford University Press). 

(c) and (d) show the disintegrations of Holliday junctions under horizontal and longitudinal 

tensions, respectively24 (reprinted with permission from Oxford University Press).
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Fig. 4. 
DNA secondary structures. (a) an H-DNA structure (the oval links indicate Hoogsteen 

hydrogen bonds), (b) a G-quadruplex structure and (c) an i-Motif structure. The M+ in the 

chemical structure in (b) refers to a monovalent ion such as Na+.46,47
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Fig. 5. 
A tetraphenylporphyrins (TPP) labelled DNA origami nanopore was anchored in a 

phospholipid bilayer55 (reproduced from ref. 55 with permission from John Wiley and Sons, 

copyright 2013).
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Fig. 6. 
DNA origami structures exploiting reversible elasticity properties. (a) A force spectrometer. 

The red cylinder represents the spring and hinge8,67 (reprinted from ref. 8 of AAAS). 

(b) Nanoclamps that maintain 0 pN, 6 pN, and 12 pN tension in ssDNA71 (reprinted 

with permission from AAAS). (c) Adjustable DNA geometry components (Left: relaxed 

state; Right: tightened state)72 (reprinted with permission from ref. 72, copyright (2014) 

American Chemical Society). (d) A bistable nanomechanism with three states73 (reprinted 

with permission from ref. 73, Copyright (2015) American Chemical Society). Circular 

diagrams to the left of (c) and (d) represent cross sections (helix bundles) of DNA origami 

backbones.
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Fig. 7. 
DNA nanosprings. (a) A programmable nanospring is applied to myosin VI heads5 

(reprinted with permission from Springer Nature). (b) A pH sensitive DNA nanospring 

controls cell motions74 (reprinted with permission from ref. 74, copyright (2021) American 

Chemical Society).
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Fig. 8. 
Rigid DNA origami nanocages that provide nanoconfinement to the folding and unfolding of 

biomolecules (a) ref. 83–85 (reproduced from ref. 83 with permission from Springer Nature, 

copyright 2017), that host proteins to obtain high-resolution structures (b) ref. 6 (reproduced 

from ref. 6 with permission from PNAS, copyright 2016; the blue bundles indicate the 

orientation of the nanocage), and that serve as templates to grow nanoparticles (c) ref. 86 

(reproduced from ref. 86 with permission from ACS, copyright 2014).
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Fig. 9. 
Rigid DNA structures serving as templates for (a) a chiral plasma device89 (reproduced from 

ref. 89 with permission from John Wiley and Sons, copyright 2017) and (b) a biosensing 

device90 (reproduced from ref. 90 with permission from ACS, copyright 2018).
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Fig. 10. 
Schematics of (a) magnetic beads modified with artificial flagella which move in an external 

magnetic field (B)98 (reprinted with permission from ref. 98, the direct link is DOI: 10.1021/

acs.nanolett.5b03716 and further permissions related to this material excerpted should be 

directed to the ACS) and (b) temperature-controlled morphological change of nanocages. 

From left to right, a contracted nanocage (4 °C), a cargo containing nanocage (37 °C), a 

packaged nanocage (4 °C), and the nanocage with the released cargo (37 °C)100 (reprinted 

with permission from ref. 100, copyright (2013) American Chemical Society).
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Fig. 11. 
Examples of localized plasticity in DNA origami nanoassemblies. (a) Light-sensitive 

transporting nanocapsules109 (reprinted with permission from American Chemical Society). 

(b) Scissor-like origami probes110 (reprinted with permission from The Royal Society of 

Chemistry). (c) A 7-tile DNA origami mechanochemical sensor for PDGF and nucleic acid 

detections4 (reprinted with permission from John Wiley and Sons). (d) A nanoscale DNA 

box for drug delivery2 (reprinted with permission from Springer Nature). (e) Nanorobots7 

that can be actuated in a logic gate fashion by ligands binding to the aptamers containing 

locks shown in the left boxes (reprinted with permission from AAAS).
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Fig. 12. 
Examples of system plasticity in DNA origami nanoassemblies. (a) An ssDNA probe105 

(reprinted with permission from AAAS). (b) Electrostatically wrapped targets for cell 

delivery113 (reprinted with permission from ref. 113, Copyright (2014) American Chemical 

Society). (c) Dynamic morphological change in a DNA domino device115–117 (reprinted 

with permission from ref. 117, Copyright (2020) American Chemical Society). Arrows in 

the second panel of (c) depict the locations to bind oligonucleotides that trigger subsequent 

structural changes in nanodevices.
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Fig. 13. 
Examples exploiting the mechanical stability of DNA assemblies. (a) The DNA hairpin 

probe to detect the traction force of cells118 (reprinted with permission from Springer 

Nature). (b) A DNA origami UV radiometer123 (reprinted with permission from ref. 123, 

copyright (2020) American Chemical Society).
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Fig. 14. 
Force induced disassembly of a DNA origami structure followed by self-assembly of the 

DNA structure. Blue staples depict those disassembled first during the mechanical unfolding 

process.
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Fig. 15. 
Relationship between disassembly force (pN) of DNA origami nanoassemblies and densities 

of Holliday Junctions (HJ nm−1) along the direction of applied force. This plot uses 

published data.24
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