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Folding nano-scale paper cranes—the power of
origami and kirigami in metamaterials

Abstract

The ancient Japanese art of paper folding has influenced several branches of science
from mathematics, physics to materials- and space sciences. One of the main
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advantages of origami is the precision of the folding mechanism that leads to a well- Us

defined folded state. While the main principles of folding are the same as in original
paper folding in a wide range of materials, it is the specific interactions and material
properties that enable origami folds on scales from nano- to over 20 meters. In this
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brief review we discuss origami on a molecular level, covering applications in physics

of smart materials such as biosensors, stretchable electronics and nanorobotics.
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Origami self-assembly: tunable nanoscale
precision folding

Folding, the mechanism of self-assembly into a compact state is
universally observed on different scales in a wide range of materials.
In this review, we discuss folding and compaction on molecular
scales. Generally, folding can be classified into two groups — specific,
whereby the number of folding pathways is limited, or non-specific
where associations between all functional units are equiprobable,
yet directed by a number of physical principles such as coil-globule
transition and nucleation processes, regulating the kinetics of collapse
as well as the morphology of the final folded state. Complex events
such as aggregation, gelation and molecular folding often incorporate
both non-specific and specific collapse pathways, linking the two
together in a non-trivial manner. Here, we focus on specific ‘designer’
folding pathways of origami and kirigami (a variation of origami that
involves cuts) on a molecular scale. These particular folds are a result
of highly selective interactions that allow one to robustly produce a
large number of stable interaction-dependent collapsed morphologies.
Even though the folding of origami relies on trivial operations from
a mechanistic perspective, the physics of origami folds is intriguing:
origami folds can 1) undergo large reversible deformations 2) show
nonlinear auxetic behavior— a property of a material with a negative
Poisson’s ratio (i.e. the material expands when tension is applied)
3) bistability (the origami fold has two stable states — expanded and
compressed) and 4) topological locking — an increase in resisting
force upon folding.! All the physical properties of origami can be
tuned by the geometry of the fold (Figure 1). Like origami, kirigami
structures provide multifunctional shape-changing capabilities. Due
to an increased number of structural degrees of freedom originating
from incisions, kirigami-based 3D nanostructures allow for a larger
variety of morphologies as well as load bearing capabilities that are
not accessible using traditional origami techniques.>?

Origami in soft and biological systems

Colloidal particles and nucleic acids (DNA and RNA) are ideal
for creating specific interactions for folding. Patchy colloidal particles
have attractive sites (‘patches’) arranged in precise geometries on the
particle’s surface, directing and limiting bonding between particles;

this interaction anisotropy defines the collective behavior and folding
of the system. In nucleic acids, Watson-Crick base-pairing only
occurs between certain nucleotides (A-T/C-G), limiting the number
of putative interactions between nucleotides and making it possible to
create specific folds that form the basis for complex origami patterns
(Figure 2).* As a result, origami patterns give rise to metamaterials —
materials whose morphology gives designed structures novel physical
properties beyond the scope of the original material. One of the
main applications of soft matter origami is in biosensors—analytical
devices that convert a biological response into an electrical signal.
An example of a biosensor is an origami-based synthetic nanopore
that responds to a change in voltage by a structural change of the
channel.’ Voltage can also control the DNA translocation rate through
the channel, giving rise to an artificial nanopore whose behavior
can be controlled via an external stimulus.®> Another biosensing
mechanism involves 3D DNA origami nanorobots immobilized on
glass optical fiber tips actuated by a target DNA: ¢ in this example,
bioluminescence is used to identify the DNA sequence of interest.
Nucleic acid origami has biomedical applications in drug delivery:’
origami can be built to function as a container for drug molecules
that can be delivered with high precision to the desired location by
either making use of specific shapes of the origami ‘cages’ or through
particular surface-target interactions. Interaction specificity can also
trigger a change in the morphology of the origami, making use of
bistability, which can be utilized in nanorobotics: a folded origami
nanorobot can extend upon target recognition, which has been used
as a potential form of cancer therapy whereby the origami nanorobot
can identify and block tumor-associated blood vessels.® Similarly to
origami, kirigami-based circuits and sensors can be printed into the
flat sheet prior to patterning and folding, creating integrated smart
active structures referred to as origami robots.>*!Molecular kirigami
structures are potentially applicable to an even wider range of novel
applications, such as kirigami-based bandage and kirigami printed
stretchable electronics.!! For example, lithium ion batteries are able
to sustain large strains under deformations, which is fundamental for
flexible, stretchable electronics, such as displays, stretchable circuits
and wearable electronics(Figure 2).Numerous approaches have
been employed to achieve flexible and stretchable energy storage
devices using kirigami techniques, demonstrating a visible advantage
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compared to the origami alternative due to increased internal
flexibility of kirigami. In stretchable kirigami structures, three main
physical properties have been identified: 1) shear-lag, whereby shear
deformation reduces strain on the rest of the structure upon stretching
2) partial loss of bonding characteristics due to cuts introduced in the
structure and 3) heterogenous deformation that increases adhesion
to the surface upon twisting or bending the structure. In addition
to biomedical materials science applications, DNA origami can also
be used for building molecular complexes: for instance, 2D DNA
origami structures provide a scaffold for building macromolecular
constructs by chemical reactions between functional chemical groups
placed at separated ‘pixels’ on two-dimensional origami templates,
opening new perspectives for chemical synthesis on a surface that
unlike traditional chemical synthesis, makes use of origami fold
geometries.'?

C D

Figure | A) Origami folds in 2D with colored regions in an expanded state
B) A 3D perspective view of a compressed state of the fold in A C) A kirigami

fold in 2D D) A 3D representation of the deformed construct in C.

Figure 2 A modeled icosahedral arrangement of DNA origami based on.*
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Molecular origami and future technologies

Recent advances in molecular origami show that nanorobots can be
regulated by a real-time magnetic control system,'® making it possible
to construct complex nano-scale devices that can be manipulated
in real time. Lauback et al.,"* used DNA origami to construct rods,
hinges and rotors; the nano-size components were connected by
DNA levers to magnetic beads that in turn activated the nanorobot
by oscillatory and rotational motions. This is only one example of
molecular nanorobotics in action, and this field is constantly evolving
towards fully functional self-building and repairing smart nanorobot
factories that could potentially tackle problems in engineering and
medicine that cannot be addressed otherwise.

Acknowledgements

We gratefully acknowledge the support of the Center for Nonlinear
Studies, LANL for this work.

Conflict of interest

Authors declare no conflict of interest.

References

1. Kamrava S, Mousanezhad D, Ebrahimi H, et al. Origami-based cellular
metamaterial with auxetic, bistable, and self-locking properties. Sci Rep.
2017;7:46046.

2. Neville RM, Jianguo Chen, Xiaogang Guo, et al. A Kirigami shape
memory polymer honeycomb concept for deployment. Smart Mater
Struct. 2017;26(5):05LT03.

3. Callens SJP, Zadpoor AA. From flat sheets to curved geometries: Origami
and kirigami approaches, Mater. Today. 2018;2(3):241-264.

4. Rothemund PWK. Folding DNA to create nanoscale shapes and patterns.
Nature. 2006 16;440(7082):297-302.

5. Bell NAW. DNA Origami Nanopores. Nano Lett. 2012;12(1):512-517.

6. Torelli E, ManzanoM, Srivastava SK, et al. DNA origami nanorobot fiber
optic genosensor to TMV. Biosens Bioelectron. 2018;99:209-215.

7. Jiang Q, Song C, Nangreave J, et al. DNA Origami as a Carrier for
Circumvention of Drug Resistance. J Am Chem Soc. 2012;134(32):13396-
403.

8. Li S, Jiang Q, Zhang YA, et al. DNA nanorobot functions as a cancer
therapeutic in response to a molecular trigger in vivo. Nat Biotechnol.
2018;36(3):258-264.

9. Hwang GG, Bartlett MD. Tunable Mechanical Metamaterials through
Hybrid Kirigami Structures. Sci Rep. 2018;8(1):3378.

10. Han D, Pal S, Liu Y, et al. Folding and cutting DNA into reconfigurable
topological nanostructures. Nat Nanotechnol. 2010;5(10):712-7.

11. Zhao R, Lin S, Yuk H, et al. Kirigami enhances film adhesion. Soft Matter.
2018;14(13):2515-2525.

12. Tikhomirov G, Petersen P, Qian L. Fractal assembly of micrometre-scale
DNA origami arrays with arbitrary patterns. Nature. 2017;552(7683):67—
71.

13. Lauback S, Kara R Mattioli, Alexander E Marras, et al. Real-time
magnetic actuation of DNA nanodevices via modular integration with stiff
micro-levers. Nat Commun. 2018;9(1):1446.

Citation: Lappala A, Macauley N. Folding nano-scale paper cranes—the power of origami and kirigami in metamaterials. Int | Biosen Bioelectron.

2018;4(3):166—167.DOI: 10.15406/ijbsbe.2018.04.001 19


https://doi.org/10.15406/ijbsbe.2018.04.00119
https://www.nature.com/articles/srep46046
https://www.nature.com/articles/srep46046
https://www.nature.com/articles/srep46046
http://iopscience.iop.org/article/10.1088/1361-665X/aa6b6d
http://iopscience.iop.org/article/10.1088/1361-665X/aa6b6d
http://iopscience.iop.org/article/10.1088/1361-665X/aa6b6d
https://www.sciencedirect.com/science/article/pii/S1369702117306399
https://www.sciencedirect.com/science/article/pii/S1369702117306399
https://www.ncbi.nlm.nih.gov/pubmed/16541064
https://www.ncbi.nlm.nih.gov/pubmed/16541064
https://www.ncbi.nlm.nih.gov/pubmed/28759871
https://www.ncbi.nlm.nih.gov/pubmed/28759871
https://www.ncbi.nlm.nih.gov/pubmed/22803823
https://www.ncbi.nlm.nih.gov/pubmed/22803823
https://www.ncbi.nlm.nih.gov/pubmed/22803823
https://www.ncbi.nlm.nih.gov/pubmed/29431737
https://www.ncbi.nlm.nih.gov/pubmed/29431737
https://www.ncbi.nlm.nih.gov/pubmed/29431737
https://www.nature.com/articles/s41598-018-21479-7
https://www.nature.com/articles/s41598-018-21479-7
https://www.ncbi.nlm.nih.gov/pubmed/20890274
https://www.ncbi.nlm.nih.gov/pubmed/20890274
https://www.nature.com/articles/nature24655
https://www.nature.com/articles/nature24655
https://www.nature.com/articles/nature24655
https://www.nature.com/articles/s41467-018-03601-5
https://www.nature.com/articles/s41467-018-03601-5
https://www.nature.com/articles/s41467-018-03601-5

	Title
	Keywords
	Origami self-assembly: tunable nanoscale precision folding 
	Origami in soft and biological systems 
	Molecular origami and future technologies 
	Acknowledgements 
	Conflict of interest 
	References
	Figure 1 A
	Figure 2 A

