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Introduction 
 Imaging technologies such as electron microscopy and super-
resolution imaging, have allowed profound insights into nano- 
and microscale structures and mechanisms that govern many 
aspects of system behavior. Advances in nano- to microscale 
characterization (e.g., microrheology) or single-molecule 
experimental methods in biophysics, have led to key insights 
into relating component function or local material proper-
ties to system behavior. However, the capacity to manipulate 
and probe biological and synthetic materials systems at the 
nano- and microscale remains limited due to the diffi culty of 
engineering probes with commensurate dimensions and force 
scales. DNA origami provides a path to construct such probes 
due to the ability to design precise geometry, program 
mechanical and dynamic properties, and incorporate chemi-
cal functionalization in a site-specifi c manner in devices on 
the scale of  ∼ 10–1000 nm. DNA origami is uniquely suited 
for integration into complex materials for  in situ  characteriza-
tion or as tools to enhance other measurement methods such as 
electron microscopy, atomic force microscopy (AFM), or force 
spectroscopy. They can also greatly enhance bulk readout 
methods by providing control over local parameters, such as 
molecular distances, within the bulk solution. 

 Here, we summarize current applications of DNA origami 
nanostructures as devices for precision measurements, and we 

highlight recent efforts, including implementations to enhance 
other imaging or measurement technologies and integration with 
microfabricated, synthetic, and biological materials systems.   

 Measurements enabled by DNA origami 
geometry and functionalization 
 The ability to incorporate molecules or chemical functional-
ities in a site-specifi c manner into objects with complex geom-
etry (see the article by Gothelf in this issue  1  ) enables a unique 
level of control over templating molecules or materials at the 
nanoscale, which can be leveraged to develop measurement 
devices such as using DNA origami platforms to pattern mo-
tor proteins (proteins that use chemical energy to move along 
a substrate) to study their cooperative behavior   2   –   4  (  Figure 1 a ) 
or to pattern cellular ligands to study the effects of ligand 
arrangement on receptor-mediated signaling  5   –   7  ( Figure 1b–c ). 
For example, Shaw et al. used DNA origami nanocalipers to 
demonstrate that signal activation and invasiveness of human 
breast cancer cells is directly mediated by spacing of ephrin 
ligands presented to Eph receptors on the cell surface by test-
ing the response of cells to ligands positioned at a variety of 
separation distances.  7   Templating arrangements of optically 
active components such as fl uorophores  8   ( Figure 1d ) or gold 
nanoparticles  9 , 10   ( Figure 1e ) enables investigating nanoscale 
light transport or harvesting.  11 
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The nanometer-scale resolution of DNA origami geome-
tries can also be leveraged to create nanopores for integration 
with solid-state systems12,13 (Figure 1f) or lipid membranes14–16 
(Figure 1g). The nanopore systems enable  
detection of biomolecules by measuring 
blockage of ion currents as molecules pass 
through the pore. Given the precisely con-
trolled dimensions of just a few nanometers, 
DNA origami nanopores may discriminate 
translocation events based on size, and they 
can also selectively capture molecules via 
chemical functionalities placed directly at the 
pore, leading to selective detection via longer 
current blockages.12 In addition to biomol-
ecule detection in nanopores, the geometrical  
design of DNA origami nanostructures has 
been leveraged to measure the effects of a 
confined environment on biomolecular struc-
ture and dynamics. Shrestha et al.17 studied the 
behavior of G-quadruplexes, a four-stranded 
DNA structure motif that is found in genomic 
DNA at the ends of chromosomes, inside 
square DNA origami tubes (Figure 1h). The  
experiments revealed that confinement stabilizes 
the quadruplex structure, which has implica-
tions for the function of these G-quadruplex 
structures in highly crowded intracellular 
environments.

Measurements enabled by DNA 
origami mechanical and dynamic 
properties
In addition to precise nanoscale geometry, 
the mechanical and dynamic properties of 
DNA origami devices can enable enhanced 
measurement capabilities such as exhibiting 
detectable conformational changes that are 
responsive to the local environment, probing 
interactions or conformational changes of 
molecular components or complexes along 
defined reaction coordinates, and applying 
forces in specific directions. For example, 
Liedl et al.18 and Kuzuya and co-workers19 
demonstrated a single-molecule detection 
device consisting of two components that 
are pinned together (Figure 2a). Interaction 
with a target molecule causes a change in 
configuration, which can be used as an  
indicator of target binding. Other studies  
have used DNA origami nanohinges with 
motion constrained along a single angular 
degree of freedom to probe nucleosome 
stacking interactions20 (Figure 2b) or con-
formational changes21,22 (Figure 2c) where the 
DNA hinges function as nanoscopic calipers. 
Knowing the torsional stiffness of these 

calipers also enables quantification of mechanical response 
of the sample, for example, interaction forces between 
nucleosomes.20

Figure 1. DNA origami measurement tools that leverage geometric design. DNA origami 

enables templating of biomolecules or materials as a foundation for well-defined measurement 

systems to study (a) motor protein cooperativity using DNA origami (blue) to template 

defined numbers and arrangements of motors. Reprinted with permission from Reference 2.  

© 2012 AAAS. DNA origami has also been used to template ligands to study (b) the 

response of cells to ligands (red) at varying separation distances (e.g., close distance on 

the top schematic and transmission electron micrograph, or farther distance on the bottom 

schematic and transmission electron micrograph),7 or to (c) cell signaling mediated by the 

signaling molecule Smad 2/3 in response to clustering of receptors (green) driven by a DNA 

origami template (orange). Scale bar = 20 nm in (b). DNA origami templates have also 

been used to study (d) light transport along fluorophores and (e) along gold nanoparticles. 

Reprinted with permission from Reference 9. © 2016 American Chemical Society. The 

geometric precision of DNA origami has also enabled nanopores integrated in (f) solid-state13 

or (g) synthetic membranes14 and the design of (h) nanoscale environments to study effects 

of confinement on the stability of G-quadruplexes. (b) Reprinted with permission from 

Reference 5. © 2015 Wiley. (d) Reprinted with permission from Reference 8. © 2011 

American Chemical Society. (h) Reprinted with permission from Reference 17. © 2017 

Macmillan Publishers Ltd. Note: dsDNA, double-stranded DNA.

Figure 2. DNA origami measurement tools that leverage device dynamic and mechanical 

properties. These measurement devices can (a) detect target biomolecules by undergoing 

a conformational change upon binding and (b) measure nucleosome interaction forces by 

analyzing the closing of a hinge with well-defined mechanical properties.20 (c) Opening or 

closing of a DNA origami hinge has also been used to study the conformational changes21 

of nucleosomes. (a) Reprinted with permission from Reference 19. © 2011 Macmillan 

Publishers Ltd. Other studies have demonstrated developed dynamic devices to quantify 

(d) DNA stacking interactions where the stacking mediates a conformational change 

between closed (top) and open (bottom) states.23 (e) Similarly, depletion forces due to 

molecular crowding can be measured following a similar approach.24 (f) In addition, a recent 

study established methods to apply forces (F) to device components to study the effects  

of DNA tension on DNA–protein interactions. Reprinted with permission from Reference 25. 

© 2016 AAAS.
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Kilchherr et al. determined the ultraweak forces and the 
lifetimes at which individual DNA base pair stacking bonds 
stochastically break by combining dual-beam optical tweezers 
with a DNA nanodevice designed to enhance the resolution of 
the tweezer system and to allow for controlled reversible bind-
ing and unbinding of stacking bonds23 (Figure 2d). Hudoba 
and co-workers developed a device that similarly converts 
between an expanded and compacted state24 (Figure 2e), where 
the distribution of states serves as a quantitative measure of 
depletion forces caused by molecular crowding down to the 
scale of 10 f N. In addition to responding to external forces,  
recent studies have leveraged the mechanical behavior of 
DNA origami devices, including the ability to apply tension 
forces to an internal component via the entropic elasticity 
of ssDNA, and the ability to design tunable component stiff-
ness. Nickels et al. implemented entropic forces of ssDNA to 
test the effects of force on the interaction between DNA and a 
DNA-binding protein25 (Figure 2f), and Iwaki et al. developed 
an assay that uses a DNA origami nanospring to study the 
behavior of myosin under mechanical load.26

Integrating DNA origami with other 
measurement and material systems
The nanoscale dimensions of DNA origami devices make 
them amenable to integration in a range of other experimental 
assays. Accordingly, a number of recent studies have lev-
eraged the geometric and dynamic proper-
ties of DNA origami devices to enhance other 
existing imaging or characterization technolo-
gies, including electron microscopy, AFM, 
fluorescence methods, and force spectroscopy. 
Martin et al. used a DNA origami platform 
as a reference frame for structure determina-
tion in cryo-TEM (cryogenic TEM) studies, 
where the DNA origami structure provided a 
high contrast marker to identify the location 
and orientation of proteins incorporated in 
the cavity27 (Figure 3a). Other recent work 
has utilized a DNA origami frame to localize 
and aid in visualizing DNA recombination28 
(Figure 3b) or formation of four-stranded 
G-quadruplex structures,29 and DNA ori-
gami platform structures have been widely 
used as measurement standards or calibra-
tion tools for super-resolution imaging30–32 
(Figure 3c) or other fluorescence methods.33 
The rigidity of DNA origami beams has 
also been leveraged to improve resolution 
of force spectroscopy measurements due to  
decreased thermal fluctuations of the handles34 
(Figure 3d).

Current research in structural DNA nano-
technology has led to breakthroughs that can 
likely expand the scope of DNA origami 
measurement technologies. These include 

efforts to combine DNA origami devices with other materials 
systems such as carbon nanotubes or synthetic membranes, 
microfabricated systems to enable simpler control, inputs, or 
outputs, and integration of DNA origami devices onto biologi-
cal cells. Specifically, DNA origami structures have been used 
to template carbon nanotubes with the ability to make elec-
trical connections between patterned electrodes35 (Figure 3e) 
or to template the formation of size-controlled liposomes36 
(Figure 3f). Another recent study leveraged directed  
assembly of DNA origami structures onto lithographically 
patterned sites within photonic crystal cavities37 (Figure 3g), 
establishing a foundation for DNA origami applications in 
nanophotonic devices. Lastly, Akbari et al. recently demon-
strated a robust approach to attach DNA origami structures to 
the surfaces of live cells38 (Figure 3h), providing a foundation 
for applications at the cell surface. Prior implementations of 
smaller DNA measurement devices inside live cells39,40 and 
the recent development of methods to transfect DNA origami 
structures into cells41 also suggest potential for intracellular 
applications.

Conclusion
In conclusion, DNA origami offers a versatile platform to probe 
spatial effects on the scale from a few nm to 1000 nm. This 
domain is currently difficult to accurately probe with other 
methods. Importantly, as several of the previously mentioned 

Figure 3. Integrating DNA origami devices into experimental assays and with synthetic 

or biological materials systems. The positioning capabilities of DNA origami have been 

leveraged to enhance (a) cryogenic transmission electron microscope (cryo-TEM) 

imaging and structure determination,27 (b) atomic force microscope (AFM)-based studies 

of biomolecular processes such as DNA recombination mediated by the enzyme Cre 

recombinase, (c) calibration of super-resolution fluorescence imaging methods where 

fluorophores attached to DNA strands (P*) bind to specific sites on a DNA origami platform 

that contain the complementary strand (P), and (d) the stiffness of DNA origami nanorods, 

which were used as handles to enable improved resolution in force spectroscopy 

measurements.34 Additional work has integrated DNA origami structures with (e) carbon 

nanotubes to enable formation of an electrical junction shown schematically and in an 

AFM image (scale bar = 50 nm), (f) synthetic liposomes by using the origami structure to 

template the size, and (g) microfabricated optical devices where placement and orientation 

of the origami in a photonic crystal cavity, illustrated here by the AFM (scale bar = 250 nm) 

images, controls the intensity of the light output from fluorophores on the origami structure. 

(h) Recent work has integrated fluorescently labeled DNA origami (fluorophores in red) 

structures onto the surface of live cells.38 (b) Reprinted with permission from Reference 28.  

© 2014 American Chemical Society. (c) Reprinted with permission from Reference 30. 

© 2016 Macmillan Publishers Ltd. (e) Reprinted with permission from Reference 35. 

© 2010 Macmillan Publishers Ltd. (f) Reprinted with permission from Reference 36. © 2016 

Macmillan Publishers Ltd. (g) Reprinted with permission from Reference 37. © 2016 Macmillan 

Publishers Ltd.
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studies show, DNA origami can help decouple nanoscale 
interactions from overall concentration dependent effects or 
other competing effects. Some of the examples mentioned 
make excellent use of the fact that origami conformational 
states can be coupled to individual molecular events, thus 
enabling single-molecule readouts by looking at the state 
of the individual origamis. In other previously mentioned 
examples, origami helps to isolate distance-dependent, small 
number of molecule effects while still using ensemble  
averaged readout methods such as fluorescence, gels, and 
quantitative polymerase chain reaction (in the case of bio-
logical systems).

The field shows clear signs for a welcome transition from 
potential utility to actual utility. In the past, many studies 
focused on providing proof of concept of possible measure-
ment devices, highlighting their potential capabilities and 
advantages, which is undoubtedly a necessary step. Now, 
an increasing number of studies actually use such devices 
to obtain new scientific insights about the molecular systems 
under study, which were not known or not previously acces-
sible with other means. In addition, as suggested by recent 
efforts at system integration, it is an opportune time to trans-
late DNA origami nanodevices into new material systems. 
Ultimately, the discoveries made with DNA origami devices, 
and not the devices themselves, will reward these efforts and 
demonstrate the transformative impact of DNA origami as 
instruments for precision measurement.
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