
https://onlinelibrary.wiley.com/action/showCampaignLink?uri=uri%3A01969953-7326-4573-bb65-56554ae91291&url=https%3A%2F%2Fcareers.evonik.com%2Fde%2Fmoeglichkeiten-naturwissenschaft%2F%3Fat_medium%3DwebsiteWILEY%26at_campaign%3DWILEY-Q4-2021%26at_creation%3Dbanner%26at_variant%3Dchemist-de&pubDoi=10.1002/adma.202101986&viewOrigin=offlinePdf


www.advmat.de

2101986  (1 of 6) © 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH

Research Article

Double- to Single-Strand Transition Induces Forces  
and Motion in DNA Origami Nanostructures

Fatih N. Gür, Susanne Kempter, Florian Schueder, Christoph Sikeler, Maximilian J. Urban, 
Ralf Jungmann, Philipp C. Nickels, and Tim Liedl*

Dr. F. N. Gür, Dr. S. Kempter, C. Sikeler, Dr. M. J. Urban, Prof. R. Jungmann, 
Dr. P. C. Nickels, Prof. T. Liedl
Faculty of Physics and Center for NanoScience (CeNS)
Ludwig-Maximilians-University
Geschwister-Scholl-Platz 1, 80539 Munich, Germany
E-mail: tim.liedl@lmu.de
Dr. F. Schueder, Prof. R. Jungmann
Research Group Molecular Imaging and Bionanotechnology
Max Planck Institute of Biochemistry
Am Klopferspitz 18, 82152 Martinsried, Germany
Dr. F. Schueder
Department of Cell Biology
Yale University School of Medicine
333 Cedar Street, New Haven 06510, United States

DOI: 10.1002/adma.202101986

nanostructures with high yields.[8] DNA 
also adapts to mechanically stressed con-
formations, enabling the realization of 
curved, twisted, and bent DNA origami 
structures.[9–11] By using the entropic 
spring behavior of ssDNA, the construc-
tion of prestressed tensegrity,[12] bent,[13,14] 
and force clamping[15] DNA structures 
has been reported. In related approaches, 
complementing the ssDNA gap regions 
in DNA origami trusses with the help of 
DNA polymerases resulted in unidirec-
tional transitions from bent to straight 
trusses,[16] or the formation of a rigidified 
tetrahedron through RecA protein fila-
ment assembly on ssDNA sections of a 
DNA origami tripod structure.[17]

Aside from static nanoarchitectures, 
DNA nanotechnology also enables the 

construction of dynamic and autonomous switches.[18] The 
operation of these dynamic switches can be divided into 
two main categories: first, operation via molecular interac-
tion and second, operation via external stimuli. The main 
molecular interactions employed to control motion on the 
nanoscale are DNA hybridization (mainly toehold-mediated 
strand displacement) and base stacking. Examples of such 
motion controlled by molecular interactions include reconfig-
urable plasmonic devices,[19] hinges,[20,21] tweezers,[18,22] rotary 
devices,[23–26] walkers,[27] drug carriers[28,29] and robots sorting 
molecules or nanoparticles.[30,31] Other molecular interactions 
as driving mechanisms include target molecule binding[32,33] 
and aptamer[28,29] as well as nucleosome interactions.[34] 
Operation via any molecular interaction, which includes all 
mechanism described above, has the advantage of controllable 
molecular recognition and specificity. However, the opera-
tion speed is limited by diffusion and interaction kinetics of 
the molecules and thus often quite slow. Notably, several 
approaches have been developed to increase the response 
speed of dynamic DNA devices. On the other hand, external 
stimuli such as light,[35,36] temperature,[37] ions,[11,23] pH,[38–40] 
and electric fields[21,41] often enable much faster operation up 
to an increase in speed by many orders of magnitude.[41] For 
example, Karna  et  al. used the reversible, pH-dependent for-
mation of i-motifs between adjacent nanostructure domains 
to facilitate the actuation of a coiled DNA nanospring that 
in turn impacts the motility of cultured cells via integrin  
coupling.[40] Any of these stimuli which we here termed 
external, however, have the limitation of acting globally and 
they lack the specificity molecular recognitions can offer.

The design of dynamic, reconfigurable devices is crucial for the bottom-up 
construction of artificial biological systems. DNA can be used as an 
engineering material for the de-novo design of such dynamic devices.  
A self-assembled DNA origami switch is presented that uses the transition 
from double- to single-stranded DNA and vice versa to create and annihilate 
an entropic force that drives a reversible conformational change inside 
the switch. It is distinctively demonstrated that a DNA single-strand that 
is extended with 0.34 nm per nucleotide – the extension this very strand 
has in the double-stranded configuration – exerts a contractive force on its 
ends leading to large-scale motion. The operation of this type of switch is 
demonstrated via transmission electron microscopy, DNA-PAINT super-
resolution microscopy and darkfield microscopy. The work illustrates the 
intricate and sometimes counter-intuitive forces that act in nanoscale 
physical systems that operate in fluids.

1. Introduction

Due to its predictable Watson-Crick base-pairing, DNA has 
been used successfully over the last decades as an engineering 
material for the bottom-up self-assembly of well-defined struc-
tures and devices on the nanoscale.[1–3] In particular, DNA 
origami,[4–7] in which a long single-stranded DNA (ssDNA) 
scaffold is self-assembled into 2D and 3D predefined shapes 
with a set of specifically designed short oligonucleotide staple-
strands, allows building unprecedented complex and functional  
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We here developed a molecular interaction-based mecha-
nism for the actuation of a DNA origami switch that performs 
against intuition to some extend: removing one of the two 
strands of a region of double-stranded DNA (dsDNA) inside a 
DNA structure leaves a section of single-stranded DNA (ssDNA) 
of the same length. This remaining single strand is now much 
floppier as the persistence length of ssDNA is ≈1 nm compared 
to ≈50 nm of dsDNA. This floppiness, however, does not lead 
to increased flexibility and extension but, on the contrary, to a 
substantial contraction of the region in question. This spring-
like behavior results primarily from the entropic properties of 
a polymer in solution that can theoretically be described using, 
for example, the modified freely jointed chain model (mFJC)[42] 
or the worm-like chain model (WLC).[43] While this transition 
from dsDNA to ssDNA in our experiments is driven by strand-
displacement and thus suffers the same lack of reaction speed 
as previously described mechanisms, it offers great simplicity.

2. Results and Discussion

We designed a 140 nm long DNA origami switch composed of 
three rectangular blocks linked together by in total six parallel 
interconnected DNA double helices at the bottom (Scheme 1). 
Four dsDNA helices (2 × 2) at the top, each formed by hybridi-
zation of four staple strands to the scaffold strand, intercon-
nect the blocks and span the 87-nucleotide (nt) -long (≈30 nm) 
gaps between the blocks. Each dsDNA bridge has four identical 
seven nt-long toehold domains (violet) protruding from the 
3’ ends of the staple strands (the design details and the list of 
oligonucleotides can be found in Figures S1–S3 and Table S2, 
Supporting Information). The transition from dsDNA to ssDNA 
occurs when an excess amount of fuel strands (complementary 
to the staple strands in the dsDNA bridge helices) are added. 
The strand displacement reaction[22,44] is initiated via the toe-
hold domain and dislocates the staple strands from the scaffold, 
producing unreactive dsDNA waste. The reaction rate here is 
dependent on several parameters, including toehold length,[45] 
overall strand length, concentration of added fuel strands, tem-
perature and buffer conditions.[46] In our system, with a 7  nt 
long toehold, a 22 nt long duplex length and a concentration of 

100  × 10−9 m of the added fuel strand, the estimated response 
time for closing of the switch is on the order of seconds to 
minutes. To ensure efficient switching we thus incubated our 
switches for several hours. After the staple strand is removed, 
the entropic force of the remaining ssDNA now pulls the rec-
tangular blocks toward each other at their upper part while 
bending the layer of double helices at the bottom of the DNA 
origami, facilitating a motion and change of state. As a rule of 
thumb one stretch of ssDNA that is extended to the length of its 
double-stranded counterpart exerts a contractile force of ≈5.5 pN 
on its ends, irrespective of its total length. In our design, pairs 
of DNA duplexes bridge the upper half of the origami structure 
resulting in a pulling force of about 11  pN acting on each of 
the three blocks (see Figure S2 and Text S1 in the Supporting 
Information for a detailed description). While we avoided noto-
rious hairpins within the m13mp18 scaffold for the choice of our 
spring regions, we were ad hoc not able to find four regions that 
completely lack secondary structures. Thermodynamic analysis 
of the four regions enabled by the NUPACK suite[47] reveals pos-
sible formations of short hairpin stems of up to 5  base pairs 
(bps) (Figure S4, Supporting Information). Such hairpins will be 
transient but may add residual forces to the springs.[48] In the 
next step, the addition of an excess of the sequences that have 
been removed before leads to these staple strands hybridizing 
again to the ssDNA scaffold, realizing the reverse transition 
(from ssDNA to dsDNA). This re-opening of the switch is again 
expected to occur on the minute time scale, again we incubated 
the samples for hours. The switching between the open and 
closed states can thus be controlled through a series of dissocia-
tion and hybridization steps.

The DNA origami switch was self-assembled in the open 
state in a one-pot reaction by thermal annealing. Correct 
assembly of the switches was confirmed by agarose gel elec-
trophoresis and transmission electron microscopy (TEM) 
(Figure 1 and Figure S5: Supporting Information). After folding 
and purification, an excess amount of fuel strands was added to 
the solution containing the samples to mediate the strand dis-
placement and thus switch the device from the open to closed, 
U-shaped state as apparent from the TEM micrographs shown 
in Figure 1B and Figures S6–S8 (Supporting Information). We 
measured the end-to-end distance of the switch in both states. 
The histogram of the end-to-end distance followed an asym-
metric distribution skewed slightly toward smaller distances 
than designed for the open state and larger distances for the 
closed state (Figure S9, Supporting Information). Both distribu-
tions were approximated with a lognormal fit and the median 
end-to-end distance was calculated to be 130 nm in the open 
state and 33 nm in the closed state. To test the reversibility of 
our system, we further added an excess of staple strands com-
plementary to the ssDNA scaffold region of the closed switches, 
leading to re-opening (Figure  1C and Figure S8: Supporting 
Information). The distribution of the end-to-end distance after 
re-opening was almost identical to the distribution of the ini-
tial open state with a median end-to-end distance of 130  nm 
(Figure S9: Supporting Information). It has to be noted, how-
ever, that this “perfect” result is partly an effect of TEM imaging 
being performed on dried samples. Structures that are slightly 
bent in solution will stretch out to full length when adsorbing 
with their bottom- or topsides on the TEM grid.

Adv. Mater. 2021, 33, 2101986

Scheme 1.  Schematic overview of the DNA origami switch. Close view 
of the dsDNA-to-ssDNA transition that leads to the reversible change 
between the open and closed state.
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To demonstrate the consecutive switching of individual 
DNA origami structures and to obtain information about 
configurational variability in solution, we employed multi-
plexed DNA-PAINT super-resolution microscopy.[49,50] First, 
we immobilized the structures (in the open state) via biotin-
modified DNA strands extending from the bottom under the 
central block to a BSA-biotin coated glass surface (linked by 
streptavidin, Figure 2A). In order to visualize the state of 
the DNA origami with DNA-PAINT, we added docking sites 
on each end of the structure. In the first imaging round, we 
visualized the open state configuration. The measured center-
to-center distance of the localization cluster of about 130 nm 
is in good agreement with the end-to-end distance measured 
in TEM micrographs (Figure  2B, cyan). To switch the DNA 
origami structure to its closed configuration, we incubated 
the origami with the fuel strands while being mounted on 
the microscope. The second round of DNA-PAINT imaging 
depicts the closed state (Figure  2B, magenta). Next, we 
switched the structure back to the open state and performed 
a third round of imaging (Figure 2B, yellow). In the re-opened 
state, the measured distances between both ends were in 
some instances reduced compared to the initial open state. 
This can be explained by incomplete transitions back to the 
double-stranded form (e.g., one or several of the 16 required 
staple strands missing). Although the structure did not always 
switch back to the full ≈130  nm distance, the experiment 
demonstrates the repeated switching capability between the 
two states of individual switches followed over time (nine dif-
ferent, exemplary overlays of the three imaging rounds are 
shown in Figure 2C, a set of 186 individual switches together 
with a distance analysis is shown in Figures S10–S13, Sup-
porting Information).

Next, we tested whether the structure can still perform con-
trolled switching when it carries large cargos. We attached 
50  nm gold nanoparticles (AuNPs) to both ends of the struc-
ture (Figure 3A). AuNPs were functionalized with thiolated 
poly-T oligonucleotides complementary to extensions on both 
ends of the switch structure. To attach the AuNPs to the des-
ignated position on the DNA origami, the switches with open 
states were mixed with functionalized AuNPs and then sepa-
rated from excess AuNPs as well as aggregates by agarose gel 
electrophoresis (Figure S14, Supporting Information). Suc-
cessful attachment of AuNPs as well as switching from open to 
closed to re-opened state was verified by TEM (Figure 3A and 
Figures S15–S17: Supporting Information).

Furthermore, we analyzed the interparticle distance between 
two attached AuNPs for the open and closed states of > 100 
switches in TEM micrographs (Figure  3B). We again approxi-
mated both distributions with a lognormal fit and the median 
interparticle distance was calculated to be 102 nm in the open 
state and 15 nm in the closed state. Similar to the distribution 
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Figure 1.  TEM micrographs of the DNA origami switch in the A) open, B) closed, and C) re-opened states. Scale bar: 100 nm.

Figure 2.  Observing switching of individual structures via DNA-PAINT. 
A) Surface immobilization of the DNA origami switch on a glass sub-
strate via biotin-streptavidin conjugation. DNA origami structures carry 
DNA-PAINT binding sites at both ends. B) DNA-PAINT super-resolution 
imaging to visualize different states of individual switches. Cyan repre-
sents the open state, magenta the closed state and yellow the re-opened 
state. Scale bar: 25 nm. C) Overlay of the three consecutive imaging 
rounds of nine different switches. Colocalization of at least two of the 
three channels (cyan, magenta, and yellow) results in white spots. Scale 
bar: 100 nm.
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of the end-to-end distance from the bare switches (Figure S9, 
Supporting Information), the distance distribution is asym-
metric, especially in the closed state.

Another method to monitor the interparticle distance is to 
record the scattered light from the AuNPs in darkfield micros-
copy. The individual 50 nm AuNPs used here exhibit plasmon 
resonance in the visible range (≈550  nm) and the coupling 
of plasmons[51] from particles in close proximity results in a 
shift of the scattered light toward longer wavelengths.[52] This 
plasmon coupling is highly distance dependent[51] and indeed 
we observed discernible red-shifts in darkfield microscopy 
images upon switching of the structures from the open to the 
closed state. Figure  3C shows two exemplary images together 
with scattering spectra: the open structure carrying two sepa-
rated AuNPs appears green whereas the two AuNPs in direct 
proximity on the closed device bring about orange spots as well 
as a pronounced red-shift in the spectrum. We also analyzed 
all individual structures in our darkfield microscopy images 
via the pixel intensity of each spot in the three channels of 
the RGB color camera (images of all individual structures are 
shown in Figure S18, Supporting Information). This intensity 
distribution of the three channels is shown in Figure  3D. As 
expected, we observed unimodal intensity distributions for the 
open structures in all three channels. However, for the closed 
switches we observed bimodal intensity distributions in both 
the red and the green channel with an additional peak of higher 
intensity in red and correspondingly a new peak of lower inten-
sity in green. This attests that the AuNPs of a large fraction of 
the switched structures came close enough to enable plasmon 
coupling strong enough to be discernible with the RGB color 
camera. At the same time, we did not expect to see efficient 
coupling at interparticle distances greater than ≈15  nm. Since 
approximately half of the closed switches exhibit a larger inter-
particle distance (medianclosed = 15 nm, Figure 1B), the observed 
bimodal intensity distributions in the red and green channels of 
the closed switches are in good agreement with our TEM-based 
measurements of the interparticle distance. Note, however, 
that in contrast to PAINT imaging both TEM and darkfield 

measurements were performed with dried samples which 
potentially leads to particles being pushed closer together due 
to drying and surface tension effects.

3. Conclusion

Here we presented a nanoscale, fully operational DNA origami 
switch. The controllable and reversible reconfiguration of the 
switch is driven by the transition from dsDNA to ssDNA and 
vice versa. The contractive force responsible for the switching is 
the result of merely a change in elasticity upon transition from 
dsDNA to ssDNA. This simple mechanism of dynamic recon-
figuration is hardcoded directly into the building material of the 
switch itself and it has the potential to become an integral compo-
nent for the development of synthetic biological machineries that 
mimic essential cellular behaviors such as membrane transforma-
tion and sculpting. Another potential application of our sequence-
specific signal transduction mechanism will be biosensing where 
pathogenic RNA or DNA sequences trigger mechanical changes 
that are easily detectable on the single-structure level.

4. Experimental Section
DNA Origami Design: The DNA origami switch was designed using 

Cadnano in the square lattice mode.[53,54] The structure (design schematics 
in Scheme  1 and Figures S1 and S2: Supporting Information) has a 
rectangular single layer base made up of 6 helices (L 140 nm × W 12 nm).  
Three rectangular columns of equal size (L 30 nm W 12 nm H 10 nm) 
protrude from the single layer base at regular intervals with a gap 
of 30  nm. The columns are four helices high and in the second helix 
from the top the scaffold crosses all columns twice. The square lattice 
layout generates 10.67 bp per turn instead of the native dsDNA twist of 
10.5 bp per turn. To avoid an underwinding of the helices in the square 
lattice arrangement, the twist was corrected via insertion of five base 
pair deletions along the structure in each helix. This twist correction as 
well as the adoption of the designed geometry was verified with CanDo 
(Figure S3, Supporting Information).[55] Switching the structure between 
the open and closed state was performed via toehold-mediated strand 
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Figure 3.  AuNP attachment to the DNA origami switches. A) Schematics showing the reversible switching between open and closed states of DNA 
structures carrying two AuNPs on opposing ends (left) and TEM micrographs of a representative structure for each state (right). Scale bar: 50 nm. 
B) Histograms of the interparticle distances (surface-to-surface) for the open state (top) and the closed state (bottom). Lognormal fits are drawn 
as a solid black line and the median as a dashed line; medianopen = 102 nm; medianclosed = 15 nm; n is the number of analyzed single nanoswitches.  
C) Darkfield images (insets) and scattering spectra of exemplary single switches in the open state (top) and closed state (bottom). The proximity of 
the AuNPs in the closed state leads to plasmon coupling and hence a red-shift of the scattered light peak. D) Density plot (Kernel density estimation) 
of the RGB pixel intensity distribution in darkfield microscopy images of all analyzed single particles for the open state (top) and closed state (bottom). 
N is the number of analyzed single switches.
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displacement. For DNA-PAINT and AuNP-attachment both ends were 
modified with the corresponding ssDNA extensions (sequences can be 
found in Table S2: Supporting Information).

Formation and Purification of DNA Origami Nanostructures: DNA origami 
structures were folded as follows: 10  × 10−9 m scaffold (p8634)[5] and  
100 × 10−9 m of a single-stranded staple strands (Eurofins Genomics) were 
mixed in folding buffer (1 × TE, 14 × 10−3 m MgCl2). The mixture was heated 
up to 65 °C in a thermocycler (BioRad) and gradually cooled to 25 °C over 
the course of 16 h (Table S1, Supporting Information). The folded structures 
were separated from excess staple strands via gel electrophoreses (1 % w/v 
agarose run at 7 V cm−1 for 1.5 h in 1 × TAE, 11 × 10−3 m MgCl2, pre-stained 
with SYBR safe, Thermofisher). The desired band was excised, and the 
DNA origami was squeezed out of the gel, having the gel between a glass 
slide and a piece of a parafilm. Alternatively, the nanostructures were 
purified two times via PEG purification as previously described.[56]

Negative Staining with Uranyl Formate and TEM Imaging: The empty 
grid (formvar/carbon-coated, 300 mesh Cu; Ted Pella, Inc) was glow 
discharged under Argon in a plasma cleaner (Binder) for 60  s. The 
purified DNA origami structures were immobilized on the freshly treated 
grids for 3 min, followed by a washing step and a 10 s staining step each 
with a drop of a 2  %  w/v Uranyl formate solution (SPI supplies). The 
negative stained DNA origami structures were imaged using a JEM-1011 
(Jeol) transmission electron microscope operating at 80 kV.

Switching Between Open and Closed State: After folding, the 
nanostructure has single-stranded staple strands annealed to the 
ssDNA-regions in the scaffold that span the gaps between the three 
blocks. These staples all carry the following toehold-extension on the 
3′-end: 5′-staple-TGGTATT-3.[57] To switch the structure from the open 
to the closed state, these staple strands were removed via toehold-
mediated strand displacement. For the region, where the scaffold is 
routing between the 3 columns, 16 short single stranded DNA strands, 
with a complementary sequence to the scaffold, were extended with 
a not complementary part. All switching steps were performed with 
an initial DNA origami concentration of 10  × 10−9 m in reaction buffer 
(1 × TAE, 11 × 10−3 m MgCl2). For each switching event, the DNA origami 
structures were incubated for 24 h at 30 °C. To go from open- to closed-
state, a 10  x molar excess of displacement strands over DNA origami 
structures was added. For switching back to the open-state, a 100  × 
molar excess of the initial staple-strands was added.

DNA-PAINT: Sample preparation and imaging buffers A and B as 
well as the oxygen scavenging system PCA/PCD/Trolox were prepared 
as previously described.[58] For sample preparation of Figure  2, an 
8-well µ-Slide VI0.5 (ibidi) was used as sample flow chamber. First, 
100  µL of biotin labeled bovine albumin (Sigma-Aldrich) (1  mg mL−1, 
dissolved in buffer A) was flushed into the chamber and incubated for 
5 min. The chamber was then washed with 500 µL of buffer A. 100 µL of 
streptavidin (Thermo Fisher) (0.5  mg mL−1, dissolved in buffer A) was 
then flushed through the chamber and allowed to bind for 5 min. After 
washing with 500 µL of buffer A and subsequently with 500 µL of buffer 
B, 100 µL of biotin labeled DNA structures (≈2 × 10−9 m) in buffer B were 
flushed into the chamber and incubated for 8 min. The chamber was 
washed with 500 µL of buffer B. Finally, 100 µL of the imager solution 
in the corresponding imaging buffer was flushed into the chamber. 
Fluorescence imaging was carried out on an inverted microscope (Nikon 
Instruments, Eclipse Ti2) with the Perfect Focus System, applying 
an objective-type TIRF configuration with an oil-immersion objective 
(Nikon Instruments, Apo SR TIRF 100 ×, NA 1.49, Oil). A 561  nm 
(MPB Communications Inc., 2 W, DPSS-system) laser was used for 
excitation. The laser beam was passed through cleanup filters (Chroma 
Technology, ZET561/10) and coupled into the microscope objective 
using a beam splitter (Chroma Technology, ZT561rdc). Fluorescence 
light was spectrally filtered with an emission filter (Chroma Technology, 
ET600/50m and ET575lp) and imaged on a sCMOS camera (Andor, 
Zyla 4.2 Plus) without further magnification, resulting in an effective 
pixel size of 130  nm (after 2 × 2 binning). Images were acquired with 
an imager strand concentration of 5 × 10−9 m (P1-Cy3B, 9nt, Metabion) 
in imaging buffer. Here, 15  000 frames were acquired at 200  ms 
exposure time. The readout bandwidth was set to 200 MHz. Laser power  

(at 561 nm) was set to 60 mW (measured at the BFP of the objective). 
This power corresponds to an intensity of ≈400 W cm−2 at the sample 
plane. After the image acquisition of the first round (DNA origami in an 
open state), the chamber was rinsed with buffer B and then incubated 
with the displacement strand (≈100  × 10−9 m in buffer B for ≈10  h) in 
order to switch to the closed state. Next, the buffer solution was replaced 
by imaging buffer containing 5 × 10−9 m of P1 imager (for second round 
of imaging). After imaging of the second round (DNA origami in the 
closed state) the sample was rinsed again with buffer B followed by an 
incubation with the initial staple strands (≈100 × 10−9 m in buffer B for 
≈5  h) to switch the structure back to the open configuration. Finally, 
the buffer solution was changed back to imaging buffer containing 
5 × 10−9 m of P1 imager (for the third round of imaging). Fitting of the 
raw data as well as all post processing (drift correction, alignment and 
rendering) was carried out using the Picasso software package.[58]

Functionalization of AuNP: AuNPs (BBI International) were 
functionalized with 5′-thiolated 19-T single-stranded DNA oligonucleotides 
(Biomers). 2 mL of a 50 nm AuNPs solution was centrifuged at 5000 g 
for 5 min. The supernatant was discarded and the pellet was resolved to 
a final concentration of 0,1 % w/v SDS and 20 × 10−3 m NaCl. After adding 
20 µL of thiolated 19-T single-stranded DNA oligonucleotides, the solution 
was sonicated and vortexed for 1 min each and then frozen at −80 °C for 
15 min. To remove the excess of AuNPs and to separate monomers from 
dimers a 0.7 % w/g agarose gel at 7 V cm−1 for 1.5 h was run in running 
buffer (1 × TAE, 11 × 10−3 m MgCl2).

Conjugation of AuNP to DNA Origami Nanostructures: A ratio of 10:1 
(AuNPs : DNA origami) was used to conjugate functionalized AuNPs to 
DNA origamis. The mixture was incubated for 1 h at room temperature 
and separated with a 0.7  %  w/g agarose gel at 7  V cm−1 for 1.5  h in 
running buffer (1 x TAE, 11 × 10−3 m MgCl2).[59] The desired band with one 
AuNP attached on each end of the DNA origami structure was excised.

Darkfield Imaging: Glass slides were sonicated for 5  min with 
HellmanexIII (Sigma-Aldrich), washed 5 x with double distilled water and 
sonicated for 5  min each with Acetone (Roth) and 2-Propanol (Roth). 
Clean glass slides were blown dry with nitrogen and glow discharged 
under oxygen in a plasma cleaner (Binder) for 5 min. In order to locate 
the sample in the center of the glass slide a circle was drawn with a 
grease pencil on the glass slide. Open and closed state DNA origami 
structures with AuNPs attached (50 × 10−12 m) were deposited inside the 
grease circle for one minute, washed two times with 1 mL doubly distilled 
water and blown dry with nitrogen. Samples for Darkfield microscopy 
were imaged with a home-built dark-field setup in transmission mode 
using a 100 × air objective (Olympus) and an oil condenser (Olympus 
NA 1.4) with a 100  W halogen bulb as illumination source. Images 
were taken with 100  ms exposure time and 2 × binning on a color 
CMOS Camera (Thorlabs Kiralux CS895CU). The dark-field scattering 
spectra were collected with the same home-built dark-field coupled to 
an Acton SP2300 spectrometer (Princeton Instruments). To analyze the 
RGB intensity values of individual nanostructures, the images were first 
thresholded and individual spots then automatically detected.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.

Acknowledgements
F.N.G. and S.K. contributed equally to this work. This work has been 
supported in part by the German Research Foundation through the 
SFB1032 (Project-ID 201269156, project A6 and A11) to T.L. and R.J., the 
European Research Council through an ERC Starting Grant (MolMap; 
grant agreement number 680241 to R.J.), and the Max Planck Society 
(R.J.). T.L., F.N.G., and M.J.U. acknowledge funding from the ERC 
consolidator grant “DNA functional lattices” (Project ID: 818635).

Open access funding enabled and organized by Projekt DEAL.

Adv. Mater. 2021, 33, 2101986



www.advmat.dewww.advancedsciencenews.com

2101986  (6 of 6) © 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH

Note: The Data Availability Statement was revised on September 14, 2021, 
after initial publication online.

Conflict of Interest
The authors declare no conflict of interest.

Data Availability Statement
The data that support the findings of this study are available from the 
corresponding author upon reasonable request.

Keywords
DNA origami nanostructures, DNA-PAINT, entropic force, nanoparticles, 
single-stranded DNA, super-resolution microscopy

Received: March 12, 2021
Revised: June 7, 2021

Published online: August 1, 2021

[1]	 N. C. Seeman, J. Theor. Biol. 1982, 99, 237.
[2]	 N. C. Seeman, Nature 2003, 421, 427.
[3]	 F. Zhang, J. Nangreave, Y. Liu, H. Yan, J. Am. Chem. Soc. 2014, 136, 

11198.
[4]	 P. W. K. Rothemund, Nature 2006, 440, 297.
[5]	 S. M. Douglas, H. Dietz, T. Liedl, B. Högberg, F. Graf, W. M. Shih, 

Nature 2009, 459, 414.
[6]	 E. S.  Andersen, M.  Dong, M. M.  Nielsen, K.  Jahn, R.  Subramani, 

W.  Mamdouh, M. M.  Golas, B.  Sander, H.  Stark, C. L. P.  Oliveira, 
J. S. Pedersen, V. Birkedal, F. Besenbacher, K. V. Gothelf, J. Kjems, 
Nature 2009, 459, 73.

[7]	 E.  Benson, A.  Mohammed, J.  Gardell, S.  Masich, E.  Czeizler, 
P. Orponen, B. Högberg, Nature 2015, 523, 441.

[8]	 F. Hong, F. Zhang, Y. Liu, H. Yan, Chem. Rev. 2017, 117, 12584.
[9]	 H. Dietz, S. M. Douglas, W. M. Shih, Science 2009, 325, 725.

[10]	 D. Han, S. Pal, J. Nangreave, Z. Deng, Y. Liu, H. Yan, Science 2011, 
332, 342.

[11]	 Y. Suzuki, I. Kawamata, K. Mizuno, S. Murata, Angew. Chem. 2020, 
132, 6289.

[12]	 T. Liedl, B. Högberg, J. Tytell, D. E. Ingber, W. M. Shih, Nat. Nano-
technol. 2010, 5, 520.

[13]	 L. Zhou, A. E. Marras, H.-J. Su, C. E. Castro, ACS Nano 2014, 8, 27.
[14]	 J. F. Rahbani, A. A. Hariri, G. Cosa, H. F. Sleiman, ACS Nano 2015, 

9, 11898.
[15]	 P. C.  Nickels, B.  Wünsch, P.  Holzmeister, W.  Bae, L. M.  Kneer, 

D. Grohmann, P. Tinnefeld, T. Liedl, Science 2016, 354, 305.
[16]	 N. P.  Agarwal, M.  Matthies, B.  Joffroy, T. L.  Schmidt, ACS Nano 

2018, 12, 2546.
[17]	 D. Schiffels, V. A. Szalai, J. A. Liddle, ACS Nano 2017, 11, 6623.
[18]	 M. Endo, H. Sugiyama, Molecules 2018, 23, 1766.
[19]	 A.  Kuzyk, R.  Schreiber, H.  Zhang, A. O.  Govorov, T.  Liedl, N.  Liu, 

Nat. Mater. 2014, 13, 862.
[20]	 A. E. Marras, L. Zhou, H.-J. Su, C. E. Castro, Proc. Natl. Acad. Sci. 

USA 2015, 112, 713.
[21]	 F. Kroener, A. Heerwig, W. Kaiser, M. Mertig, U. Rant, J. Am. Chem. 

Soc. 2017, 139, 16510.
[22]	 B. Yurke, A. J. Turberfield, A. P. Mills, F. C. Simmel, J. L. Neumann, 

Nature 2000, 406, 605.
[23]	 T. Gerling, K. F. Wagenbauer, A. M. Neuner, H. Dietz, Science 2015, 

347, 1446.

[24]	 P. Ketterer, E. M. Willner, H. Dietz, Sci. Adv. 2016, 2, 1501209.
[25]	 J. List, E. Falgenhauer, E. Kopperger, G. Pardatscher, F. C. Simmel, 

Nat. Commun. 2016, 7, 12414.
[26]	 Y.  Ahmadi, A. L.  Nord, A. J.  Wilson, C.  Hütter, F.  Schroeder, 

M. Beeby, I. Barišić, Small 2020, 16, 2001855.
[27]	 K.  Lund, A. J.  Manzo, N.  Dabby, N.  Michelotti, A.  Johnson-Buck, 

J.  Nangreave, S.  Taylor, R.  Pei, M. N.  Stojanovic, N. G.  Walter, 
E. Winfree, H. Yan, Nature 2010, 465, 206.

[28]	 S. M. Douglas, I. Bachelet, G. M. Church, Science 2012, 335, 831.
[29]	 S. Li, Q.  Jiang, S. Liu, Y. Zhang, Y. Tian, C. Song, J. Wang, Y. Zou,  

G. J. Anderson, J.-Y. Han, Y. Chang, Y. Liu, C. Zhang, L. Chen, G. Zhou, 
G. Nie, H. Yan, B. Ding, Y. Zhao, Nat. Biotechnol. 2018, 36, 258.

[30]	 H. Gu, J. Chao, S.-J. Xiao, N. C. Seeman, Nature 2010, 465, 202.
[31]	 A. J. Thubagere, W. Li, R. F. Johnson, Z. Chen, S. Doroudi, Y. L. Lee, 

G.  Izatt, S.  Wittman, N.  Srinivas, D.  Woods, E.  Winfree, L.  Qian, 
Science 2017, 357, eaan6558.

[32]	 A.  Kuzuya, Y.  Sakai, T.  Yamazaki, Y.  Xu, M.  Komiyama,  
Nat. Commun. 2011, 2, 449.

[33]	 D. Selnihhin, S. M. Sparvath, S. Preus, V. Birkedal, E. S. Andersen, 
ACS Nano 2018, 12, 5699.

[34]	 J. J.  Funke, P.  Ketterer, C.  Lieleg, S.  Schunter, P.  Korber, H.  Dietz,  
Sci. Adv. 2016, 2, 1600974.

[35]	 A.  Kuzyk, Y.  Yang, X.  Duan, S.  Stoll, A. O.  Govorov, H.  Sugiyama, 
M. Endo, N. Liu, Nat. Commun. 2016, 7, 10591.

[36]	 J.  Ryssy, A. K.  Natarajan, J.  Wang, A. J.  Lehtonen, M.-K.  Nguyen, 
R. Klajn, A. Kuzyk, Angew. Chem., Int. Ed. 2021, 60, 5859.

[37]	 V. A.  Turek, R.  Chikkaraddy, S.  Cormier, B.  Stockham, T.  Ding,  
U. F. Keyser, J. J. Baumberg, Adv. Funct. Mater. 2018, 28, 1706410.

[38]	 A. Kuzyk, M. J. Urban, A. Idili, F. Ricci, N. Liu, Sci. Adv. 2017, 3, 1602803.
[39]	 I. T.  Hoffecker, S.  Chen, A.  Gådin, A.  Bosco, A. I.  Teixeira, 

B. Högberg, Small 2019, 15, 1803628.
[40]	 D. Karna, M. Stilgenbauer, S. Jonchhe, K. Ankai, I. Kawamata, Y. Cui, 

Y.-R. Zheng, Y. Suzuki, H. Mao, Bioconjugate Chem. 2021, 32, 311.
[41]	 E.  Kopperger, J.  List, S.  Madhira, F.  Rothfischer, D. C.  Lamb,  

F. C. Simmel, Science 2018, 359, 296.
[42]	 S. B. Smith, Y. Cui, C. Bustamante, Science 1996, 271, 795.
[43]	 J. F. Marko, E. D. Siggia, Macromolecules 1995, 28, 8759.
[44]	 D. Y. Zhang, G. Seelig, Nat. Chem. 2011, 3, 103.
[45]	 D. Y. Zhang, E. Winfree, J. Am. Chem. Soc. 2009, 131, 17303.
[46]	 F. C. Simmel, B. Yurke, H. R. Singh, Chem. Rev. 2019, 119, 6326.
[47]	 J. N. Zadeh, C. D. Steenberg, J. S. Bois, B. R. Wolfe, M. B. Pierce,  

A. R. Khan, R. M. Dirks, N. A. Pierce, J. Comput. Chem. 2011, 32, 170.
[48]	 M. C. Engel, F. Romano, A. A. Louis, J. P. K. Doye, J. Chem. Theory 

Comput. 2020, 16, 7764.
[49]	 R.  Jungmann, C.  Steinhauer, M.  Scheible, A.  Kuzyk, P.  Tinnefeld,  

F. C. Simmel, Nano Lett. 2010, 10, 4756.
[50]	 R. Jungmann, M. S. Avendaño, J. B. Woehrstein, M. Dai, W. M. Shih, 

P. Yin, Nat. Methods 2014, 11, 313.
[51]	 P. K. Jain, W. Huang, M. A. El-Sayed, Nano Lett. 2007, 7, 2080.
[52]	 C.  Sönnichsen, B. M.  Reinhard, J.  Liphardt, A. P.  Alivisatos,  

Nat. Biotechnol. 2005, 23, 741.
[53]	 S. M. Douglas, A. H. Marblestone, S. Teerapittayanon, A. Vazquez, 

G. M. Church, W. M. Shih, Nucleic Acids Res. 2009, 37, 5001.
[54]	 Y.  Ke, S.  Douglas, M.  Liu, J.  Sharma, A.  Cheng, A.  Leung, Y.  Liu, 

W. Shih, H. Yan, J. Am. Chem. Soc. 2009, 131, 15903.
[55]	 D.-N. Kim, F. Kilchherr, H. Dietz, M. Bathe, Nucleic Acids Res. 2012, 

40, 2862.
[56]	 E. Stahl, T. G. Martin, F. Praetorius, H. Dietz, Angew. Chem., Int. Ed. 

2014, 53, 12735.
[57]	 L. N.  Green, H. K. K.  Subramanian, V.  Mardanlou, J.  Kim,  

R. F. Hariadi, E. Franco, Nat. Chem. 2019, 11, 510.
[58]	 J.  Schnitzbauer, M. T.  Strauss, T.  Schlichthaerle, F.  Schueder, 

R. Jungmann, Nat. Protoc. 2017, 12, 1198.
[59]	 F. N.  Gür, F. W.  Schwarz, J.  Ye, S.  Diez, T. L.  Schmidt, ACS Nano 

2016, 10, 5374.

Adv. Mater. 2021, 33, 2101986


