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ABSTRACT DNA origami is a powerful method for the programmable assembly of nanoscale molecular structures. For applications
of these structures as functional biomaterials, the study of reaction kinetics and dynamic processes in real time and with high spatial
resolution becomes increasingly important. We present a single-molecule assay for the study of binding and unbinding kinetics on
DNA origami. We find that the kinetics of hybridization to single-stranded extensions on DNA origami is similar to isolated substrateimmobilized DNA with a slight position dependence on the origami. On the basis of the knowledge of the kinetics, we exploit reversible
specific binding of labeled oligonucleotides to DNA nanostructures for PAINT (points accumulation for imaging in nanoscale topography)
imaging with <30 nm resolution. The method is demonstrated for flat monomeric DNA structures as well as multimeric, ribbon-like
DNA structures.
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R

ecently, the field of DNA nanotechnology1,2 has been
revolutionized by the invention of the DNA origami
technique,3 which has enabled molecular engineers
to build two- and even three-dimensional4,5 structures of
almost any arbitrary shape. For applications as functional
materialssas the basis of synthetic biological systems or as
platform for artificial molecular machinessdynamic processes on these nanoscale scaffolds become increasingly
important. The DNA origami technique is based on the
sequence-specific binding of hundreds of short synthetic
DNA “staple” strands to a long single-stranded DNA scaffold
molecule, e.g., the 7249 nt long single strand DNA genome
of phage M13mp18.3 Hybridization between the staples and
the scaffold strand folds the scaffold into a two- or threedimensional structure whose shape can be specified by the
choice of the staple strand sequences. The resulting structures can be “addressed”si.e., functionalizedswith nanometer precision. Since DNA origami structures allow the
organization of small molecules, proteins, aptamers, or
nanoparticles into specified geometries,6-8 they represent
promising scaffolds for molecular computation, artificial
molecular machines, molecular assembly lines, nanorobots,
and factories.9,10 Such applications imply dynamic processes

and require dynamic functional imaging in real time with
high spatial resolution. An excellent tool to monitor such
processes is single-molecule fluorescence. However, it has
rarely been employed in the field of DNA nanotechnology.
Here we introduce a single-molecule assay for dynamic
binding and dissociation of short fluorescently labeled DNA
oligonucleotides to single-stranded docking strands protruding, e.g., from DNA nanostructures. We used this assay to
determine kinetic rates and varied parameters such as length
of the docking strands, concentrations, temperature, and
binding site location on the nanostructure, thus obtaining
design rules for simple dynamic processes on DNA nanostructures.
We then used the resulting, controllable ON/OFF-switching of fluorescence by binding and dissociation for superresolution (SR) imaging of DNA nanostructures based on
subsequent localizations of single molecules. Recently, the
importance of dark states for far-field SR microscopy has
been realized (see, e.g., ref 11). Dark states can be obtained
photophysically using photochromic compounds12-14 or
intrinsic dark states.15-17 An alternative approach, first
described by Sharonov et al.,18 called PAINT (points accumulation for imaging in nanoscale topography) uses
continuously targeting the objects to be imaged by diffusing
molecules. We implemented the PAINT concept by means
of reversible labeling with diffusing DNA probes. This implementation will be called DNA-PAINT throughout this Letter.
In comparison to conventional labeling of nanostructures,19,20
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FIGURE 1. (a-c) Long rectangular DNA origami structures (LR origami, nominally 291.5 × 23 nm) are designed for the single-molecule binding/
dissociation assay. (a) The solution AFM image (length scale, 500 nm; z-scale, 6 nm) shows a high yield of correctly formed structures (cf.
Figure S1a in the Supporting Information) (b) Zoom-in on one of the LROs reveals features of the underlying double crossover substructure
such as the bridged seam in the middle (length scale, 20 nm). (c) Each LRO carries a fluorescently labeled staple strand (labeled with ATTO532,
represented by the green framed “2”), which is incorporated directly into the folded structure, as well as a single-stranded extension (docking
strand) of a different staple strand (highlighted by the red bordered “1”). The docking strand length can, in principle, be chosen arbitrarily;
in this study, the length is varied between 7 and 10 bases. Along with these modifications, five staple strands (not shown in the scheme) were
labeled with biotin, protruding to the opposite side of the fluorophore and single-stranded extension strands.19 (d-f) After formation and
purification of the LROs, structures were immobilized via the biotinylated strands to a BSA/biotin/streptavidin coated coverslip and subsequently
transferred to an inverted fluorescence microscope operated in TIR-Mode. Using a 650 nm laser, transient binding events of the imager strand
to the LROs are monitored. (d) Scheme showing a DNA origami structure with attached ATTO532 dye (green) and red ATTO655 imager strands
in solution. The docking strand extension is shown at the center of the structure. Without binding of the imager strand, no fluorescence in
TIR-Mode is observed. This resembles the fluorescent OFF-state. (e) Upon hybridization of an imager strand to the docking strand on the
LRO, a bright fluorescence in the red channel is observed. In TIRFM an evanescent wave excites fluorophores close to a surface, thus minimizing
background fluorescence from molecules in solution (i.e., unbound). In addition, a 70% increase in fluorescence upon binding is achieved
compared to the unbound state (dim fluorescence of entangled imager strands in solution, cf. Figure S3 in the Supporting Information).21 (f)
A typical intensity vs time trace is shown with low fluorescence for the unbound or dissociated state (τd is the time for the dissociated state)
and high fluorescence upon binding of the imager strand (τb is the time for the bound state).

DNA-PAINT is not subject to photobleaching (the imager
strands are dynamically replenished), it is free in the choice
of fluorophores, and it is not prone to labeling errors or
inactive fluorophores. Furthermore, DNA-PAINT has the
advantage of full control over probe hybridization/dissociation kinetics.
We fabricated long rectangular 2D origami (LRO) structures with dimensions of ≈290 × 23 nm (Figure 1c) that
turned out to fold correctly with high yield (cf. Figure 1a,b
© 2010 American Chemical Society

and Figure S1a in the Supporting Information). As indicated
in Figure 1c-e, each origami structure was equipped with a
fluorescently labeled staple strand (green) and one or more
docking strands (red in Figure 1c).
After formation and purification, LROs were immobilized
to a coverslip and imaged with a fluorescence microscope
operated in total internal reflection (TIR, for experimental
details see Supporting Information and ref 19). First, a
“conventional” diffraction-limited image using the directly
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incorporated fluorescent label (here ATTO532 using an
excitation wavelength of 532 nm) is acquired to determine
the positions of the origami structures on the surface. In a
second step, ATTO655 labeled imager strandsshaving a
complementary sequence to the docking strands on the
LROssare added to the solution. The lengths of the imager
strands are selected to result only in short-term binding
events at ambient conditions. A second excitation wavelength (650 nm for ATTO655) is used to monitor the
transient binding of single imager strands to the LROs.
A representative fluorescence intensity trace is shown in
Figure 1f: a low signal corresponds to an unoccupied staple
strand, binding of an imager strand results in a fluorescence
increase. The perfect superposition of the green marker
image (ATTO532) with a standard deviation image that
highlights the imager strand (ATTO655) locationssbased on
the maximum signal variationsindicates the high selectivity
of binding to DNA origami (cf. Figure S2 in the Supporting
Information). Due to TIR excitation, the technique is relatively uncompromised by the fluorescent background caused
by freely diffusing imager strands. Additionally, intrastrand
guanine quenching is considerably reduced upon hybridization, resulting in a fluorescence increase of 70% upon
binding21 (cf. Figure 1d,e and Figure S3 in the Supporting
Information).
Single-Molecule Binding Kinetics. By monitoring individual hybridization events on origami in real time as shown
in Figure 1f, the association rate kon can be calculated from
the mean interevent lifetime (“dark” or “dissociated” time
τd) via 1/τd ) konc, where c is the imager strand concentration. From a plot of 1/τd vs c (Figure 2a), the association rate
is determined to be kon ) 2.3 × 106 M-1 s-1 (for 600 mM
NaCl, comparable to ensemble measurements22-24).
The fact that we detected the same fluorescence periods
at different excitation intensities ensured that the measured
binding time (“bright” or “bound” time τb) is not compromised by photobleaching. Hence, we could directly determine the dissociation rate koff ) 1/τb of the imager strands.
As expected for a first-order reaction, koff is independent of
c. However, koff is strongly dependent on the length of the
duplex formed by imager and docking strands (koff ) 1.6
s-1 for 9 bp and koff ) 0.2 s-1 for 10 bp), while kon is only
weakly dependent on this length (cf. Figure 2b). Theoretically, the dissociation rate is exponentially dependent on the
duplex length (see Supporting Information), and this fact can
be used to adjust τb. Furthermore, kon is slightly decreasing,
while koff is increasing with temperature (Figure 2c).
Positional Dependence of Binding Kinetics on DNA
Origami. To check for the effect of the DNA nanostructure
on the binding kinetics and to investigate positional effects
as reported recently,6 we hybridized imager strands to
docking strands located at the center or edge of origami
structures. We performed this study with the LROs, as well
as with the more common ≈100 × 70 nm origami rectangle3 (regular rectangle origami, “RRO”, cf. Figure S4 in the
© 2010 American Chemical Society

Supporting Information). Kinetic rate constants for the LROs
were very similar to those obtained for a control strand
immobilized to the surface via a biotin-streptavidin linkage
and did not show any significant position dependence. For
the RROs, kon was slightly reduced compared to the control.
Furthermore, the center position of the RRO showed a 30%
increase of koff compared to the edge positions (see Table
S5 in the Supporting Information for all data). Our results
show a weaker position dependence than previous studies
that investigated hybridization to origami structures in free
solution.6 This indicates that the conformational state of
DNA origamiswhich is different in free solution as compared to rigidly immobilized19sis likely to have a stronger
influence on hybridization kinetics than, e.g., locally varying
electric fields.
Super-Resolution Imaging of DNA Origami Structures.
Origami structures are commonly imaged using atomic force
microscopy (AFM) or electron microscopy with a typical
resolution in the nanometer and even subnanometer regime. However, these methods lack, so far, the ability of
nondestructive monitoring of biologically relevant dynamic
processes and the determination of kinetics in the subsecond
range which can easily be accessed by fluorescence spectroscopy. Although high-speed AFM can compete in imaging
speeds,25 it is still limited to a small observation area and is
more invasive compared to fluorescence microscopy methods. While the implementation of spectroscopic approaches
with high temporal resolution should be straightforward, it
is more difficult to record data with high spatial resolution
and over long periods of time due to the diffraction limit and
photobleaching. The common principle of imaging beyond
the diffraction limit by subsequent single-molecule localizations is that only one fluorophore is active for a diffractionlimited area at any given time. This fluorophore is localized
by imaging with a sensitive camera and the molecules’
positions are histogramed to obtain the reconstructed superresolved images.
As test structures for SR microscopy, we manufactured
micrometer-long DNA ribbons by multimerization of LRO
monomers that contained DNA-PAINT docking strands every
21.6 nm (cf. Figure 3a). As revealed by AFM imaging,
multimerization results in elongated ribbons and circularized
structures (cf. Figure 3a,I and Figure S7 in the Supporting
Information). It is impossible to resolve the circularized
structures by conventional diffraction-limited light microscopy (cf. Figure 3a,III). However, circular structures can be
well resolved with DNA-PAINT using 7 nt long docking
sequences (Figure 3a,II).
We also produced point patterns based on oligomerized
LROs containing docking strands at distances of 32 nm at
end-to-end contacts and 129.5 nm between two points
within a single origami monomer (Figure 3b). As imager
strands, we used Cy3b-labeled oligonucleotides to show that
imaging is not restricted to ATTO655. Furthermore, this
shorter wavelength dye creates a smaller point spread
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function (PSF) and therefore improves the localization precision, and hence resolution.26 With a localization accuracy
of 20 ( 7 nm (mean ( fwhm), the long distances can be
very well resolved (cf. Figure 3b) and the small distances are
also resolved in some cases (cf. Figure S6 in the Supporting
Information).
In order to precisely measure the distance between
docking sites, we also imaged LRO monomers using DNAPAINT. Figure 3c shows images and a distance distribution
histogram for the monomers. The fitted distance of 111 (
27 nm of adjacent points and 212 ( 44 nm between the
outer points is slightly lower than expected from the design.
This discrepancy can be accounted for by the bending of
LROs that are attached to the surface via biotin linkers19 (cf.
Figure S1b in the Supporting Information).
To demonstrate the tunability of DNA-PAINT, we used
different imager strands for the different imaging requirements in Figure 3. For the LRO oligomers with the highest
labeling density (Figure 3a), we chose a 7 nt long docking
sequence for short τb (<60 ms). We here used a camera
frame rate of 50 Hz for image acquisition, which minimized
drift effects. In contrast, for “ruler” applications19 as in Figure
3b,c, we used a smaller label density of three dye molecules
per PSF. This reduces the probability of having several
emitters within a PSF at the same time. For precise distance
measurements, longer binding events are desired. We therefore chose a 9 bp imager/docking duplex and a slightly lower
camera frame rate of 30 Hz.
Many additional parameters are available to adjust the
reaction kinetics, e.g., temperature, salt concentration, crowding agents, unlabeled competitor strands, and of course DNA
sequence and secondary structure. The versatility of this
sequence-programmable DNA-based imaging technique could
be easily extended to multiplexed imaging by using several
differently labeled imager sequences.
Imaging Efficiency. The precise control over number and
position of docking strands on monomeric DNA origami
structures makes it possible to quantify a quasi-labeling
efficiency for DNA-PAINT imaging. We addressed the question what fraction of docking strand positions present could
actually be imaged. This is an open issue for all superresolution approaches, since many labeling positions might
not actually be labeled; a fraction of fluorophores bleaches
during photoactivation steps or the number of emitted
photons before photobleaching is not sufficient for precise
localization. For PALM, for example, only due to the latter
criterion, >30% of the labeled molecules are not included
in the analysis.12
To investigate the imaging efficiency, we carried out a
comparison between the presence of staple strands at
specified positions using AFM and DNA-PAINT measurements. We first studied the incorporation yield of three
biotinylated staple strands into the RROs (originally used for
glass surface immobilization).19 To highlight the biotinylated
strands, streptavidin was added to the origami sample on a

FIGURE 2. (a-c) DNA-PAINT uses fluorescently labeled singlestranded DNA probes in solution that hybridize to complementary
single-stranded extension on DNA origami structures, thus imaging
them in real time. Single-molecule DNA binding and unbinding
events are directly visualized using fluorescence microscopy, making
DNA-PAINT, apart from its imaging capabilities, an ideal tool for
analyzing, e.g., hybridization kinetics on DNA structures. The strand
dissociation rate (koff) can directly be derived from the binding event
lifetime (τb) from koff ) 1/τb and the association rate (kon) can be
calculated by a linear fit to 1/τd ) konc given the interevent lifetime
(τd) at different imager strand concentrations (c). (a) The reciprocal
of the interevent lifetime τd exhibits a linear dependence on the
concentration of the imager strand. The linear fit yields an association rate kon of 2.3 × 106 M-1 s-1 at a salt concentration of 600
mM NaCl. The dissociation rate koff is independent of the imager
strand concentration, as expected for a first-order reaction. (b)
koff is highly dependent on the length of the extension strand on
the surface (koff ) 1.6 s-1 for the 9-mer and koff ) 0.2 s-1 for the
10-mer), while τd and thus kon is only weakly dependent on the
strand length. (c) Temperature dependence of hybridization rates.
© 2010 American Chemical Society
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FIGURE 3. Using the precise control over fluorescent ON and OFF times of the imaging strands, localization based SR microscopy of DNA
origami structures can be directly achieved using DNA-PAINT without changes to the setup or imaging conditions. (a) LRO oligomers with
DNA attachment points every 21.6 nm imaged with AFM (I), DNA-PAINT (II), and diffraction-limited standard deviation imaging (III), scale
bars are 500 nm. (II) and (III) show the same structures super-resolved and diffraction-limited, respectively. (b) Diffraction-limited TIRF and
super-resolved DNA-PAINT images of triple labeled oligomers with connection strands every 129.5 and 32 nm. 1D histogram of a region of
interest containing several attachment sites (length scale, 120 nm). (c) Distance distribution histogram of triple labeled LRO monomers (length
scale, 120 nm).

mica surface and incubated for several hours. Different
concentrations of streptavidin yielded identical results, indicating that binding to biotin was saturated. In AFM images
we counted the number of structures carrying three or two
streptavidin highlighted staple strands (for details see the
Supporting Information and Figure S7). Only structures
carrying three or two streptavidin molecules were counted,
because only these structures could unambiguously be distinguished in fluorescence measurements using DNA-PAINT
(fluorescence emission from a single point could still be due
to unspecific binding or impurities).
The AFM study showed that 61% of the structures carried
three streptavidin proteins and 39% carried two (n ) 392).
With DNA-PAINT of structures, such as depicted in Figure
3c, we were able to resolve three points in 58% and two
points in 42% of the cases (n ) 73). This shows the
extraordinary high overall imaging efficiency of ≈95%,
clearly exceeding that of other super-resolution approaches.
In addition, this is a useful feature for testing the presence
of individual staple strands in functionalized origami nanoarrays. While one end of the staple can be labeled with the
modification of interest, the other end carries the PAINT
sequence for imaging just those positions of interest.
Discussion. We have introduced a single-molecule assay
to study dynamic processes on DNA nanostructures using
fluorescence microscopy. The assay allows to routinely
perform analysis of DNA binding and dissociation kinetics
on the single-molecule level.
© 2010 American Chemical Society

As one application of the method, we investigated the
position dependence of binding kinetics on several DNA
origami substrates. We found a slight spatial heterogeneity
of the kinetics on the origami structures that was consistent
with values previously obtained in solution. We further
developed the assay to a super-resolution microscopy technique (DNA-PAINT) that exploits the transient binding of
fluorescently labeled DNA imager strands to DNA docking
strands and is thus ideally suited for the characterization of
DNA-based nanostructures such as DNA origami. In contrast
to previously published PAINT approaches18,27 our method
offers the advantages of sequence specificity (hence multiplexing capabilities) and wide adjustability of ON and OFF
times. Another advantage of DNA-PAINT is that it is not
limited by photobleaching and that almost all docking
strands are imaged (efficiency ≈95%). The temporal resolution is somewhat limited by the concentration of fluorophores in solution; however imaging of processes on the
time scale of minutes (as, e.g., in ref 9) is possible with DNAPAINT. Improved self-quenching of the probe in its unbound
state will further accelerate the measurements. With appropriate labeling protocol this method could be extended
to imaging biological samples by conjugation of DNA to an
antibody.
DNA-PAINT is a comparatively simple technique and can
easily be implemented on any sensitive wide-field fluorescence microscope without further modifications. Acquired
data can be readily analyzed and visualized using a freely
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available data analysis and visualization software package
programmed in LabVIEW. The softwarestogether with
sample data sets from this paper and online documentationscan be downloaded for free at http://www.e14.ph.
tum.de. Future applications of single-molecule fluorescence
in DNA nanotechnology are envisioned in the analysis of
spatiotemporal reaction cascades and biosensors6,28,29 based
on DNA origami and the study of DNA-based molecular
motors and machines.9,10,30
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