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DNA nanotechnology1,2 and particularly DNA origami3, in
which long, single-stranded DNA molecules are folded into pre-
determined shapes, can be used to form complex self-
assembled nanostructures4–10. Although DNA itself has
limited chemical, optical or electronic functionality, DNA
nanostructures can serve as templates for building materials
with new functional properties. Relatively large nanocompo-
nents such as nanoparticles and biomolecules can also be inte-
grated into DNA nanostructures and imaged11–13. Here, we show
that chemical reactions with single molecules can be performed
and imaged at a local position on a DNA origami scaffold by
atomic force microscopy. The high yields and chemoselectiv-
ities of successive cleavage and bond-forming reactions
observed in these experiments demonstrate the feasibility of
post-assembly chemical modification of DNA nanostructures
and their potential use as locally addressable solid supports.

We have used a rectangular 100� 70 nm2, two-dimensional
DNA origami structure formed by folding the single-stranded
7,249-nucleotide-long DNA genome of the bacteriophage
M13mp18, using more than 200 synthetic oligonuclotides called
staple strands3,14. Different functional groups of choice may be con-
jugated to selected staple strands and are thereby incorporated into
the DNA origami scaffold at predetermined positions, with nano-
metre-scale precision. Readout of chemical reactions was accom-
plished by binding the small molecule biotin to selected staple
strands in the DNA origami, and subsequently adding the protein
streptavidin, which forms very strong non-covalent bonds with
biotin. The formation or cleavage of individual chemical bonds
results in either attachment or removal of the biotin–streptavidin
complexes, which can be detected easily at nanometre-scale resol-
utions because the complexes appear as bright protrusions in
atomic force microscopy (AFM) images of the origami scaffold15–20.

To demonstrate this principle, biotinylated staple strands for 12
specific positions in the origami scaffold were mixed with the
remaining staple strands and the M13mp18 template, and annealed
to allow the origami structure to self-assemble. After filtering off
the excess staple strands, the solution was deposited on a mica
surface3. Subsequent AFM images clearly show the rectangular
DNA origami scaffold, but the small conjugated biotins are not
detectable. The origamis are designed with an index of DNA dumb-
bells to determine which face of the origami is pointing towards
the solution (Fig. 1). Rothemund observed an even distribution of
face-up and face-down origamis, but we have found that 90–95%
of the origamis have the chemically modified face pointing
towards the solution3.

An excess of streptavidin was subsequently added to the origami
scaffold to bind to the 12 biotins, and the AFM images recorded
after incubation clearly reveal the appearance of 12 well-resolved
streptavidin molecules positioned on top of the rectangular DNA
origami scaffold. No origamis without streptavidins were observed,
indicating that the few origamis with the biotin-modified face point-
ing down towards the surface can also bind streptavidin. Counting
the streptavidin molecules associated with 80 well-formed DNA
origamis revealed a yield of 84% for streptavidin–biotin binding.

Three different types of linkers were used in the above-men-
tioned 12 staple strands conjugated to the biotin molecule
(Fig. 2a). Of the twelve linkers in Fig. 2a, four linkers contain a
non-cleavable linker type A and four have linker type B, which con-
tains a disulphide moiety that can be cleaved by reduction. The final
four positions are linker type C, which contains an electron-rich
1,2-bis(alkylthio)ethene moiety, incorporated via the alkene
phosphoramidite AP, shown in Fig. 2a (refs 21, 22). Linker C can
be cleaved by singlet oxygen generated with light in the presence
of a singlet oxygen photosensitizer (PS).

For the chemical cleavage of disulphide linker type B, we applied
a solution of 1,4-dithiothreitol (DTT) to the DNA origami scaffold
for 6 h. Following the chemical reaction, AFM imaging revealed an
efficient cleavage of the disulphide bonds, as all the streptavidins
from the positions corresponding to linker B had selectively dis-
appeared (Fig. 2c).

For the succeeding cleavage of linker C, a solution of the singlet
oxygen photosensitizer eosin (lmax¼ 520 nm) was added to the
surface with the immobilized ‘I’-patterned origami and thereafter
illuminated with white light for 60 min. After irradiation, the
sample was imaged again by AFM, and a complete disappearance
of streptavidins in the positions corresponding to DNA conjugates
containing linker C was observed (Fig. 2c).

Recognition of the formation of chemical bonds at the single-
molecule level is an even greater challenge, because the location of
the attachment point often remains unknown until the reaction
occurs. However, within the present origami facilitated detection
scheme, the exact position of the reacting functional group can be
predetermined on the DNA origami template. To enable AFM
imaging of the chemical reactions steps, we have linked the relevant
incoming functional groups to biotin, which allows the visualization
of a successful reaction process by the subsequent addition of strep-
tavidin (see Supplementary Information for synthesis of the
linkers)9. Using this strategy, we have studied the reactions of
three functional groups: an alkyne, an amine and an azide, which
are all commonly used for bioconjugation reactions. The azide
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Figure 2 | Chemical cleavage reactions on DNA origami. a, Linkers A, B and C used for immobilization of biotin. Linkers B and C are cleavable. Linker B is

cleaved by DTT (10 mM) and linker C by photogenerated singlet oxygen (sensitizer, eosin 100 mM). AP is the phosphoramidite used for the synthesis of

linker C. b, Schematic of the arrangement of the linker–biotin–streptavidin conjugates at the DNA origami. c, AFM images of origamis with streptavidins

arranged as the letter ‘I’ after disulphide cleavage, and the letter ‘Y’ after subsequent photochemical cleavage.
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Figure 1 | Predetermined positioning of streptavidin on a DNA origami scaffold. a, Positions of index and 50-biotinylated DNA strands on rectangular-

shaped DNA origami. (Orange, rectangular origami; yellow bars, index; yellow SA, streptavidin; yellow, red and green, different linker types (see Fig. 2a). b,

AFM images of the biotin-modified origami with reference index in the lower left corner, and the precisely positioned streptavidin molecules on the origami

surface in the lower right corner. Inset: enlarged image.
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can react with an alkyne and vice versa in a Huisgen–Sharpless–
Meldal copper(I)-catalysed click reaction to form a triazole23,24,
and the amine can react with an N-hydroxysuccinimide activated
ester (NHS-ester) to form an amide moiety (Fig. 3a). Three pos-
itions on the origami scaffold were modified with the three different
functional chemical groups, and biotin was inserted at a fourth pos-
ition as an internal reference (Fig. 3a). The matching chemical reac-
tants, linked to biotin, were also synthesized (Fig. 3b). To study the
reactions, the self-assembled origami structure containing all three
functional groups was deposited on a mica surface under
HEPES/Mg2þ buffer (pH¼ 7.4), and all the subsequent chemical
reaction steps were performed in situ on the surface-immobilized
DNA origami scaffold at room temperature. Because of the strong
interactions between the DNA origami structure and the mica
surface, the adsorbed DNA scaffold resembles a solid phase, and
we find that several consecutive exchanges of the solution and
excess reagents can be performed without any significant degra-
dation of the DNA origami scaffold.

The click reaction of the biotin-linked azide Az took place in the
presence of the in situ generated copper(I)-THTA (tris-(1-[3-hydroxy-
propyl]triazolyl-4-methyl)amine) catalyst25 (Fig. 3c), whereas the
reaction of the biotin NHS-ester Es was performed in a slightly
alkaline buffer/DMF mixture (pH¼ 8.3; Fig. 3d). Finally, the reac-
tion of the biotin-linked alkyne Al was studied in the presence of
the in situ generated copper(I)-THTA in a DMF/buffer mixture

(Fig. 3e). Each of the three reactions was performed by incubation
with the reagents for 20 min. To image the products of the three
separate chemical reactions, the immobilized origami samples
were subsequently incubated with streptavidin for 5 min after
each reaction, and imaged under liquid by AFM. The AFM
images depicted in Fig. 3f–h reveal streptavidin molecules placed
in predefined positions on top of the DNA origami scaffold.
Based on a thorough analysis of �250 well-defined origami struc-
tures, the yields of each of the three reactions were determined.
Each protrusion observed on the DNA origami surface in a given
position is the product of the covalent chemical reaction and the
biotin–streptavidin interaction, and the yields of the covalent reac-
tions are thus determined by dividing the observed yield with the
�85% efficiency of the streptavidin binding in the reference position
(see Methods for further explanation and calculations). From this
analysis, the reactions proceed with a yield of �84–90%.
Furthermore, we find that the reactions proceed with a high
degree of chemoselectivity, because in none of the more than 600
investigated origami structures from the three reactions was any
misplaced streptavidin observed. Because conventional ensemble
analysis techniques cannot exclude the presence of such side reac-
tions in bioconjugation reactions, the present novel DNA origami
template scheme is clearly superior in terms of specificity.

Finally, we show that the three reactions can proceed successively
on the immobilized DNA origami template with high selectivity.
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Figure 3 | Chemical coupling reactions on DNA origami. a, Model of the DNA origami scaffold incorporating a biotin reference and three functional groups

(an alkyne, an amine and an azide) and their reactions with the complementary functionalities (yellow structure, streptavidin). b, Chemical structure of the

biotin-tethered functional groups Az, Es and Al. c–e, Model of the expected product of the reactions with Az, Es and Al after incubation with streptavidin.

f–h, AFM images of the respective reaction products illustrated in c–e, respectively. i, Model of the expected product after three successive reactions with

Al, Es and Az. j, AFM imaging of the product.
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Such selective conjugation of two or more different chemical groups
to a biomolecular structure is often very challenging and requires
two or more specific chemical reactions26. Here, the reactions
were each performed for 20 min in the order of the surface
groups, alkyne, amine and azide (Fig. 3i), and the sample was sub-
sequently incubated with streptavidin. The recorded AFM images
(Fig. 3j) show that a large fraction of the DNA origami remains
immobilized on the surface after successive reaction and washing
steps (Fig. 3i). However, a slightly higher frequency of dark spots
on the individual DNA origami templates indicates some degree
of degradation. To explore the reactions quantitatively, all streptavi-
din molecules on the well-shaped two-dimensional origami tem-
plates were assigned according to position, and of the 180 well-
shaped DNA origami structures investigated, 40% contained all
three streptavidin proteins in positions coinciding with the three
functional groups. Because the yield also covers the three biotin–
streptavidin interactions, the yield of the three reactions is deter-
mined to be 69%, corresponding to an average yield of 88% for
the three individual reactions (for further information on the
statistics see Methods).

In summary, we have revealed a new approach to single-molecule
imaging by AFM of chemical reactions. The method offers the
possibility to gain fundamental insight into covalent chemical reac-
tions on an assembled DNA nanostructure. It has a range of inter-
esting potential applications; for example, the ability to selectively
monitor the cleavage of linker type C by singlet oxygen potentially
provides an ultra-sensitive method with which to monitor singlet
oxygen27. Furthermore, the local nature of the two-dimensional
origami assay holds the interesting potential for monitoring
singlet oxygen production and diffusion from a single sensitizer as
a function of distance.

Our results demonstrate that the DNA origami structure pro-
vides a highly versatile breadboard for chemical reactions and can
be used as a locally addressable solid support. In particular, it
may become possible to prepare macromolecular structures by
chemical reactions between functional groups placed at different
pixels on the two-dimensional origami templates. This would
open up a new type of chemical synthesis in which monodisperse
macromolecules can be synthesized in a parallel process28,29 where
the selectivity is determined by the position and orientation of the
molecule on the DNA scaffold, rather than by the conventional
iterative synthesis and massive use of protecting groups.
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