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Directed molecular assembly of DNA nanostructures based
on Watson–Crick base pairing provides a unique approach to
constructing micrometer-scale objects with nanometer-scale
features.[1] Early progress in this area showed that DNA could
be used to construct a variety of geometrically diverse objects,
including cubes,[2] knots,[3] truncated octahedron,[4] and Bor-
romean rings.[5] More recently, DNA has been used as a
building-block material to produce large patterned arrays of
repeating periodicity. Two-dimensional (2D) arrays com-
posed of thousands to hundreds of thousands of DNA tiles
have been made by using positional information encoded in
the sticky ends of nonoverlapping DNA to direct the
association of one or more individual tiles toward the
formation of large lattice structures.[6] Although the design
of complex DNA nanostructures is of fundamental impor-
tance, the intrinsic value of DNA as a building-block material
lies in its ability to organize other molecules with nanometer-
scale spacing.[7] This unique property helps distinguish protein
nanoarrays from conventional microarrays as proteins depos-
ited onto glass slides are spatially restricted from interacting
with one another owing to the micrometer-scale distances
between spots. By contrast, protein nanoarrays are assembled
in solution on DNA scaffolds that position individual proteins
within a few nanometers of each other. The advantages of
solution-phase chemistry and site-specific positioning make
DNA an attractive candidate for developing high-density
protein arrays.

Indeed, many examples now show the general utility of
DNA as a molecular scaffold for assembling proteins and

metallic particles onto array surfaces.[8] The most common
method used to functionalize DNA arrays involves Au–sulfur
or biotin–streptavidin attachment chemistry.[7,8] Although
these strategies are useful for creating patterned surfaces
with one type of molecular component, the design of more-
divergent surfaces containing many different types of molec-
ular components, each at well-defined and addressable
locations on the same array surface, remains a challenging
problem. As a possible solution, we have developed a general
method to produce high-density peptide arrays that rely on
the addressable information encoded in the nucleic acid
portion of a DNA-tagged peptide. This allows positioning of
specific amino acid sequences at predetermined locations on
the DNA array through hybridization in situ to complemen-
tary DNA capture probes. We call this approach “nanodis-
play” as the individual peptides are displayed on the surface
of a DNA nanostructure. Given the large number of peptide–
nucleic acid combinations that can be constructed and the
mild conditions under which these arrays form, it should be
possible to use this technology as a universal platform for
generating program-driven peptide nanoarrays. The peptide
nanoarrays produced by nanodisplay could, in theory, be used
to study a wide-range of protein–protein and protein–
inorganic interactions at the nanometer-scale level. Herein,
we demonstrate the feasibility of this approach by capturing
the myc-epitope peptide displayed on a 2D DNA array with
anti-myc mouse antibody 9E10. By using gel electrophoresis
and atomic force microscopy (AFM), we were able to validate
each step in the assembly process and demonstrated that the
myc-peptide epitope remains functional when displayed on
the DNA array.

We began by assembling a synthetic DNA scaffold from a
set of 22 synthetic oligonucleotides designed to adopt one of
four double-crossover (DX) motifs (Figure 1, tiles A–D).[6a]

The array design, called an ABCD tile array, is a common
motif in structural DNA nanotechnology. We modified the
D tile to contain a DNA capture probe that functions as a tag
for positioning DNA–peptide fusions at a specific addressable
locations on the DNA array.[8a] The DX tile is an ideal
building block material for the construction of DNA nano-
structures owing to the rigid nature of the double-crossover
motif and the intrinsic nanometer-scale dimensions of the tile:
approximately 4 > 16 nm2 (width > length) and about 2 nm in
thickness. When imaged by AFM, the ABCD tile array is
predicted to give a series of regularly spaced topographical
features that indicate the location of the probes on the array
surface.

The myc-peptide fusion was constructed by using standard
peptide coupling chemistry to covalently link the myc-epitope
peptide to a 5’-amino-modified DNA strand.[9] This strategy,
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originally designed to improve the binding affinity of
antisense oligonucleotides, functions by first attaching a
bivalent coupling reagent, 4-(N-maleimidomethyl)cyclohex-
anecarboxylic acid N-hydroxysuccinimide ester (SMCC), to
the amine-modified oligonucleotide, removing the unreacted
SMCC, and coupling the SMCC-modified oligonucleotide to
a cysteine residue on the peptide. The DNA portion of the
DNA-tagged peptide is complementary in sequence to the
capture probe on the D tile.

The myc-peptide array (Figure 1) was assembled from
four DX tiles by using sticky-end cohesion. The four tiles were
formed separately by heating the strands to 94 8C and slowly
cooling to 30 8C. The tiles were then combined with the myc-
peptide fusion and further annealed by slowly cooling from
40 8C to 24 8C. During the second annealing step, the four DX
tiles assemble into a periodic 2D array and the DNA-tagged
peptides hybridize to the DNA capture probes on the D tile.
We found that simply heating all of the strands to 94 8C and
cooling slowly to 24 8C also led to efficient array formation.

Correct hybridization between the DNA capture probe
and the myc-peptide fusion was confirmed by gel-mobility-
shift assays performed under native conditions. As illustrated
in Figure 2a, the band corresponding to the DNA capture

probe shifts to slower mobility when incubated with the
complementary DNA tag or the DNA-tagged peptide fusion
(lane 1 versus lanes 2 and 3). The change in electrophoretic
mobility is consistent with the formation of a double-stranded
DNA helix. To demonstrate that the DNA-tagged peptide
fusion remains functional when hybridized to the DNA
capture probe, we performed a second gel-shift assay
(Figure 2b) by using the anti-myc antibody to capture the
myc-peptide fusion on the D tile. Myc peptides displayed on
D tiles were incubated with increasing concentrations of anti-
myc mouse antibody. Complete capture of the myc-peptide
fusion by the antibody was visualized by the disappearance of
the band corresponding to the D tile displaying the myc-
peptide epitope. These two experiments indicate that the
myc-peptide fusion anneals to the DNA capture probe and
remains accessible to the antibody when localized on the
DNA tile.

Figure 1. Self-assembled 2D peptide nanostructure. DX tiles A–D are
preassembled in solution from a set of 22 DNA strands. The tiles then
further assemble into 2D arrays with the D tile displaying a unique
capture probe for hybridization to the DNA–peptide conjugate. The
peptide conjugated to DNA retains its conformation after hybridization
to the DNA nanoarray allowing antibody recognition.

Figure 2. A nondenaturing gel electrophoresis assay showing efficient
hybridization of the DNA-tagged peptide fusion to the DNA array. a) A
native gel-mobility-shift assay was used to examine the hybridization
efficiency of the myc-peptide fusion to the DNA capture probe. Lane 1:
single-stranded DNA capture probe; lane 2: SMCC-conjugated DNA
tag annealed to the DNA capture probe; and lane 3: DNA-tagged
peptide fusion annealed to the DNA capture probe. b) Native gel-
mobility-shift assay to demonstrate immunoprecipitation of the myc
epitope displayed on the D tile by the anti-myc antibody 9E10. Lane 1:
D tile alone; lane 2: myc-peptide fusion annealed to the D tile; and
lanes 3–7: binding of the myc-peptide nanoarray (18 pmol) with
increasing concentrations (8, 11, 67, 90, and 120 pmol) of anti-myc
antibody.
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AFM images were collected on arrays assembled in the
absence and presence of the myc-peptide fusion to verify that
the DNA array formed properly in the presence of the myc
peptide. In each case, a 2-mL aliquot of the final array solution
was deposited onto a freshly cleaved mica surface, washed
with buffer, and imaged by AFM. Figure 3a–c provides a

schematic illustration of the three different states of the DNA
surface. The AFM images in Figure 3d–f show complete array
formation as indicated by a series of parallel lines separated
by approximately 64 nm, which is the approximate distance
separating the repeats of the D tile. The lines on the array are
due to changes in the surface height when the tip of the AFM
probe comes into contact with the DNA capture probe.
Comparison of the line height profiles for arrays formed in
the absence and presence of the myc-peptide fusion (Fig-
ure 3g versus 3 h) indicate that arrays formed in the presence
of the myc fusion give sharper lines with greater height
(�0.5 nm versus � 1.5 nm, respectively). We attribute the
change in height to the increased rigidity of the DNA probe
when annealed to the myc-peptide fusion, and the increased
bulk volume owing to the presence of the peptide (Fig-
ure 3a, b).

We collected AFM images of the myc-peptide array
following a brief incubation with the anti-myc antibody. The
resulting array shows a series of parallel lines that signify the
location of the antibody bound to the myc-peptide epitope
annealed to the ABCD tile array. This is evident by the
observation that the lines on the array appear much larger

following incubation with the myc antibody than images
collected in the absence of the myc antibody (Figure 3e
versus 3 f). Moreover, almost no antibody binding was
observed anywhere else on the array other than where the
myc peptide was annealed to the D tile. Comparative height
profiles taken before and after the addition of the antibody

(Figure 3h and i) show that the line height increases
from approximately 1.5 nm to approximately
3.0 nm when the antibody is bound to the peptide
array. The increased line height is consistent with
the larger size of the anti-myc antibody
(� 65 kDa). This experiment confirms that pep-
tides displayed on DNA nanostructures remain
accessible to exogenously added proteins.
Although we cannot rule out the possibility that
some nonspecific interactions between the peptide
and the DNA surface may occur at low, perhaps
undetectable levels, results from these experiments
indicate that such interactions do not impede
antibody binding.

In summary, we present a novel approach for
constructing tailor-made peptide and protein nano-
arrays with addressable surface features. The con-
struction of high-density peptide arrays with nano-
meter-scale features represents a new strategy for
studying protein–protein and protein–inorganic
interactions for nanobiotechnology and nanoelec-
tronic applications. A major advantage of nanodis-
play over conventional microarray systems is the
ability to detect substrate binding in solution at the
single-molecule or near single-molecule level. We
suggest that this technology in combination with
more-diverse DNA surface architectures, such as
origami assembly, may lead to self-assembled
nanoelectronics and nanobiochips capable of mon-
itoring protein pathways at local concentrations
reminiscent of cellular pathways.[10,11]
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