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Abstract The arrangement of DNA-based nanostructures
into the desired large-scale periodic pattern with the
highest possible accuracy and control is essential for the
DNA application in functional biomaterials; however,
formation of a DNA nanostructure pattern without utilizing
the molecular interactions in nanotechnology field remains
difficult. In this article, we use the optimal concentration
and adsorption time of origami to induce DNA origami in
the form of a large-scale 2D pattern on mica without
changing the origami itself. DNA origami structures can
form a pattern by close packing of symmetric and elec-
trostatic interactions between ions, which was confirmed
by the atomic force microscopy images. Furthermore, we
identified favorable conditions for the concentration of
DNA origami and optimal adsorption time, which can
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enable pattern formation with DNA origami. This work
provides an insight to understand the adsorption of DNA on
mica and guides researches on regular DNA nanostructure
pattern, which can serve as templates for pattern formation
of proteins or other biomolecules.
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1 Introduction

The lowest state of thermodynamic energy is a state in
which a substance can remain stable. Most nanoparticles
are difficult to spontaneously self-assemble to the lowest
thermodynamic state without external intervention to direct
them into particular structures or assemblies [1]. For more
than 100 years, scientists have successfully assembled the
multifarious molecules by forming or breaking the covalent
bonds, as well as by presumably using noncovalent bonds
to assemble diverse materials of different sizes via weak
molecular bond interactions [1]. One such example is the
self-assembly of DNA nanostructures.

In 1982, Ned Seeman [2] recommended the use of DNA,
which is a molecule of great practical use, for storing all
the information regarding the process of life’s race, blood
type, birth, growth, and apoptosis, as a building brick for
the establishment of nanostructures. As DNA has a unique
three-dimensional conformation, programmable chemical
addressability, and predictability of Watson—Crick base
pairing [3, 4], he assumed that nucleotide sequences could
be designed such that the strands could fold into well-
defined or custom-shaped secondary and tertiary nanos-
tructures. The objective was to assemble DNA into three-
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dimensional nanostructures with crystalline lattices that
can carry biomacromolecules, single-molecule nanoreac-
tor, or nanoelectronic devices. Subsequently, this proposal
was later experimented [2, 5, 6].

An essential enhancement in DNA nanostructures was
proposed by Paul Rothemund [7]. He reported a basic new
method for constructing discrete DNA nanostructures that
utilize more than 200 short “staple” DNA strands to fold a
long “scaffold” strand into a preset structure, called “DNA
Origami”. DNA has been used to construct increasingly
complex nanostructures such as one-dimensional, two-di-
mensional, three-dimensional, and curved or distorted
structures. In addition, these structures have been applied
in numerous areas of fundamental and applied research
[8-10]. The DNA nanostructures have extensively devel-
oped in the past three decades; however, regardless of the
origami shape, its size is limited by the scaffold, to about
100 nm [7]; hence, it is difficult to directly obtain a larger
origami structure.

In order to obtain a larger origami DNA structure, self-
assembly of the DNA tiles is preferred. Here, we can create
small DNA origami as building materials. Several
approaches have been reported to generate large assemblies
based on small components. For example, when multiple
DNA tiles constitute a crystallographic repeat, these tiles
will exhibit pattern-forming characteristics. These motifs
comprise two parallel double helices connected by cross-
connections [11, 12]; the second dimension is derived from
the complementary connection of one arm chain of a given
tile to the other arm chain of an adjacent tile [13, 14]. Large
well-organized 2D arrays of origami tiles can be formed by
electrostatically controlling the adhesion and mobility of
DNA origami nanostructures on mica surfaces via partici-
pation of monovalent cations [15, 16]. Another way to
form large-size DNA origami is using a lipid bilayer
[17, 18] or lithography [19-21]. Unfortunately, all afore-
mentioned methods either need to design origami carefully,
or need other molecules or ions. In general, it is necessary
to change the origami itself or change the solution condi-
tions to form a large-scale pattern. We found a simple but
easily overlooked method to form a large pattern of DNA
origami on the mica interface. Herein, to form a large-size
pattern, we only need to drop 2 pl of 2 nM DNA origami
on the mica which adsorbs it for 60 min (Fig. 1). We
successfully observed a large-scale pattern with widely
used AFM characterization techniques [22, 23]; however,
the pattern formed by this method is not that perfect and
regular as the previously reported pattern. Nevertheless,
this experiment does not require to change the solution
environment of the DNA origami itself; hence, its appli-
cation in biology is limitless. Noteworthily, this method
provides an insight in understanding the adsorption of
DNA on mica and thus guides the researchers on regular
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Fig. 1 (Color online) Steps of formation of a large-scale DNA
origami pattern. Approximately, 200 short staple strands of DNA
(green) fold a long scaffold strand of DNA (red) into a two-
dimensional triangular DNA origami nanostructure. Large DNA
origami pattern formation under optimized adsorbing conditions

DNA nanostructure designs that can serve as templates for
pattern formation in proteins or other biomolecules
[16, 24, 25].

2 Experimental
2.1 Chemicals and reagents

Over 200 short ssDNAs were purchased from Shanghai
Sangon Biological Technology (Shanghai, China), and
original p7249 scaffold of the M13mp18 phage was pur-
chased from New England Biolabs, Inc.( catalog number #
4040S). All other chemicals used in the experiments were
obtained from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China) and used as supplied unless otherwise
stated. All chemical reagents used in this investigation are
of analytical grade. All solutions were prepared with
deionized water with a resistivity of 18.2 MQ (PURELAB
Classic, ELGA Lab Water, High Wycombe, UK).

2.2 Synthesis and purification of DNA origami

The triangular-shaped origami used in the experiment
was assembled according to the method of Rothemund [4].
Briefly, we used a long ssDNA (scaffold), for which the
original p7249 scaffold of the M13mpl8 phage (New
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England Biolabs, Inc. catalog number: # 4040S), with a
length of ~ 2.4 um, was folded and stapled into pre-
scribed objects by several short synthetic DNA oligonu-
cleotides (Sangon Biotech Co., Ltd. Shanghai, China).
These synthetic oligonucleotides were typically 20-60 bp
long and were designed to be complementary to different
parts of the scaffold DNA. A triangle DNA origami tem-
plate was obtained in a one-pot synthesis, in which 5 nM of
MI13mpl8 DNA was incubated with 20 nM of staple
strands in a 1 x TAE/Mg*" (40 mM Tris-HCI, 2 mM
EDTA, and 12.5 mM magnesium acetate; pH 8.0) buffer
without Na*. The mixture was annealed from 95 to 20 °C

Fig. 2 (Color online)
Characterization of adsorption
time for DNA adsorption on
mica by AFM. The scale bars
are 400 nm

by gradually decreasing the temperature at a rate of 1 °C
min~". Thereafter, the extra short staple DNA strands in
DNA origami were removed by the 100 kDa (MWCO)
centrifuge filters.

2.3 Preparation of different concentrations of DNA
origami

The concentration of DNA origami was estimated at
OD,¢p. DNA origami was divided into concentration gra-
dients of 0.8, 1.2, 1.6, 1.8, and 2 nM. All buffers used in
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the experiments comprised 40 mM Tris, 2 mM EDTA, and
12.5 mM magnesium acetate.

2.4 Preparation of DNA origami pattern

First, the mica was adhered to the surface of a circular
(15 x 1 mm) magnetic iron piece. Second, it was peeled
with a double-sided tape until it exposed a flat clean sur-
face. Third, 2 pl of 2 nM DNA origami was added onto the
mica. Fourth, an iron piece was placed in a clean watch
glass and absorbed for 60 min before imaging.

2.5 AFM images

AFM imaging was conducted at room temperature with
a Multimode 8 SPM equipped with a Nanoscope V Con-
troller (Bruker, USA) under 1 x TAE buffer using silicon
nitride cantilevers (SCANASYST-Fluidt from Bruker).
The samples were prepared by initially adding a small drop
of ~ 2 pul onto the freshly cleaved mica surface and were
then incubated for ~ 1 h. Thereafter, the topographic
images of DNA origami were captured in peak force tap-
ping mode with a scanning speed of 1 Hz at a resolution of
256 x 256 pixels per image. Images were preprocessed by
subtracting a second-order polynomial from the image
using the Nasoscope 8.15 software before analyzing them.

3 Results and discussion

3.1 Exploring the influence of origami adhesion
time on mica

The optimal adhesion time was determined by deposit-
ing 1.8 nM DNA origami triangles onto a freshly cleaved
mica substrate when the adhesion time varied from 0 min
to 3 h. A plot of origami number as a function of the
incubation time and corresponding AFM images is pre-
sented in Fig. 2. The DNA origami was added using the
standard procedures. The deposition buffer used was
1 x TAE (without Na*). A rapid increase in the origami
count on the mica surface was observed until 60 min of
adhesion, when it reached a maximum average value
of ~ 300 per 4 um®. After 60 min, the origami count on
the mica surface reached equilibrium. This result represents
the preference of origami adsorption time on mica.

3.2 Arrangement of different concentrations
of DNA origami absorbed on mica for 1 h

Concentration of DNA origami is a significant factor in
obtaining close-packed structures; however, it is easily
overlooked. Therefore, we explored the adsorption of dif-
ferent origami concentrations on mica, as presented in Fig. 3.

Number of DNA Origami/1 pm?
& 3
—
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Origami Concentration (nM)

Fig. 3 (Color online) Effect of DNA origami concentration on the arrangement of DNA origami absorbed on mica for 1 h was characterized by

AFM. The scale bars are 200 nm
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Fig. 4 (Color online) AFM images of a large-scale pattern formation of DNA origami under both the most suitable origami concentration and
the optimal adsorption time condition. A scale bar: 1 um. B scale bar: 400 nm

We selected five different origami concentrations 0.8, 1.2,
1.6, 1.8, and 2.0 nM separately (UV Quantitative). The scan
size range was 1 pm x 1 um. Notably, the amount of ori-
gami adsorbed on the mica increases linearly with the
increasing concentration, but the amount of origami does not
increase exponentially with increasing concentration. It can
be observed from the statistical histogram that for every
0.2 nM increase in the origami concentration, the origami
count adsorbed on 1 pm? mica increases by 10. When the
origami concentration is increased to 2 nM, the origami
arrangement on mica attains the most saturated state. Due to
sufficient origami count, the origami arrangement on the mica
interface tends to be highly stable. It is a close-packed form
with a regular hexagon as the basic unit (as presented in the
red box in Fig. 3).

3.3 DNA origami pattern by close packing

Furthermore, we tested whether the best adsorption
time and optimal concentration that we found were
effective in the formation of close-packed triangular-
shaped DNA origami nanostructures. As presented in
Fig. 4, adhesion for 60 min on the freshly cleaved mica
using 2 nM DNA origami resulted in a large-sized pattern.
Interestingly, although no sodium ion-mediated, phos-
pholipid membrane-assisted, and adjacent arm interaction
was observed, triangular origami can form a large-scale
pattern with a regular hexagonal base. This method is
convenient and is unaffected by other factors. The only
drawback is that a layer-to-layer superposition of origa-
mis may occur.

4 Conclusion

In summary, we successfully observed the best origami
concentration that can form a close-packing pattern with
AFM. Thus, the concentration gradient during the explo-
ration process can guide the researchers to select the
appropriate DNA origami concentration in the future. We
further confirmed that the origami concentration and its
adsorption time on mica have a certain influence on the
pattern formation. This approach to form a large pattern of
DNA origami on the mica interface was convenient but
easily overlooked and provides an insight in understanding
the DNA adsorption of on mica and is useful in guiding
researches of regular DNA nanostructure forms, which can
serve as templates in pattern formation of proteins or other
biomolecules.
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