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Construction of DNA Nanotubes with Controllable Di-
ameters and Patterns by Using Hierarchical DNA Sub-
tiles

Xiaolong Shi,* Xiaoxu Wu,* Tao Song,”* and Xin Li¢*

Design of DNA nanotubes is a promising and hot research branch in structural DNA nanotech-
nology, which is rapidly developed as a versatile method for achieving subtle nanometer scale
materials and molecular diagnosing/curing devices. Multifarious methods have been proposed
to achieve varied DNA nanotubes, such as using square tiles and single-stranded tiles, but it is
still a challenge to develop a bottom-up assembling way of building DNA nanotubes with different
diameters and patterns by using certain universal DNA nanostructure. This work addresses the
challenge by achieving an approach of assembling three types of spatial DNA nanotubes with
different diameters and patterns from the so-called “basic bricks”, i.e., hierarchical DNA sub-tiles.
High rate of process and throughput synthesis of DNA nanotubes are observed and analyzed by
atomic force microscopy. Experimental observations and data analysis suggests the stability and
controllability of DNA nanotubes assembled by hierarchical DNA sub-tiles.

1 Introduction

DNA nanotechnology is the design and manufacture of artifi-
cial nucleic acid structures for nano-meter scale technological
uses, such as nanometer-scale materials~>, nano-mechanical
devices®11, gene disease signal diagnosis!2-17. Static struc-
tures have been created by researchers, for instances, two- and
three-dimensional crystal lattices 14-16:18 nanotubes19? 21 poly-
hedral23-25, and arbitrary shapes26-2°. Among the structures,
DNA nanotubes, (also known as an especial 3D DNA nanostruc-
ture), have entailed a body of laboratory work because of the po-
tential applications. These include containers of transporting and
releasing nano-cargos, and conductive nanowires for the nanocir-
cuits 3931, Methods have been developed to establish sophisti-
cated 3D DNA nanotubes, where DNA tiles and “single-stranded
tiles (SST)” self-assembly based methods become hot in DNA nan-
otechnology.

In 2003, Thomas et al. initially designed a 4 x 4 tile con-
sisting of four 4-arm junctions. They were oriented towards the
same direction in the grid plane by controlling the distance be-
tween neighboring tile centers. Long tube-like lattices with uni-
form width were synthesized 32. Subsequently, 3- and 6-arm DNA

tiles were designed and used to synthesize DNA nanotubes33:34,

Yin et al. presented a simple tile motif SST, which can be assem-
bled into ribbons and tubes with steerable circumferences36? 37,
Although various methods have been proposed to construct DNA
nanotubes, developing a universal method still remains a chal-
lenge. Construction of DNA nanotubes with controllable di-
ameters is becoming a promising branch in DNA nanostructure
as there have been few peering results within recent years of
study38’39

In this work, we address the 2-fold challenge by proposing a
universal approach for constructing DNA nanotubes with control-
lable diameters and patterns with hierarchical DNA sub-tiles. The
"basic bricks” proposed here is not the 3-arm, 4-arm and 6-arm
DNA tiles as designed in“4%4!, but the sub tiles are unsymmetrical
simple DNA structures, which can hierarchically assembled to 3-
arm or 4-arm or 6-arm tiles and finally spatial DNA tubes with dif-
ferent level of programmable sticky ends. Using hierarchical DNA
sub-tiles as parts, 3-, 4- and 6-arm DNA tiles can be established,
from which DNA nanotubes of specific diameters and patterns can
be assembled. In this way, a universal approach is achieved to
construct DNA nanotubes with different diameters and patterns,
where the diameters and patterns can be controlled by the struc-

) ) ) ture of assembled DNA sub-tiles. DNA nanotubes assembled by
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3-, 4- and 6-arm DNA tiles are visualized and analyzed by atomic
force microscopy (AFM). The experimental observations suggest
the stability and the controllability of DNA nanotubes, with dif-
ferent diameters assembled by hierarchical DNA sub-tiles. These
observations indicate that the throughput and length of the DNA
nanotubes assembled by 4-arm tiles are higher than the DNA nan-
otubes assembled by 3- and 6-arm DNA tiles. The general results
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Fig. 1 The general results of using hierarchical DNA sub-tiles to assemble DNA nanotubes and lattice with controllable diameters and patterns
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can be found in Figure 1.

2 Methods

2.1 Design and Modeling.

Here we elaborate the 4-arm DNA sub-tile, while the 3-arm and
6-arm DNA sub-tiles can remain being referred to as Supplemen-
tary. A 4-arm DNA tile, a cross-like DNA structure, is composed
of four sub-tiles. These sub-tiles as referred to as S1,S5,, 53,54 and
as illustrated in Figure 2. The sub-tiles are identical in structure
but have distinct DNA domains (with different colors) in different
DNA sequences.

Fig. 2 A 4-arm DNA tile based on sub-tiles S;,S5,,53,54

Each arm of the 4-arm DNA tile has two single DNA strands —
sticky ends at its terminal. Magnified, each sub-tile includes three
single-stranded DNA (ssDNA). For instance, sub-tile S1, shown in
Figure 3.a, is composed of ssDNA S1,S1, and S13. DNA domains
on these ssDNA are defined in a 5’-3’ fashion. Domain S1; is con-
structed of 42 base pairings (bps), with five sub-domains labeled
SE11,S11a,S11p,512 and Sy3. Domain S1, has 21 bps, grouped in
three distinct sub-domains S,;,+, S13+ and SEj,-. Domain S15 has
27 bps, composed by three sub-domains S,1;+, Sip« and 67 which
is embedded in Sj;«. There are two-level sticky-ends on sub-tile
strands. Sub-domains with 4-9 bps, including S1;, (9 bps), Si1»
(6bps), Sz14+ (9 bps) and S,y,+ (6bps), are referred to as the first
level sticky-ends, for sub-tiles to form into 4-arm DNA tiles. Sub-
domains with 4 bps, including SE;; and SE;,:, are the second
level sticky-ends. Using the sticky-ends 4-arm DNA tiles can be
bound, therefore assembled into 2D lattice or 3D nanotubes.

The other three sub-tiles S5, S5 and S, can be designed in a sim-
ilar strategy, but with distinct domains (resp. sub-domains) and
specific DNA sequences so the four sub-tiles can combine together
to form 4-arm DNA tiles, see Figure 3.b.

In Figures 2 and 3, specific DNA strands are denoted by colored
lines. Full lines and dotted lines of the same color indicate that
they are complementary according to Watson-Crick base pairing
principle and anti-parallel with each other to form double DNA
strands, the imaginary and simplified DNA helices.

Nanoscale

Sub-domains S14+, S13+, S21p+, S12+ and SE|,+, depicted by dot-
ted lines are respectively complementary to domains S14, Si3,
S21p, S12 and SE|,, which are depicted in full lines.

The red right angle folding line enclosed in the circle represents
a bulged sub-domain of sextuple Thymine (or 67 loop) inserted in
sub-domain S},+, in which sub-tile S can be bent to specific angles
thus providing the high flexibility of 4-arm DNA tiles. Bulged 6T
sub-domains populate on all sub-tiles Sy, S5, S3 and S4. Therefore,
a 4-arm tile can inflect along the two diagonal axes as-well as the
horizontal and vertical axes.

Each 4-arm DNA tile can bind other four 4-arm DNA tiles by
using second level sticky-ends to form lattices (see e.g. in Figure
4.a, a 4 x 4 lattice) and DNA nanotubes (a diagrammatic draw-
ing of a DNA nanotube shows its spatial structure in Figure 4.b).
Theoretically, lattices can continuously grow outward in all direc-
tions. DNA nanotubes are favorable in this design because each
of the 4-arm DNA tiles possesses incidental curvature. The cur-
vatures will accumulate and start the circularization of lattices as
4-arm DNA tiles oriented in the same direction connecting their
counterparts. Additionally, the nanotube formation is attributed
to the quick thermal annealing procedure (two hours) compared
to previous experiment (over 48 hours).

It is easy to obtain 3-arm and 6-arm DNA tiles with using sub-
tiles by changing the DNA sequences of the first and second sticky-
ends in agreement to the 3- and 6-arm tiles. The structures of 3-
and 6-arm DNA tiles are given in details in the Supplementary.
Lattices and diagrammatic drawings of a DNA nanotubes assem-
bled by 3-arm and 6-arm DNA tiles are shown in Figures 5 and
6.

The releasing holes of the DNA nanotubes shown in Figures 4,
5 and 6 are assembled by 3-, 4- and 6-arm tiles of different sizes,
thus having different patterns. The obtained DNA nanotubes self-
assembled by 3-, 4- and 6-arm tiles provide significantly potential
applications in nano-scale. They can transport “cargos” to target
circumstance in living cells and release specific chemicals, such as
polymeric drugs of different sizes.

2.2 Experiment observations.

The oligonucleotides were acquired from Sangon Biotech Com-
pany with PAGE (polyacrylamide gel electrophoresis) purifica-
tion. It is started by synthesizing sub-tiles S;, S», S3 and S4, by
which 4-arm DNA tiles can be constructed. Sub-tile S§; was con-
structed by one-pot annealing of ssDNA S1;, S1, and S13 from
94°C to room temperature in TAE buffer (10mM Mg+, 20mM
Tris with pH 7.6-8.0, 2mM EDTA) over 2 hours with a final con-
centration of 7uM for each ssDNA. Generally, other sub-tile S; was
constructed by ssDNA Siy, Si and Si3 with i = 2,3,4. 4-arm DNA
tile was constructed by sub-tiles S;, S, S3 and S; to assemble
DNA nanotubes. Sub-tile was respectively diluted by TAE buffer
(10mM Mg2+, Ph 8.0) in four epoxy resin (EP) tubes to reach a
final concentration of 1uM. After that, 30uL mixtures of the four
sub-tiles with the same concentration were annealed from 45°C
to room temperature in a Styrofoam box for over 20 hours. Af-
ter annealing, the sample was kept in a refrigerator at 4°C before
being examined by AFM.
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Fig. 3 a. Sub-tile §; and DNA subdomains on ssDNA S1,S1, and S13; b. sub-domains and specific DNA sequences on sub-tilesS,, S3 and Sy.

Fig. 4 a. 4-arm DNA tiles self-assemble together into a 4 x 4 lattice; b. a DNA nanotube assembled by 4-arm DNA tiles

Fig. 5 Lattices and a diagrammatic drawing of a DNA nanotubes assembled by 3-arm DNA tiles.
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Fig. 6 Lattices and a diagrammatic drawing of a DNA nanotube assembled by 6-arm DNA tiles.

The nanotubes hierarchically assembled from the same sub-tile
structure are observed by AFM as follows. 5 uL samples of 3-arm,
4-arm or 6-arm nanotubes are dropped onto a fresh cleaved mica
surface. The sample is kept at room temperature for 3 minutes for
absorption, and then then 30 uL TAE buffer are added to the mica
and the tip on fluid cell, respectively. AFM images are obtained
by using a Bruker Multimode-8 Nanoscope (Billerica, MA, USA)
under ScanAsyst mode with a ScanAsyst Fluid+ tip. The engaged
force of the ScanAsyst mod is maintained under 0.02V to ensure
gentle touch on the DNA nanotube, and the scan rate was kept
under 1 HZ during scanning to get the details.

The AFM image, Leftward in Figure 7, shows that the long nan-
otubes ( 1um- 5um) were successfully constructed as expected.
The AFM image, Rightward in Figure 7, shows the mean diame-
ter of the DNA nanotubes is about 53.25nm. This AFM image was
taken under ScanAsyst mod of Multimode-8, and engaged force
was kept under 0.02 V with scan rate being 1 HZ.

The four nanotubes were selected randomly to calculate the
mean diameter of the nanotubes with the formula:

(dy +dy +d3 +d4) /4 = 213nm /4 = 53.25nm.

The diameter of nanotubes formed by 4-arm tiles is in the
range of 40.6nm to 61.6nm, which could be flattened due to the
strength of the interaction between DNA, Mg+ +, and the mica or
squashed by the force of AFM tips during scanning. What we can
see in Figure 8(a) is that there is a single lattice layer unpacked
at the end of the nanaotube. The appearance of the unpacked
lattice layer suggests that the nanotube was broken and flattened
into lattice while interacting with the mica, through the charge
shielding Mg?* in the buffer. By the measurement of the un-
packed single lattice layer in Figure 8, we averaged the distance
between the two neighboring 4-arm DNA tiles at 17.22nm and
the edge of a tetragon at 13.5nm. These values are in reasonable
agreement with our design (17.6 nm and 13.6 nm, respectively).

This AFM image is taken under ScanAsyst mod of Multimode-8
with engaged force being kept under 0.02V. The scan rate is 1 HZ.

The 3-arm and 6-arm DNA tiles were also constructed to syn-
thesize DNA nanotubes, (please refer to the supplementary infor-

mation at Section 2). AFM images of DNA nanotubes assembled
by 3-arm and 6-arm DNA tiles are shown in Figures 9 and 10,
which is taken under ScanAsyst mod of Multimode-8 with en-
gaged force being kept under 0.02V and scan rate being 1 HZ.

Hexagonal and triangular crystal lattices were constructed by
the 3-arm and 6-arm DNA tiles that can be clearly exhibited. The
rigidities of the mesh in the hexagonal and triangular crystal lat-
tices are much higher than that of the tetragonal meshes render-
ing them less bendable and capable of to forming into nanotubes.
The productivity of the nanotubes is much lower than that of the
4-arm DNA tile nanotubes.

The AFM image shown in Figures 9 and 10 are taken under
ScanAsyst mod of Multimode-8, where the engaged forces are
kept under 0.02V and scan rates are 0.5 HZ, respectively.

The nanotubes are with different diameters even if same de-
sign scheme and samples. With our experiment of sub tiles, it is
found that the diameter of nanotubes varied with the following
two factors.

e The first one is the sticky ends of sub tiles we logically de-
signed with which 3-, 4- and 6-arm DNA tiles and spatial
tubes are expected. The diameter of spatial tubes varied
with the number of arms of tiles consisted of sub tiles. It is
assumed that the sub tiles assembled to 3-, 4- or 6-arm DNA
tiles as we designed, and 2 or more DNA tiles assembled to
one layer nanoribbon first. The more arms a DNA tile has,
the more strength the ribbon that formed has to curve and
finally curling to a closed tube. That’s the reason why the
3-arm tile formed 140nm tube and 4-arm tile formed 50nm
tube and 6-arm tile formed 20nm tube, although these tubes
are hierarchically assembled from the same sub tile struc-
ture.

e The second one is the store time of samples after annealing.
With long time stored in 4 degree refrigerator for 1 month
or more, the tubes could merged to a bigger one, and this
might due to the fact that nanotubes formed through an-
nealing have just clasped to a local minimum of free energy.
With long time storage, the tube slowly releases the internal
tension of bend double helixes of DNA and form a bigger
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Fig. 7 Leftward, AFM images of DNA nanotubes assembled from 4-arm DNA tiles. AFM image of 4-arm DNA tile nanotubes with 5eiqu5eim scan
size; the data height range is 0-15nm. Nanotubes measuring at 5um or longer were observed. Rightward, AFM image of nanotubes in detail with 800
nmx800 nm scan size; the data height range is 0-15nm.

Height 400.0 nm

Height 600.0 nm

Fig. 8 AFM images of the local-patterns unfold by the nanotube. (a) AFM image of a single lattice layer unpacked at the end of the nanaotube (left)
with 400 nm scan bar and height range of 7nm; and its simulation graph (right). (b) The distance betyveen the two neighboring 4-arm DNA tiles is
17.22 nm versus 17.6 nm for the designed model, and the length of 4-arm nanotube is more than 3elm.
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Height 600.0 nm Height 200.0 nm
Fig. 9 AFM images of DNA nanotubes constructed by 3-arm DNA tiles. Leftward, AFM image of 3-arm DNA tile nanotubes with 3umx3um scan
size; the data height range is -3-3nm. More than 6 nanotubes with uniform diameters 140 nm were observed. Rightward, AFM image of opened

3-arm nanotubes with 1umx1um scan size in detail; the data height range is -2.3-2.3nm, and the hexagonal crystal lattice assembled by sub-tiles can
be clearly observed.

Height

Height 1.0 ym 200.0 nm

Fig. 10 AFM images of DNA nanotubes constructed by 6-arm DNA tiles. Leftward, AFM image of 6-arm DNA tile nanotubes with 5umx5um scan
size; the data height range is -3-3nm. DNA Nanotubes were formed as designed with a mass of unpacked lattice layer, and the dimension of the DNA
nanotube is about 20nm. Rightward, AFM image of 6-arm DNA tile DNA nanotubes with 1umx1um scan size; the data height range is -3-3nm.

1-9 |7



Nanoscale

tube. That might be the reason why we could found differ-
ence of diameters of nanotubes even if same design scheme
and samples.

3 Conclusions

In this paper, three kinds of DNA nanotubes were constructed by
3-, 4-, and 6-arm DNA tiles using the two leveled sticky-ends sub-
tile strategy as previously mentioned. The 4-arm tile shown in
Fig. 2 and nanotubes shown in Fig. 7 are very much resemble the
un-corrugated nanotubes previously described in Fig. 1 in Ref[2].
It needs to clarify that our strategy with using sub-tiles can also
construct 2-arm, 3-arm, and even 6-arm tiles and nanotubes from
sub-tiles with different diameters and patterns. The large popu-
lations of long ribbon-like nanotubes were examined under AFM
scope. The AFM images of DNA nanotubes based on 3-, 4- and
6-arm DNA tiles clearly suggest that the throughput of DNA nan-
otubes based on the 4-arm DNA tiles is higher than that of the
nanotubes constructed by 3-arm and 6-arm DNA tiles. Since the
widths of observed nanotube could not be predicted beforehand,
we just observe the nano-tubes by AFM and record the diame-
ters of the nano-tubes assembled by different DNA tiles. The high
productivity of DNA nanotubes based on 4-arm DNA tiles could
be expected and can be explained by the stability of this kind
of nanotubes structure. The resulting productivity and structure
still remain dependent on the geometry of the 4-arm DNA tiles
and the tetragonal meshes on the nanotubes.

The rigidity of tetragonal meshes is lower than that of hexag-
onal meshes shaped by 3-arm DNA tiles, and triangular meshes
enclosed by 6-arm DNA tiles. Therefore, 4-arm DNA tiles are
more prone to assemble into nanotubes than 3-arm and 6-arm
DNA tiles. The intrinsic angles of 3-, 4- and 6-arm DNA tiles are
important to the formation of DNA tiles with 3-5Ts in each turn-
ing corns of 3-, 4- or 6-arm tiles in%>4%4!1, The proposed novel sub
tile here work as “basic brick” to assemble 3-, 4- and 6-arm DNA
tiles. By adding 6-Ts to the turning corn of sub tile demonstrated
in Fig. 3.b, we give enough flexibility to the sub tile to assemble to
3-, 4- and 6-arm DNA tiles and spatial tubes with programmable
sticky ends.

Nowadays, people prefer to use smaller weight (nts) of DNA
building blocks in order to enhance final production yield. But 3-,
4- and 6-arm DNA tiles are relatively heavier. Smaller weight of
DNA building blocks will leading to high yield. Thatars the reason
why sub tile strategy is developed. The sub tile consists of 3 single
stranded DNA, which is much lighter than the heavy DNA tile
structure. With the sub tile strategy, we get pretty high production
yield such that it is not necessary to use gel purification in each
step. With carefully ratio control, all the samples could be directly
put under AFM for observation after anneal.

In the field of medicine delivery, the resulting DNA nanotubes
can be applied to drug delivery by tethering chemical compo-
nents on the nanotubes’s walls or encapsulating drug cargos in
the tubes38. As for nanocircuitries, DNA nanotubes can also be
used as conductive nanowires by binding metallic nanoparticles
to engineer sophisticated nanocircuts33. For morphology aspects,
exerting mixed 3-, 4-, 6-arm and other multi-arm DNA tiles to
form multi-shaped meshes, for example, hexagonal, tetragonal
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and triangular and other polygonal mesh mixtures, may lead to
nanotubes in high dimensions.
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