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Progress and Difficulty in DNA Self-Assembly Technology
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Abstract DNA self-assembly, widely developed in the fields of DNA computing and nanotechn-
ology, is related to the development of DNA computer. How DNA molecules assemble has be-
come the focus of scientific fields. This paper mainly discusses the DNA self-assembly technology
of one-dimension, two-dimension and three-dimension structure. DNA self-assembly units are
divided into three types: a long DNA single-strand, several short DNA single-strands and prima-
ry units of DNA self-assembly. In the meantime, the principle and research progress of DNA self-
assembly are discussed. On the other hand, the main obstacles and solutions of the application on
DNA computing are also analyzed. Firstly, coding is the most difficult problem, as it decides
whether the experiment can be implemented. Secondly, the assembled angle between DNA sin-
gle-strands and the connections among motifs. In addition, from the experiment operation,
whether the self-assembly structure can be achieved is decided by the concentration proportion of
each DNA single-strand and the anneal temperature. With the rapid developing of science and
technology and combination of multi-disciplinary science, DNA self-assembly has become the im-
portant research direction in the fields of material, informatics and biology, and will also be the

critical instrument that promotes the development of DNA computer.
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1 Introductory

DNA had been selected as the genetic material
long before, as DNA was the distinct double-heli-
cal structure and carried all genetic information.
As the huge memory ability of DNA, it becomes
the important study materials in the fields of biolo-
gy, computer and nanotechnology. In 1994, Adle-
man firstly constructed the computing model with
DNA™ . From then on, many researchers also es-
tablished different DNA computing models, such
as Ouyang’s DNA solution of the maximum clique
problem'®, sticker DNA computing model of Ro-
weist® , and DNA self-assembly structures of Win-
free’s group!. Up to now, DNA computing had
been developed at a high speed no matter in con-
structing theoretic models or in applying the bio-
logical operations.

In recent years, there are some main compu-
ting models as follows: DNA self-assembly mod-
elst*, DNA computation models on surfacel™,
computational model imitating Turing'™. Based
on the types of solving problems, these models can
be divided into the three categories; DNA compu-

[11-14]

ting models for solving graph theory ,» Boolean

15151 " and decipher codes''™. Based on the
DNA

models are divided into one-, two-, and three-di-

circuits

formed structure of DNA self-assembly,

mensional structures. In 1960s, Wang used DNA
single-strands to assemble tiles as the computing
instrument™'®, In 1998, Winfree used Wang’s tile
to form 2D crystal'*®. In addition, other research-
ers also contributed tremendous fruits on DNA
self-assembly. In 2008, Mao applied several sin-
gle-strands to further assemble into different com-

201 Here, we introduce the devel-

plex polyhedra
opment of molecular self-assembly these years,
summarize the study results, and present the pros-

pect of DNA self-assembly.
2  Progress in DNA Self-Assembly Technology

DNA self-assembly is a method that exploits
the specificity of base-pairing to form polyhedron
or supermolecular structure. This is a complex
progress from simple to complicated, from disor-
dered to well-regulated. In 1960s, Wang’s tile,
constructed by DNA single-strands, opened a new
door™™ for DNA self-assembly. In 1990s, Seeman
improved the tile and constructed many kinds of
complex DNA polyhedra such as quadrangle, loop,
knot, etc®?). Though it still has a lot of disad-

vantages for these self-assembly structures such as

the lower yields and difficult to be picked up, this
method is a huge milestone for DNA computation.
2.1 One Dimension Structure and Application of

DNA Self-Assembly

In 1994, Adleman firstly applied DNA self-as-
sembly to solve a Hamiltonian Path Problem.
Since then, the method was used by lots of re-
searchers to solve logical computation, simple ad-
dition computation and graph theory problems. In
2002, Seeman published an article in PNAS. He
pointed out that a one-dimensional example using
DNA tiles had been used in logical computation and
could also be viewed as a circuit that realized the
parity of the input elements!. Besides, lots of
researchers also applied a one-dimensional struc-
ture of DNA self-assembly to carry out addition
computation such as the insert-delete method of
Qiu and Lu'® and the binary arithmetic of Ba-
rua®. In a word, the main idea is that the experi-
ment steps will linearly increase with bits of addi-
tion increasing.
2.2 Two-Dimensional Array and Application of DNA

Self-Assembly

It is not good enough to use one dimensional
structure of DNA molecules to compute. Lots of
researchers, based on a great deal of experiments,
make DNA molecules assemble into more complex
two-dimensional array and carry on computation.
At present, the idea of the self-assembled tile
starts from the Wang’s tile that imitates the opera-
tion of Turing. However, it has more advantages
than Wang’s tile, because it can implement com-
putation not only using simple structure, but also
more complicated structure such as 2D and 3D
DNA structure. In these complex structures, there
are three main basic elements: a long DNA single
strand"?"?*!, sell-assembled unit (consisted of sev-
eral DNA strands and had sticky ends) and multi-
ple short DNA strands®®"”. The self-assembled

unit includes Double-crossover (DX) moleculest?,

L33 and several-
20,347
’

Triple-crossover (TX) molecules

DNA motifs

35-36]

( three-point-star"
[37] )

point-star
four-point-start , and six-point-star

DX molecules, as a self-assembled unit, con-
sisted of two side-by-side double-stranded helices.
The double-stranded helices contain four DNA sin-
gle-strands, linking at two crossover junctions. In
1999, LaBean improved the DX structure and de-
veloped TX molecules, which was composed of
three side-by-side double-stranded helices and
linked at four immobile crossover points. Besides,
several-point-star DNA motifs are more complex
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than DX and TX. They are consisted of three kinds
of DNA single-strand: a central loop-strand, sev-
eral shell-strands and several arm-strands. For dif-
ferent point-star DNA motifs, the number of re-
quired DNA strands is different.

At present, a long DNA single strand is se-
lected from M13, which is the member of filamen-
tous bacteriophage family and is a DNA single-
strand with 6400 bases.
material in DNA self-assembly area. There are
three main reasons. (i) MI13 is a stable single-
stranded DNA. Compared with double-stranded
DNA, it can freely hybridize and is more flexible to
be folded or assembled. In the past DNA self-as-
sembly structure, self-assembled unit is constitu-

M13 is a very important

ted of some short DNA single-strands, so it is
strict to control the concentration of each strand,
and finally these strands form to integrate self-as-
sembly structure. In addition, using several short
DNA single-strands to construct complex structure
is gradually created by several-step assembly, so
the yield of DNA self-assembly structure is not
much high. (ii) Its length is much proper, which
can decide the size of self-assembly structure. The

longer DNA strand is, the larger and more elabo-
rate self-assembly structure is. M13 satisfy the re-
quirement properly, and the gene of M13 has been
known clearly by scientists, thus, M13 is an inher-
ent material as the motif of self-assembly struc-
ture. (iii) The cost of obtaining the M13 sequence
is much low. because the price of synthesized long
DNA sequence such as M13 is quite high, but it
only costs little money to clone the M13 gene from
bacteriophage.

In 2006, Rothemund presented a novel meth-
od for using a 7kb single-strand of M13 and over
200 short oligonucleotide staple strands to fold into
desired shapes such as squares, triangles and five
pointed stars etc'®’. These six different shapes
were successfully detected by using AFM and STM
surface manipulation (Fig. 1). In addition, accord-
ing to the basic desired shapes, he also assembled
the structures that could be created with arbitrarily
shaped holes or various patterns such as letters,
snowflake, and map. These patterns would be
higher than that of any previously self-assembled
shapes, so they could be observed by AFM and
STM (Fig. 2).

(b
Fig. 1

(a) (c)

Applied the same method, the research group
from Shanghai Jiaotong University used a 7kb sin-
gle-strand of M13mp18 and over 200 short staple
strands to fold into the pattern of China map that
were roughly 150nm in diameter. And the China
map was detected by using AFM,

Self-assembled unit is another familiar motif,
and DX molecule is one of these motifs in DNA

(e)

(d)

DNA origami shapes and AFM images

self-assembly. In 1998, according to the theory of
Wang’ s tiles, Winfree designed DX molecules
which acting as Wang’s tiles could implement de-
sired computations by molecular self-assembly**,
During these processes, five enough rigid DX mo-
tifs were successfully constructed, but only DAO
and DAE motifs are stable (Fig. 3). DAO motif,

consisting of four DNA strands., each of which
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Fig. 2 Patterning of DNA origami and AFM images

joined in two helices, had double crossover and
spacing. By comparison, DAE molecules, a little
different from DAO, consisted of five strands,
three of which participated in both helices. And
another two strands did not form into crossover.
Each motif of DX unit had a sticky end with a 4bp
unique sequence which could control the assembly
between DX units by Watson-Crick complementari-
ty. Each of DX unit was combined by recognizing
the sticky ends into two dimensional (2-D) lat-
tices. Using DAO and DAE units, two various lat-
tices were obtained. One, consisting of DAO u-
nits, was called DAO-E, and the other was called
DAE-O which consisted of DAE units. Here, we
take the DAO-E for example to introduce the self-
assembly process of DAO units. In this 2D lattice,

there were two kinds of motifs, two DAO and one
DAE. One of DAO, on the left, was marked “A”
and the other was marked “B”. Additionally, one
DAE unit was an alternative form B~ that could
replace B. In fact, B belonged to DAE unit, but it
contained two hairpin-terminated bulged 3-arm
junctions. In this way, B  increased the height of
the 2D lattice so that it produced the light and
shade stripes by AFM imaging. The upper sticky
end on the right of “A” unit bonded to the sticky
end below on the left of “B” unit, and one below
on the right of “A” unit bonded to the upper sticky
end on the left of “B” unit, and vice versa. In

this way, the 2D lattice was formed. Finally,
DAO-E and DAE-O were detected by AFM ima-
ging (Fig. 4).
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Fig. 3 Models for DAO and DAE tiles and the lattice topologies consisting of DAO and DAE tiles
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Fig.4 The AFM images of two tiles lattice; DAO-E AB,
DAO-E AB™ and DAE-O AB, DAE-O AB’

DX unit has more advantages than primary
tiles. It not only surpasses the simple one-dimen-
sion structure, but also can combine into 2D and
3D structure. This provides the new module to
perform DNA computation. However, DX unit has
still a lot of flaws such as lacking of reporter
strands and smaller space between single strands.
Thus, it is very important to synthesize more per-
fect and stable motifs in the fields of nanotechnolo-
gy and DNA computing. To achieve this goal,
LaBean, founding on structure of DX unit, con-
structed TX module that was more excellent than
DX unit®’'. He designed four oligonucleotides
(Fig. 5), which formed three DNA helices by four
immobile crossover points. The three antiparallel
double-stranded DNA helices finally formed to TX
unit in a plane and had four sticky ends. In TX
units, DNA single-strands, participating in three
helices, could act as reporter strands and imple-
ment the output of computing result. In the mean-
time, the 2D structure consisting of TX units was
filled with some space that provided gaps for other
molecules. Some different TX units were designed
by LaBean. A and B, two of TX units, contain
four sticky ends. The sticky ends of A were de-
signed to be complementary with that of B to de-
velop the AB array (Fig. 6). Besides, C, C' and D
were other three TX units. C consisted of three
helices, but contained only a pair of sticky ends in
the central helix which paired with those of A and

B respectively., When C was rotated about 103°, it
would become another unit “C'”, which formed
the raised stripes on the surface of 2D array. D was
a common double-stranded helix, filling the gaps
existing in the array. By recognizing the various
sticky ends, these TX units produced the ABC'D
array, detected by AFM image. Since then, TX
module was applied to DNA computing such as
Boolean calculation and addition operation.

Fig. 5 Schematic drawing of TX motif

In recent years, point-star DNA motifs attract
more researchers’ attention. Its structure is more
complex than those of DX and TX motifs. In the
structure of point-star DNA motifs, there are three
types of DNA single-strands: central strand, iden-
tical medium strands and identical peripheral
strands. The number of DNA single-strands is a
little different for different point-star motifs. In
2003, Hao et al. published a paper in Science that
presented a novel cross-shaped DNA module (four-

point-star motif ), and formed square gridding

structure™™,

In 2007, Park improved its structure to con-
struct two distinct two-dimensional superstruc-
tures in controlled ways, basing on the four-point-
star motif. One was finite-size lattice 2 X 2 nanoar-
rays (NAs) and dsDNA bridges, and the other was
extended lattices nanotracks (NTs) and dsDNA
bridges™®. These two superstructures were
formed from A-tiles (Fig. 7®) and B-tiles (Fig. 7
®). Both of them consisted of three kinds of
strands: a central loop-strand, four shell strands,
The difference between A-
tile and B-tile was the opposite direction of sticky
ends at both 5'- and 3'-ends. As shown in Fig. 7,
one 1 X2 and two forms of 2 X2 NAs were assem-

and four arm-strands.

bled by Watson-Crick complementary sticky-ends.
One 2X 2 NAs had no arm-strands (Fig. 7@) , and
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Fig. 6 2D array consisting of TX motifs: A, B, C, C' and D (a common double stranded molecule)

out dsDNA bridges

the other had noncomplementary sticky ends on the
outer arm-strands (Fig. 7©®). Among these super-
structures, with the assembled structure becoming
complex, the yield decreased accordingly. Next,
dsDNA bridge was designed. It was connected
with NAs and NTs respectively to assemble limited
2D lattice and extended 2D lattice structures (Fig. 8,
Fig.9). When constructing extended 2D lattice

structure, A-tiles and B-tiles were linked to form
NTs. Then dsDNA bridges with various lengths
(5. Inm and 8. 5nm) were connected with NTs. Fi-
nally, they obtained the extended 2D lattice struc-
ture and detected by AFM images (Fig. 9).

Fig. 8 AFM images of 2X2 NAs and dsDNA bridges

Except the four-point-star motif, He con-
structed six-point-star motif, which was the high-
est connectivity in DNA two dimensional arrays re-
ported so far™®’. The motif was 6-fold rational
symmetry, formed from thirteen DNA single-
strands: a central strand, six shell-strands and six
arm-strands (Fig. 10). At the center of the six-
point-star motif, a central strand was twisted to a

loop, which connected the six shell-strands and
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avoided forming of the helices between shell-
strands.
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Fig.9 A- and B-tiles, NTs with dsDNA bridges and
without dsDNA bridges

4.5 turns

(d)
Fig. 10 Schematic drawings of six-point-star motif and
assembled extended 2D array

At the end of shell-strands, arm-strands com-
bined with them and produced six sticky ends. To
further assemble into 2D array, all six-point-star
motifs had to be connected by sticky ends with
face-to-face sides of the array plane. For common
motifs (such as three-point-star motif), when all
motifs in an array are associated by means of face
to opposite sides, degree of curvature become lar-
ger, and the 2D array structure also become more
compact, and vice versa. However, six-point-star
motif is different from the common motifs, because
the motifs are not connected by using corrugation
strategy above to increase degree of curvature. In-
stead, all motifs have to face to the same side to
assemble into 2D array. As shown in the picture of

AFM imaging (Fig. 11®@.,®, ©), the regular and

periodic structures were observed. This 2D array
was isotropic, and could be observed by staining
with a fluorescence dye YOYO-1 under the fluo-
rescence microscope (Fig. 11 @).

P ad —
| o - o
<_;,a-...11. 50 nm

Fig. 11 AFM and FM images of 2D array

2.3 Three-Dimensional Polyhedra and Application
of DNA Self-Assembly
Three-point-star motif, different from four-
and six-point-star, is another significant tile in
DNA self-assembly motifs. In 2005, a three-point-
star DNA motif (Fig. 12) had been reported by
He, and it could assemble into two-dimensional ar-

[34]

rays-*" . These motifs above can not only form into

2D array, but also assemble more complex 3D
DNA structures.
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Fig. 12 Three-point-star and schematic drawings of 2D array

In 2008, Mao applied three-point-star motifs
dodecahe-
The three-point-star motif

to further assemble into tetrahedron,
dron and buckyball™",
consisted of three types of DNA single-strands: a
long central strand (strand L or L"), three identi-
cal medium strands (strand M), and three identical
peripheral strands (strand S). At the center of the
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motif, the loop, forming from the long central
strand, decided the flexibility and retractility of
the motif. The flexibility of the motif could be
changed with the adjustment of loop length. Each
termini of the motif had four-base-long sticky
ends. The motifs assembled into the polyhedra by
complementary sticky ends (Fig. 13). Here, we
take the tetrahedron for example to explain the as-
sembled process (Fig. 14). A tetrahedron was con-
stituted by using four three-point-star motifs, each
of which located at a vertex of the tetrahedron.
Two neighbouring motifs were connected by com-
plementary sticky ends to form the edge of the tet-
rahedron.

10.3 £ 0.6 nm (s.d.)

Intensity (a. u.)

1 10 100 1000 10000
Radius/nm .

5 nm

(e)
Fig. 14 DLS, AFM and Cryo-EM images of DNA tetrahedron

Because the tetrahedron was three-dimension-
al structure, four motifs were no more planar, and
needed to be significantly bent. Thus, the three-
to be flexible
enough. To increase the flexible of the motifs, the

point-star motif was required
loop length was added to be five bases long. In the
same way, dodecahedron and icosahedron were as-
sembled too, but there were some difference
among them. Dodecahedron consisted of 20 three-
point-star motifs, which formed 12 faces and 30
edges; icosahedron consisted of 60 three-point-star
motifs, 32 faces and 90 edges. Compared with tet-
rahedron, dodecahedra were less curved between
faces, so the curvature degree of the motifs was
smaller and the central loop did not need to be
much flexible. Thus, the length of the central loop
was designed to three bases long. Besides, icosa-
hedron was another closed symmetrical congeries,
because it was least curved, and the flexibility of
the central strand was also lowest among the three

Tetrahedron
Loop: 5 bases
DNA: 75 nM

/ Dodecahedron

Loop: 3 bases

3 M DNA: 50 nM
—)
Buckyball
&L/L \ Loop: 3 bases
DNA: 500 nM

0 nm 3.0 nm

types of polyhedra. The results demonstrated that
the more motifs were required, the more difficult
polyhedra structure assembled.

The short oligonucleotides strands are a distinct
motif, which can self assemble into three-dimension-
al structures. It has two advantages. (i) The price
of synthesizing short DNA strands is much lower,
and the accuracy is very high. For long DNA
strands, bases easily mutate, so the accuracy is not
higher than short DNA strands. (ii) Complex sec-
ondary structures were easily assembled. Com-
pared with self-assembled motifs, the angle be-
tween motifs need not be considered by using short
oligonucleotides strands, and secondary structures
are easier to be formed. In fact, the coding of
short oligonucleotides strands is required to be sig-
In 2008, Goodman used four

short DNA strands (Fig. 15(a)) as primary motifs
[29]

nificantly strict.

to assemble into a reconfigurable tetrahedron

Each strand was constituted of three segments,
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each of which formed one edge of tetrahedron. Six
complementary domains of four strands hybridized
to six edges of tetrahedron. 5" and 3" ends of each
strand met at the center of the edge. In the tetra-
hedron, five edges consisted of 20-base-pair DNA
double helices, but the sixth edge was a little dif-
ferent with the other edges, which contained 10bp
double helix and a hairpin loop with a 4bp neck and
a 12nt loop. This hairpin-loop structure deter-
mined the flexibility of tetrahedron. When adding
the “fuel” strand, the edge could be extended, be-
cause the “fuel” strand was complementary to the
hairpin-loop structure. Of course, the edge could
also be contracted, when adding the “antifuel”
hairpin. This process fulfilled the switch between
two states. In addition, this research group also
constructed the tetrahedron with two reconfigu-
rable edges, but the codes of two hairpin-loop
strands were different from each other. The switch
among four states would be achieved by the chan-
ges of two open and closed edges independently.
Finally, four different states of the tetrahedron
were detected by polyacrylamide gel electrophore-

sis (Fig. 16).
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Fig. 15 DNA tetrahedron with one reconfigurable edge
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Electrophoresis of a tetrahedron with two

reconfigurable edges

3 Difficulty and Prospect

DNA self-assembly technology has been ap-
plied not only in DNA computing, but also in
However, there are many dif-
ficulties in applying DNA self-assembly to DNA
computing. Firstly, coding is the most difficult

nano-material area.

problem, as it decides whether the experiment can
be implemented. Secondly, there are two signifi-
cant keys to effect on the yield of self-assembly
structure: the assembled angle between DNA sin-
gle-strands and the connections among motifs. In
addition, from the experiment operation, whether
the self-assembly structure can be achieved is de-
cided by the concentration proportion of each DNA
single-strand and the anneal temperature.

(1) Coding. The coding is a very difficult
problem in any type of DNA computing. To solve
this problem, we should not only consider the fol-
lowing theoretic factors as (G+ C) %, hybridiza-
tion between primers and false pairing, but also
consider the specific model. Besides, we should
examine whether the coding can make the experi-
ment successfully carry on. Sometimes, from the
view of basic restrict conditions, coding is good
enough to carry on experiment, but in fact, bio-
chemical reactions can not be fulfilled. The reason
is that there is different anneal temperatures be-
tween various coding, and extreme difference will

lead to the problem that DNA strands can not be
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linked. Thus, how to obtain the best coding has a
greatly effect on DNA self-assembly and other are-
as of DNA computing.

(2) Angles and connection between the mo-
tifs. The angle between primary motifs is another
crucial ingredient in DNA self-assembly. Before
secondary structure is formed, researchers have to
calculate the folding angle of single-strands in all
types of DNA tiles or motifs. As demonstrated in
recent research results, with the angle between pe-
ripheral strands increasing large, curvature degree
of the formed faces will decrease. Thus, according
to different assembled structure, the designed an-
gle between primary motifs should be changed.
Moreover, the connection between primary motifs
is another important factor that controls the fulfill-
ment of secondary structure. The angle between
primary motifs directly effect on the assembled de-
gree of congeries. When two motifs are combined
by face to face, the curvature degree between them
will increase correspondingly. and secondary struc-
ture will become more closed. On the contrary,
the curvature degree between them will decrease by
face to opposite way, and the formed congeries will
be much looser. Thus, the motifs, consisting of
tubular structure, should be connected by the
means of face to face; reversely, the motifs, form-
ing from planar structure, have to be combined in
the way of face to opposite.

(3) Concentration of DNA single-strands. In
different types of DNA self-assembly structures,
required DNA single-strand concentrations are
much different. Usually, with the concentration
increasing, the assembled structure (such as 2D
array) becomes larger, and vice versa. However,
in biological operations, it is important to consider
the concentration proportion of each DNA single-
strand. Generally speaking, the concentration of
long strands is higher than that of short strands,
for instance, the concentration of long strands is
100 times higher than that of short strands in con-
structing the China map.

Although DNA self-assembly still has its dis-
advantages in computation, lots of researchers
used DNA self-assembly to solve simple Boolean
calculation and addition operation. However, the
self-assembly frames are immobile, so it will not
extend, cut and react with enzymes freely to carry
on such bio-operations as PCR etc. If DNA self-as-
sembled structure can be moved like DNA mole-
cules, and enzymes can be controllably moved on

self-assembled structure, their future in DNA

computing looks bright as well.

In summary, it is a significant key for develo-
ping DNA self-assembly to overcome the difficul-
ties above. If we can connect it to carbon nano-
tubes and fluorescence label, the prospect of DNA
self-assembly will be exciting. With the rapid de-
veloping of science and technology and combination
of multi-disciplinary science, DNA self-assembly
will become the important research direction in the
fields of material, informatics and biology, and
will also be the critical instrument that promotes
the development of DNA computer.
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