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DNA Nano-Gears

REZA MOHAMMADZADEGAN* and MOHAMMAD HOSSEIN SHEIKHI†

Nanotechnology Research Institute, Shiraz University, Shiraz, Iran

(Received April 2007; in final form June 2007)

DNA is a nanoscale material for programmable self-assembly, using the selective affinity of pairs of DNA strands to form
DNA nanostructures. Self-assembly is the spontaneous self-ordering of substructures into superstructures which driven by the
selective affinity of the substructures. DNA self-assembly is the most advanced and versatile system that has been
experimentally demonstrated for programmable construction of patterned systems on the molecular scale. This
programmability renders the scaffolding have the patterning required for fabricating complex devices made of these
components. We present various strategies to assemble DNA based gears for application in nano-machines, nano-motors and
nano-devices. In this paper, some fundamental parts of mechanical nano-machines with DNA blocks are designed. These
kinds of nanostructures, nano-gears, are fundamental for the development of future useful molecular-level devices.

Keywords: DNA Nanostructure; Self-assembly; Nano-machine; Nano-device; Nano-gear

1. Introduction

Nanotechnology refers to all technologies aiming to build

objects, make measurements, and carry out processes on

the nanometer length scale. In particular molecular

nanotechnology exemplifies the bottom up approach,

which is briefly defined as the ability to build

nanostructures with molecular precision, such as molecular

machinery. Machines and devices operating at the

nanometer scale have wide variety of exquisite applications

ranging from medicine to space flight, while dramatically

reducing the energy and material requirements.

It has been widely projected that within approximately

10–20 years, traditional top-down fabrication methods for

manufacturing devices will reach their resolution limits.

Anticipating this crisis, the researchers in the field of

nanoscience have begun developing bottom-up techniques

for molecular assembly of nano-devices. One potential

approach is to use self-assembling DNA nanostructures

as scaffolds for constructing and positioning molecular-

scale machines and devices [1] which provides a

programmable methodology for bottom-up nanoscale

construction [2]. The programmability is due to the

highly specific hybridization of complementary DNA

strands used to specify interactions both within and

between DNA tiles [3,4].

DNA is organized as two complementary strands, with

the hydrogen bonds between them. Each strand of DNA is

a chain of chemical “building blocks”, called nucleotides,

of which there are four types: adenine (A), cytosine (C),

guanine (G) and thymine (T), where A and G are purine

bases and T and C are pyrimidine bases. Between the two

strands, each base can only “pair up” with one single

predetermined base: A þ T, T þ A, C þ G and G þ C

are the only possible combinations. Two nucleotides

paired together are called a base pair [5].

Two approaches to DNA-directed nano-block construc-

tion are based on using either DNA hairpins or DNA

templates. DNA hybridization, without formation of

covalent bonds, has been exploited in several cases for

the parallel assembly of multiple building blocks into

supramolecular nanostructures [6–9]. The building blocks

for such materials can be made of DNA alone. Seeman

et al. have built elegant branched structures, such as, a

DNA cube and even more complex geometric designs

have been constructed [2,10–12]. Extension of this work

applying DNA tiles was made by Seeman et al. and

LaBean et al. [13–16]. DNA-organic hybrids consisting

of a bent organic backbone attached to two complemen-

tary DNA sequences were assembled to form polydisperse

cyclic structures [17]. Bunz et al. demonstrated

the formation of linear assemblies of organometallic
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compounds attached to two different DNA sequences at

the termini [18]. DNA also has been demonstrated to be a

useful material for mechanical devices [19–24]. In our

recent paper [3], we described the design of the 3 £ 3 and

5 £ 5 DNA tiles that form DNA lattices with hexagonal

and octagonal pores.

This article deals with processes, which include both

DNA-programmed assembly and formation of covalent

bonds between multiple building blocks to generate

macromolecular nano-gears. The contributions to this field

from other groups were described, but the main emphasis

will be on our modular approach to the challenge of self-

assembly and the concepts behind our work.

2. Methods

2.1 Basis of DNA nanostructures

The basic laws of the DNA nanotechnology were

considered to design the sequences. Briefly, DNA

molecules consist of two complementary chains of

nucleotides which are ssDNAs (single stranded DNAs).

Nucleotides are composed of a sugar, phosphate groups

and a base. The base may be adenine, cytosine, guanine or

thymine. Hydrogen bonds between the base pairs (A þ T

and G þ C) hold the chains together.

Additionally, the design of branched nucleic acid motifs

is based on the notion of maximizing the base pairing. In

the present work, our designs were based on using DNA

single strands and their efficient capability to bind their

complementary strands, and or with their own comp-

lementary sequences. Distinctively, special highly ordered

gear structures were designed due to the first method and

other gear and cross shape structures were designed on the

basis of the second system, which is called DNA folding.

2.2 The theoretical basis of DNA folding

The ssDNAs fold into specific three-dimensional confor-

mations, which are determined by the sequence of

nucleotides. The thermodynamic model for DNA structure

formation posits that, out of the exponentially many

possibilities, a DNA molecule folds into that structure

with the minimum free energy (mfe) [25,26]. Free energy

models typically assume that the total free energy of a

given secondary structure for a molecule is the sum of

independent contributions of adjacent, or stacked, base

pairs in stems (which tend to stabilize the structure) and of

loops (which tend to destabilize the structure). The change

of free energy is DG ¼ DG80 þ RT lnð½B�=½A�Þ, whereas

DG80 is the standard free energy. A reaction can occur

spontaneously only if DG is negative, and the more

negative DG the more stability of the structure. A folded

molecule is largely held together by the resulting set of

bonds [27]. The ssDNAs also join each other into specific

three-dimensional conformations, which are determined

by the sequence of nucleotides. Again, the thermodynamic

model for DNA structure formation posits that, out of the

exponentially many possibilities, a DNA molecule folds

into that structure with the minimum free energy (mfe)

[25].

The melting temperature (Tm) of a double stranded

DNA (dsDNA) is calculated as [28]

Tm ¼ 698þ 0:41ð%Gþ CÞ ð1Þ

In an assumed two-state model, in which denaturing has

no intermediate, the steep part of the melting curve reflects

the dsDNA to single strand equilibriums

ssDNA þ ssDNA $ dsDNA ð2Þ

The association constant at the midpoint (when half of

the DNA is single stranded and the other half is helical) is

k50 ¼ 4=½C�, where [C] is the sum of the concentrations of

the two single strands which are non-self-complementary.

Since, for any process at equilibrium, DG8 ¼ 2RT lnK

and DG8 ¼ DH8 2 TDS8 [29], we have

DH8 2 TDS8 ¼ 2RT lnK ð3Þ

where R ¼ 1.987 cal. K21 mol21. At the midpoint, T ¼ Tm

and K ¼ K50. Therefore, for non-self-complementary

strands,

DH8 2 TmDS8 ¼ 2RTm ln ð4=½C�Þ ð4Þ

After rearranging terms, we get

1=Tm ¼ R ln½C�=DH8þ ðDS8 2 R ln 4Þ=DH8 ð5Þ

From the concentration dependence of the melting

temperature, the standard enthalpy and entropy can be

determined using so-called van’t Hoff plot of 1/Tm versus

ln [C] [30]. The standard free energy of duplex formation,

DG8, at any temperature can then be determined. The total

free energy change of a DNA helix from its individual

strands is given by:

DG8ðtotalÞ ¼
X

i

niDG8ðiÞ þ DG8ðinitw=term GCÞ

þ DG8ðinitw=term ATÞ þ DG8ðsymÞ ð6Þ

where DG8ðiÞ ¼ DH8ðiÞ2 TDS8ðiÞ are the standard free

energy changes for the ten possible Watson–Crick base

pairs, ni is the number of occurrences of each type of base

pairs, i, and DG8(sym) equals þ0.43 kcal mol21 if the

duplex is self-complementary and zero if it is not self-

complementary. To account for differences between

duplexes with terminal AT versus terminal GC pairs,

two initiation parameters are introduced. The calculations

in this paper are based on the data in table 1 [25].

2.3 Molecular modeling

Modeling simulations were performed in vacuo to

examine the puckering profiles of the nucleic acids

(AMBER 99). This was done using the conformational

search module in HyperChem with a conjugate gradient
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limit of 0.01 kcal/A8mol. Endocyclic torsional variations

were first treated systematically then simultaneously by

applying the usage directed scheme with restricted ranges

for ring torsion flexing in conjunction with a non-

Metropolis criterion as described by Kollosvary and Guida

[31]. High energy structures as well as those with relative

energy differences within 0.05 kcal mol21 were discarded

in the post-optimization runs. All low energy conformers

that fell within the specified acceptance criteria were

further refined by a second series of optimizations in

which only acyclic torsional parameters were varied and a

lower gradient limit applied (0.0001 kcal/A8mol). The

hardware we have used was dabble core Intel Pentium IV

3.00 GHz, with 1.5 Gb of Ram. Each modeling process has

taken about 1000–2000 hours depending on the molecule

sizes. The final modeled structures were studied and the

figures were rendered with VMD 1.8.5 [32].

3. Results

3.1 Designing the sequences

General. Seven different structures were designed. Three

of them were designed based on the first method, DNA

templates, while the others were based on the second

method, DNA hairpins. In all cases, present sticky ends

were typically five bases long, and cohere with good

fidelity.

3.1.1 The first method. General. In this method, as we

previously discussed, the design of branched nucleic acid

motifs was based on the notion of maximizing the base

pairing. This method is assumed as DNA templated

nanostructure engineering, where complementary ssDNAs

join together to form the final structure, but without any

hairpin formation. The sequences were complementary

and would cohere with good fidelity. In the following

sessions the formation of the appropriate structures were

based on this method.

First structure. In the first structure, the sequences were

consisted of mixed combinations of complementarity. The

designed sequences were;

A; 50-ATCGGGTAGGTCAGCATAACATGCGGGGG-

TTTTCCAAATTCCATCTTGAATGCGCATTACAGGA-

GGCGCATGGACACCGCACCAGAGGTAGCTACGA-

CGATTTTGGGGCAT TAAAAAGCCTGCAAAAAGCC

CGTATGGACCATCAACACGCGTAGTAATGGCCAA-

TAAGGAGGACATTAG-30

B; 50-CATTTTTTACCTCTGGTGCGGTGTCCATGC-

GCCTCCTGTAATGCGCATTCAAGGGGGCTAATGT-

CCTCCTTATTGGCCATTACTACGCGTGTTGATGG-

TC-30

C; 50-GCTTTTTGATGGAATTTGGAAAACCCCCG-

CATGTTATGCTGACCTACCCGATGGGGGTACGGG-

CTTTTTGCAGGCTTTTTAATGCCCCAAAATCGTC-

GTA-30

The first sequence (A) was main sequence and it was

longer than the others. There was no internal comple-

mentarity in that sequence, but each domain of the

sequence was complementary with the domains of the

other sequences. There was also no complementarity

within and between the other sequences. The result was

formation of a 4-point star shape structure with four arms.

As it is shown in figure 1, there were also four linker

domains at the center of the structure. Those domains were

designed to be used as linkers to join other structures; it

would occur using their complementary sequences. Thus

the whole structure would join other structures in

nanoscale devices and machines.

Second structure. In the second structure, the sequences

were consisted of mixed combinations of complementar-

ity. The designed sequences were;

A; 50-ACATCCTTTACCTTCCACCACTATTAATAA-

ATCTGTCCATGATGAAGCCAACGTTAGGCACCCA-

ATCTCCTCAATTAAGAGTCCCCGGTAGCAGTGGTA

TGGACTTGTGTCTCAGCCGCCCAGATATTAGCA-

CACGGTGCGGCGCAGTGTT-

GACGGGGTCCGCCTGCCGGCGAGGGGGAGGT-

TACTCGTGTGTCGTGAGAACGGTGCCTTGTTGT-

TAGTAGCCCCCCGCAGTGGGGTTGCTGGTGTT-

CAG-30

B; 50-GGCGGACCCCGTCACTCACCACTGTAGAG-

AATTTTACCACTGCTACCGGGGAGTCTCTTTTGA-

GGAGA-30

C; 50-GAGACACAAGTCCACAGACGCCACCACA-

CGGACGTTGGCTTCATCATGGACAGATTTAAAAG-

TGGTGG-30

D; 50-AAGGTAAAGGATGTGCAGCCAACCCATGT-

CATTGATCTCACGACACACGAGTAACCTCCCCGC-

CGGCA-30

E; 50-CAACAAGGCACCGTTCGAGACTTGCTCTC-

CCCTACACTGCGCCGCACCGTGTGCTAATCGGGC-

GGCTT-30

F; 50-TTGGGTGCCTAACGGGCTCCTGAATCGGC-

CCCTGAACACCAGCAACCCCACTGCGGGGCTACT-

AATAA-30

Table 1. DH8 (kcal/mol) and DS8 (cal/K·mol) for nearest neighbor
calculation. All values refer to forming duplex at 1M NaCl, 258C, and

pH ¼ 7.0 [24].

Sequence DH 8 DS 8

AA/TT 28.4 223.6
AG/CT 26.1 216.1
AT/AT 26.5 218.8
AC/GT 28.6 223.0
GA/TC 27.7 220.3
GG/CC 26.7 215.6
GC/GC 211.1 228.4
TA/TA 26.3 218.5
TG/CA 27.4 219.3
CG/CG 210.1 225.5
Initiation with one or two GC 0.0 25.9
Initiation with AT only 0.0 29.0
Symmetry correction 0.0 21.4
50 TA correction 0.4 0.0
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The first sequence (A) was main sequence and it was

longer than the others. There was no internal comple-

mentarity in that sequence, but each domain of the

sequence was complementary with the domains of the

other sequences. There was also no complementarity

within and between the other sequences. The result was

formation of a 5-point star shape structure with five arms.

As it is shown in figure 2, there were also five linker

domains at the center of the structure. Those domains

would also be used as linkers to join other structures.

Third structure. In the third structure, again the

sequences were consisted of mixed combinations of

complementarity. The designed sequences were;

A; 50-ATCGCGTGCGACGCATGCAGTGCATGACG-

AGGGCGCTTACCCCTCGCGACTGTACCAGGAAA-

ATCCAGGAACCGACCCATTGTGTTTTACAAATCC-

GCATGGTGCACCAGGGGCCCCCGCGCTGACCAT-

TAAAATTCCGCGCTGCATGACTTTTGGGACC-30

B; 50-TTTTTTTTCTGCATGCGTCGCACGCGATGT-

GTGTTGTTGCGAAGCGGAATTTTAATGGTCAGC

GTAGGATGCCAGTGCATGCGGATTTGTAAAACA-

CAGGGGGGGGGGGGGGGTCCTGGTACAGTCGC-

GAGGGTTTTTTT-30

C; 50-TTTGGGAAGTAAGCGCCCTCGTCATGCAG-

GGGAAAATTAAGGCGGTCCCAAAAGTCATGCAG-

CGGGGGAAAATTTTCAGCGGGGGCCCCTGGTG-

Figure 1. 4-Point star shape DNA nano gear. (a) The schematic view of three ssDNAs which bind with good fidelity and form a 4-point star shape
structure. (b) The modeled structure which is consisted of those three ssDNAs. The 4-point star shape structure includes four arms and four linker
domains at the center of the structure. The linker domains were designed to be used as linkers to join other structures; it would occur using their
complementary sequences.

Figure 2. 5-Point star shape DNA nano gear. (a) The schematic view of six ssDNAs which bind with good fidelity and form a 5-point star shape
structure. (b) The modeled structure which is consisted of those six ssDNAs. The 5-point star shape structure includes five arms and five linker domains
(pointed with the arrows) at the center of the structure.
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CACCGGAAATTTCCCCCATATGGGTCGGTTCCTG-

GATTTGTGTTAG-30

D; 50-GCACTGGCATCCTACTGAAAATTTTCCCC-

CTTCGCAACAACACACGCCTTAATTTTCCCCAAA-

AAAAAAAAAAAATTCCCAAACTAACACCCCCCC-

CCCCCCCCCATGGGGGAAATTTCC-30

Again, the first sequence (A) was main sequences and it

was longer than the others, while the last sequence (D) was

the shortest sequence and it was the supporter sequence.

There was no internal complementarity in each sequence,

but special domain of each sequence was complementary

with another domain of one of the other sequences. The

result was formation of an 8-point star shape structure with

eight arms. However, in this case there was no linker

domain in the final structure. The resulted structure is

illustrated in figure 3.

3.1.2 The second method. General. In all cases the

sequences were consisted of poly-purine domain followed

by five A, T, G or C followed by poly-pyrimidine domain

and vise versa. The numbers of purine bases in poly-purine

were equal to the numbers of pyrimidine bases in the poly-

pyrimidine domain. The poly-purine and poly-pyrimidine

domains were complementary and would cohere with

good fidelity, thus formation of hairpin was common. In

the following sessions the formation of the appropriate

structures were based on this method. This method was

based on formation of the hairpins, thus we named it HP

method.

First structure. In the first structure, the sequence was

consisted of mixed combinations of poly-purine, poly-

pyrimidine domains. The designed sequence was;

50-AAAAAAAAAAAAAAAAAAAATTTTTCCCCC-

CCCCCCCCCCCCCCCTTTTTGGGGGGGGGGGGG-

GGGGGGGTCCTTAAAAAAAAAAAAAAAAAAAA

TGGGGTTTTTTTTTTTTTTTTTTTTCCCCTGGGGG-

GGGGGGGGGGGGGGGATTTACCCCCCCCCCCCC-

CCCCCCCTTTCCTTTTTTTTTTTTTTTTTTTT-30

The order of domains was as; poly-A, five T, poly-C,

five T, poly-G, TCCTT, poly-A, five G, poly-T, CCCCT,

poly-G, ATTTA, poly-C, TTTCC and poly-T, respectively.

The result was formation of a cross shape structure, which

contained two A–T arms and two G–C arms. As it is

shown in figure 4, there were four linker domains at the

center of the structure. Those domains were designed to be

used as linkers to join other structures; it would occur

using their complementary sequences. Thus the whole

structure would join other structures in nanoscale devices

and machines. Additionally there were three loops in the

structure which would bind other structures using

complementarity features. Those loops would be also

useful in nano-devices, as sticky arms.

Second structure. In the second structure, the sequences

were consisted of two poly-guanine, poly-cytosine

domains, plus linker and tail sequences. The designed

sequences were;

A; 50-GGAGTAAAAAGGGGGGGGGGTTTTTCCC-

CCCCCCCAAAAAGTACG-30

B; 50-CGTACAAAAAGGGGGGGGGGAACAACCC-

CCCCCCCAAAAACTGAC-30

C; 50-GTCAGAAAAAGGGGGGGGGGTTGTTCCC-

CCCCCCCAAAAAGTAGG-30

D; 50-CCTACAAAAAGGGGGGGGGGAAAAACCC-

CCCCCCCAAAAACACTG-30

E; 50-CAGTGAAAAAGGGGGGGGGGTTCTTCCC-

CCCCCCCAAAAAACGTG-30

The order of domains was as; 50 tail (five bases), linker

(AAAAA), poly-G, loop bases (poly A/T), poly-C, linker

and 30 tail (five bases), respectively. Each of those ssDNAs

would form a double stranded arm with a loop and two

single stranded tails which contained linkers. Again, here

the bases of the loops would be useful in nano-devices, as

Figure 3. 8-Point star shape DNA nano gear. (a) The schematic view of four ssDNAs which bind with good fidelity and form a 8-point star shape
structure. (b) The modeled structure which is consisted of those four ssDNAs. The 8-point star shape structure includes eight arms.
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sticky arms, and the linker domains would be joining point

of the final structure. Against the previous structure, in this

case, each of those mentioned sequences has formed a

single arm. The final structure was resulted by joining of

all single arms together via complementary tails. The final

structure was a five arms union, as it is shown in figure 5.

Third structure. In the third structure, the sequences

were consisted of two poly-guanine, poly-cytosine

domains, plus linker and tail sequences. The designed

sequences were;

A; 50-GGAGTAAAAAGGGGGGGGGGTTTTTCCC-

CCCCCCCAAAAAGTACG-30

B; 50-CGTACAAAAAGGGGGGGGGGAAAAACCC-

CCCCCCCAAAAACTGAC-30

C; 50-GTCAGAAAAAGGGGGGGGGGTTTTTCCC-

CCCCCCCAAAAAGTAGG-30

D; 50-CCTACAAAAAGGGGGGGGGGAAAAACCC-

CCCCCCCAAAAACACTG-30

E; 50-CAGTGAAAAAGGGGGGGGGGTTTTTCCC-

CCCCCCCAAAAAACGTG-30

F; 50-CACGTAAAAAGGGGGGGGGGAAAAACCC-

CCCCCCCAAAAACTCGT-30

G; 50-ACGAGAAAAAGGGGGGGGGGTTTTTCCC-

CCCCCCCAAAAAGCAGT-30

H; 50-ACTGCAAAAAGGGGGGGGGGAAAAACC-

CCCCCCCCAAAAACCTCA-30

The method which has used for this structure was alike

the previous session (second structure), unless the number

Figure 4. 4-Point cross-shape DNA nano gear. (a) The schematic view of one ssDNA which each domain of it binds to the complementary one. Red,
black, blue and brown bales are Thymine (T), Adenine (A), Guanine (G) and Cytosine (C) bases, respectively. (b) The modeled structure which is
consisted of the ssDNA. The 4-point cross shape structure includes four arms and four linker domains at the center of the structure. The linker domains
were designed to be used as linkers to join other structures; it would occur using their complementary sequences.

Figure 5. 5-Point cross shape DNA nano gear. (a) The schematic view of five ssDNAs. Red, black, blue and brown bales are Thymine (T), Adenine (A),
Guanine (G) and Cytosine (C) bases, respectively. (b) The modeled structure which is consisted of the ssDNA. The 5-point cross shape structure includes
five arms and five linker domains at the center of the structure.

R. Mohammadzadegan and M. H. Sheikhi1076

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
4
4
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



of arms were eight. The final structure was resulted by

joining of all single arms together via complementary

tails. The final structure was an eight arms union, as it is

shown in figure 6.

Forth structure. In the forth structure the sequences

were consisted of two poly-guanine, poly-cytosine

domains, plus tail sequences. The designed sequences

were;

A; 50-GGAGTGGGGGGGGGGTTTTTCCCCCCCC-

CCGTACG-30

B; 50-CGTACGGGGGGGGGGAAAAACCCCCCCC-

CCCTGAC-30

C; 50-GTCAGGGGGGGGGGGTTTTTCCCCCCCCC-

CGTAGG-30

D; 50-CCTACGGGGGGGGGGAAAAACCCCCCCC-

CCCACTG-30

E; 50-CAGTGGGGGGGGGGGTTTTTCCCCCCCCC-

CCGTG-30

F; 50-CACGTGGGGGGGGGGAAAAACCCCCCCC-

CCCTCGT-30

G; 50-ACGAGGGGGGGGGGGTTTTTCCCCCCCC-

CCGCAGT-30

H; 50-ACTGCGGGGGGGGGGAAAAACCCCCCCC-

CCCCTCA-30

Again the method was alike the previous session (third

structure), except there were no linker domains in the

sequences. The final structure was resulted by joining of

all single arms together via complementary tails. The

final structure was an eight arms union, as it is shown in

figure 7.

3.2 Thermodynamics of the sequences

The thermodynamics of each junction in the structures

were calculated and the results are inputted in the table 2.

Table 2 includes the calculated thermodynamics both in

single junction formation and also the energy changes of

binding the junctions together. The Tm of each structure

was also calculated (table 2). The results indicated that

formation of each structure is spontaneous. Additionally,

the predicted structures had contained the least free energy

among all possible conformations and thus were the most

stable conformations; the less free energy, the more

stability of the structure.

Figure 6. 8-Point cross shape DNA nano gear with linker domains. (a) The schematic view of eight ssDNAs. Red, black, blue and brown bales are
Thymine (T), Adenine (A), Guanine (G) and Cytosine (C) bases, respectively. (b) The modeled structure which is consisted of the ssDNA. The 8-point
cross shape structure includes eight arms and eight linker domains at the center of the structure.

Table 2. DH8, DS8, DG8 and Tm for formation each structure. All values refer to forming duplex at 1M NaCl, 258C, and pH ¼ 7.0. The 8-Point Cross 1
refers to the 8-Point Cross shape gear which included the linker domains and the 8-Point Cross 2 is 8-Point Cross shape gear which didn’t include the

linker domains.

Structure DH8 kcal/mol DS8 Kcal/K·mol DG8 kcal/mol Tm
oC

4-Point Star 2 1477.3 2 3.95418 2 250.91 98.7
5-Point Star 2 2089.4 2 5.55918 2 365.22 101.5
8-Point Star 2 2304.2 2 6.12955 2 403.12 100.55
4-Point Cross 2 643.6 2 1.7728 2 93.75 89.8
5-Point Cross 2 639.2 2 1.70165 2 111.31 101.15
8-Point Cross 1 2 998.6 2 2.6704 2 170.19 104.15
8-Point Cross 2 2 957 2 2.5548 2 164.47 105.4
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Figure 7. 8-Point cross shape DNA nano gear without linker domains. (a) The schematic view of eight ssDNAs. Red, black, blue and brown bales are
Thymine (T), Adenine (A), Guanine (G) and Cytosine (C) bases, respectively. (b) The modeled structure which is consisted of the ssDNA. The 8-point
cross shape structure includes eight arms.

Figure 8. The first predicted 4-Point Cross- shape structure. This structure possesses the least DG (293.75 kcal/mol) among all three possible
structures, therefore it is the most probable and the most stable structure. Other possible structures are shown in the figures 9 and 10.
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To test the results accuracy, we have used some

previously published programs [33–35]. The results,

including the Tm and thermodynamics, were confirmed by

those programs. It should be noted that the mentioned

structures form with the lowest free energy. Even the final

structures are desired and posses the lowest free energy,

there are other possible structures too. But their

possibilities to form are less than of final desired

structures. Each possible conformation for the final

structures was studied, and the structures with the lowest

free energy were assumed as the final structure. For

example, in the second method for the first structure, three

parallel structures would form, as the whole ssDNA would

fold in various patterns. But the desired structure posses

the lowest free energy (see figures 8–10 for more

information).

3.3 Dimensions of the structures

The dimensions of each structure were calculated.

For the 4-point star the distance between two adjacent

arm tips was as x1 ¼ 0.085n(cos 33.758)nm, and the

diameter of whole structure (end to end) was as

x2 ¼ 0:085nðcos22:58 £
ffiffiffi
2

p
Þnm, where as n is the number

of bases of the strand A (the longest strand). As the longest

strand was consisted of 180 bases, therefore,

x1 ¼ 12.72 nm and x2 ¼ 19.99 nm, respectively. For the

5-point star the distance between two adjacent arm tips was

asx1 ¼ 0:034n
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 þ sin188

p
nm, and the diameter of whole

structure (end to end) was asx2 ¼ 0:068nð1 þ sin188Þ nm,

where as n is the number of bases of the strand A (the

longest strand). As the longest strand was consisted of 250

bases therefore x1 ¼ 12.92 nm and x2 ¼ 22.25 nm,

respectively. For the 8-point star the distance between

two adjacent arm tips was asx1 ¼ 0:02125n £
ffiffiffiffiffiffiffiffi
3=2

p
nm,

and the diameter of whole structure (end to end) was

asx2 ¼ 0:0425n £ ð1 þ 2=
ffiffiffi
2

p
Þ nm, where as n is the

number of bases of the strand A (the longest strand). As

the longest strand was consisted of 160 bases therefore

x1 ¼ 4.16 nm and x2 ¼ 16.42 nm, respectively.

For the 4-point cross the distance between two adjacent

loops was asx1 ¼ 0:34n £
ffiffiffi
2

p
nm, and the diameter of

whole structure (end to end) was asx2 ¼ 0:085m nm,

where as n and m are the number of first poly-A bases and

the number of total bases of the strand, respectively. As n

was 20, therefore, x1 ¼ 9:62 nm and as m was 195

therefore x2 ¼ 16.58 nm. For the 5-point cross the

distance between two adjacent loops was as x1 ¼ 0.34n

£ sin368 nm, and the diameter of whole structure (end to

end) was as x2 ¼ 0.17n(1 þ 2 sin368)nm, where as n is

the number of bases of each strand. As each strand

was consisted of 45 bases therefore x1 ¼ 8.99 nm

and x2 ¼ 16.64 nm, respectively. For both 8-point

crosses the distance between two adjacent loops

was asx1 ¼ ð0:17n £
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 þ sin458

p
Þ2 1:7 nm, and the

diameter of whole structure (end to end) was as

x2 ¼ ½0:34n £ ð1 þ sin458Þ�2 3:4 nm, where as n is the

number of each ssDNA bases. For the first 8-point Cross

Figure 9. The second predicted 4-Point Cross- shape structure. This structure possesses DG of 286.1 kcal/mol.
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structure as n was 45, therefore, x1 ¼ 11.36 nm and

x2 ¼ 22.72 nm. For the second 8-point cross structure as n

was 35, therefore, x1 ¼ 6.07 nm and x2 ¼ 16.91 nm.

4. Discussion

DNA self-assembly is the most advanced and versatile

system that has been experimentally demonstrated for

programmable construction of patterned systems on the

nano-scale. In this study we designed a new method to

construct fully designed nano-gears using DNA nano-

technology. Many nanoscale structures can be made using

such special gears. The most important impact of these

kinds of structure is that they are self assembler.

Two different approaches to DNA based nano structure

construction, DNA templates and DNA hairpins, were

studied in the present work. The results indicated that both

two methods were successful and useful, even the

structures which were resulted of the first method were

more stable as their free energy were less. However, it is

easier to design sequences for the second method. The most

important key point here is to design accurate sequences, as

the folding process is very sensitive to the free energy and

the accuracy of the base pairing with the least mismatches.

One of the most valuable benefits of construction such

gears is their use in nano-machines and nano-motors.

Additionally, as those structures are intelligent, they would

find their proper position simply. We designed the system to

grant this criterion; there were some linker domains which

would bind other structures. These kinds of nanostructures,

nano-gears, are fundamental for the development of future

useful molecular-level devices, as traditional top-down

fabrication methods for manufacturing such devices will

reach their resolution limits at close future.
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