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Figure 1.4.1 The size of a dsDNA and size between two types of base pairs. 

DNA has a unique UV absorbance spectrum centred on a wavelength of 

approximately 260 run. This absorbance is due to the transition moment of the T[ 

electrons in the heterocyclic bases2s . Different bases have different maxima UV 
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Figure 1.4.2.3 Structures of the A, B-, and Z-forms of the DNA double helix. 

The most abundant DNA conformation in the cellular environment is the B-form 

DNA. In some cases of double-stranded DNA helices, the bases are slightly tilted, and 

11 base pairs form the helical repeat unit. This conformation is called the A-form 

DNA. Both A- and B-form DNA are right-handed helix structures, while the Z-form 

DNA is a left-handed structure. The structural characteristics of Z-form DNA include: 

the helix diameter is about 1.8 nm, making it a slightly narrower helix with 12 base 

pairs per helical tum. The biological role of the Z-form DNA is still under 

investigation. Alternating purine and pyrimidine sequences particularly CO repeat 

sequences35 have been observed to occurr naturally in the Z conformation. One of the 

driving forces to convert the B-form of DNA to the Z-form of DNA is the 
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G-quartet i-Motif 

Figure 1.4.6 The schematic diagram of G-quartet (left) and i-Motif (right). 

To date, multi-stranded helices have not been utilized in building DNA based 

nanostructures. 

1.4.3 The use of DNA in nanotechnology 

The use of DNA in nanotechnology, in creating unique structures and devices, has 

been developed and facilitated by the unique properties of DNA summarised 

previously. Research in DNA nanotechnology is currently divided into either building 

a large DNA framework or developing nano-structures to perform specific tasks. 

In order for large frameworks to be built from DNA, double helical DNA has to be 

branched to form two- or three-dimensional DNA structures. To achieve this aim, 

three- or four-way junction DNA are designed as the building materials. A three-way 

junction DNA is created from three ssDNA with sequences that are partially 
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the large ssDNA was designed to be partially complementary to the middle section of 

the two medium length ssDNA (Figure 1.4.8). 

- Large length ssDN A 

- lVIiddle length ssDNA 

- Short length ssDNA 

Figure 1.4.8 The schematic diagram of a double-cross over DNA made by hybridizing 

5 different lengths ssDNA 64. 

When hybridizing these five ssDNAs, a rectangular tile of DNA with two cross-overs 

was formed . By adding the extra sticky ends on both ends, this double cross-over 

DNA could be used as the building material66
. In this case, the DNA tile pattern 

created by this material was more rigid than the pattern created by using single 

cross-over ON A 67. Further research using this aspect of the tile pattern formation 

resulted in the development of the barcode ON A array, where different cross-over 

DNAs were linked to represent different codes68
,69. 
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Figure 1.4.9 The schematic diagram of DNA ligation monitored in real time using 

molecular beacon76
. 

A promising application of DNA nanotechnology is the use of DNA as a nano-wire 

capable of conducting electricity. This would open up a potentially new field of 

nanoelectronics. Unmodified DNA is very poor conductor. It requires either covalent 

modification of the bases, or the attachment of conducting ion to the backbone. 

Recently, silver was introduced as coating of the DNA double helix to enhance the 

conductivity. The nanoparticie responsible for conducting electricity is the linear array 

of silver particies (Ag). The Ag nanoparticies were mixed with DNA, and the 

positively charged Ag nanoparticles were attracted by negatively charged DNA 

phosphates. The deposition of Ag nanoparticles was carried out by using a 
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Figure 1.4.10 The schematic diagram of use of nanoparticles with DNA a) DNA 

nano-wire using gold and sliver nanoparticle deposition79
; b) Hybridization of DNA 

containing gold nanoparticles82
, 

DNA can be used to perform specific tasks based on the interaction between 

meta-stable states of DNA structures. This approach requires a defined meta-stable 

DNA structure as the reference state. Additional DNA sequences are added to this 

initial state so as to compete for binding sites on the structure. This results in another 

meta-stable state that is closer to the equilibrium state but doesn't reach it fully. In the 

next stage, a complementary single strand DNA is added to compete for the binding 

of the first additional strand. Since by design, the additional strands are 

complementary to each other, they will form a perfect double helix which is the 
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lowest energy state. The meta-stable structure will then return to its initial state. 

The first application that demonstrated this concept of metastable state intermediates 

was the development of DNA forceps86. The design of DNA forceps requires a DNA 

structure with two arms that can move so as to mimic the forceps' action. A piece of 

dsDNA with two sticky ends was selected as the starting DNA structure (Figure 

1.4.11). 

F. 

cloeed 

F. 

F.F. 

Figure 1.4.11 The mechanism ofa molecular forceps made by DNA86. ("T" defines as 

the "tweezer" strand, and "F" is the fuel strand) 

This dsDNA structure contains a fluorescein group attached to one of the sticky ends, 

and a quencher attached to the other. In order to initiate the forcep's movements, a 
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Figure 1.4.12 A biped walking DNA across the supporting platfonn87
. 

Complementary strand displacement around two ssDN A circles has been called a 

molecular gear system88
. (Figure 1.4.13) 
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circle A circle B 

Figure 1.4.13 A molecular gear system made by two circular ssDNA and their 

interactions88
. 

Through sequential addition of ssDNA and followed by a displacement reaction, the 

two ssDNA circles are rotated towards each other. This is not a continuous rotating 

system but takes place in stages. The added "fuel strand" are selected to be 

complementary to one third of the circular DNA sequence at a time. In each 

intermediate state, a double stranded bridging DNA helix connects to the two rings. 

Before one of the fuel strands can be removed, a second bridge has to be built so that 
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complementary ssDNA was designed to hybridize the G-rich sequences to form a 

piece of dsDNA. This results in the G-quartet structure being unable to form and so 

the protein is then released from the complex. This is the first description of usage of 

DNA as protein transporter in vitro. (Figure 1.4.14) 
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Figure 1.4.14 Thrombin conveyance system using G-quartet structure90
. 

Over time, the concept of using the special properties of DNA to form complementary 

stable helical complexes, and at the same time allowing local binding to single 

40 
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complementary ssDNA was designed to hybridize the G-rich sequences to form a 

piece of dsDNA. This results in the G-quartet structure being unable to form and so 

the protein is then released from the complex. This is the first description of usage of 

DNA as protein transporter in vitro. (Figure 1.4.14) 
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Figure 1.4.14 Thrombin conveyance system using G-quartet structure90
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Over time, the concept of using the special properties of ON A to form complementary 

stable helical complexes, and at the same time allowing local binding to single 
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Figure 2.1.1 The schematic diagram of the three-way junction without sticky-ends 

(left) and with sticky-ends (right). 

This result in each dsDNA becomes 20 bp long, and the distance between two 

branched points after annealing of SEs is two helical turns (20 bp apart). The 

sequences of SEs are designed to be identical to allow unlimited hybridization, and 

later the sequences can be re-designed to fit the experimental requirements. The 

number of hybridization in a 3WJ DNA system is changeable by mixing with the 3WJ 

DNA without SE sequences (Figure 2.1.2). 
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Figure 2.1.2 The schematic diagram of three-way junction DNA with different 

number of sticky ends: 1 sticky end (left); 2 sticky ends (middle); 3 sticky ends 

(right). 

A 3WJ DNA can also have different SE in different arm. In later experiments, a 3WJ 

DNA with different SE sequences on each arm is created by hybridizing three ssDNA 

with different SE sequences. To link 3WJ DNA enzymatically, each ssDNA is 

phosphorylated prior to the ligation. The phosphorylation is carried out using T4 

polynucleotide DNA kinase, and ligation is carried out using T4 DNA ligase. The 

ligation at a specific arm can be controlled using unphosphorylated SE, and will be 

described in the next chapter. The efficiency of the ligation is analyzed using 

polyacrylamide gel electrophoresis (PAGE) to separate the possible products. 

Thermodynamic characterization of three-way junction DNA 

In order to investigate the stability and thermal denaturation of a 3Wl. the 

thermodynamic analysis is performed by using Ultra-violet (UV) spectroscopy as 

function of the temperature. The thermodynamic profi Ie is presented as a me I ting: 
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product was too large to be separated using PAGE (data not shown). And the size of 

the ligated sample was detennined in a separate experiment using 0.5% agarose gel 

(Figure 2.3.2). The result showed the size of the ligated 3WJ DNA was over 30Kb. 

PBR322 
marker 

Al A2 

Ligated 
tlrree-way 

juction 
DNA 

juction 
DNA 

Figure 2.3.2 A 0.5% agarose gel separating unligated and ligated three-way junction 

DNA. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

2.3.3 Thermal unfolding analysis of ligated three-way junction DNA structures 

Ligated sample A2 after purification was re-dissolved in the same buffer used for 

example A 1 for the thermal unfolding analysis. The thermal unfolding analysis was 

performed using the same conditions and methods described previously. The UV 

melting profile of sample A2 showed a single extended transition with the melting 

temperature approximately at 74.9°C (Figure 2.3 .3). 

E = 
0 
\0 
N .... 
~ 

Q.) 
(j 

= ~ 
.Q 
I-
0 
en 

.Q 
~ 

~I 

045 ~ 

04 

0.35 

03 

0.25 
10 20 30 40 50 60 70 80 90 

Temperature (C) 

Figure 2.3.3 The UV thermal unfolding analysis (at 260nm) as function of 

temperature of the sample A2 in 1 M NaCl, 10 mM Tris and 5 mM phosphate buffer, 

pH 7. 
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2.3.4 EJectron microscopy observation on Jigated three-way junction DNA 

The gel electrophoresis was not the appropriate method for the determination of the 

ligated DNA structure. Sample A2 was analyzed using transmission electron 

microscopy to observe the structures/pattern. The electron micrographs of sample A2 

showed a large network created by ligated 3WJ DNA (Figure 2 .3.4). The structure of 

the DNA network in sample A2 observed was ilTegular, but the pattern of the nehvork 

was created by linkage of polygonal shapes such as pentagonal or hexagonal rings 

created by three-way junction DNA. Figure 2.3 .5 showed both pentagonal and 

hexagonal ring structures that were observed as the underlying linkage pattern in the 

3 W J DN A network. 

Figure 2.3.4 The electron micrograph of ligated three-way junction OK.<\. sample A2. 
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Figure 2.3.5 The electron micrograph of the pentagonal (top) and hexagonal (bottom) 

rings as the linking pattern observed in DNA network. 

2.3.5 Control in size of three-way junction DNA network 

Time series experiment 

To investigate the relationship between the ligation time and the size of the ligated 

structure, an experiment was set up to allow ligating the same amount of three-way 

junction DNA for different length of time. The three-way junction DNAs were ligated 

for 5, 10,20, 30 and 60 minutes. The ligation of each sample was stopped by heating 

the sample to 80C for 5 minutes. These samples were purified and the structures 

produced were checked by using native gel electrophoresis (Figure 2.3.6). 
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Lanel Lane2 Lane3 Lane4 Lane5 

Ligated DNA 
tlu'ee-way junctions 

Unligated DNA 
tlrre e-way junctions 

Figure 2.3.6 Ligation of three-way junction DNAs for different length of time (6% 

gel). Lane 1: ligation time of 5 minutes; lane 2: 10 minutes; lane 3: 20 minutes; lane 4: 

30 minutes; lane 5: 60 minutes. 

The gel result showed a decreasing in small fragments and an increasing in large 

fragments with time increment (at the top of the gel, the increasing intensity is a sign 

for larger and larger networks). 

Experiment using different number of sticky ends 

A set of oligonucleotides with blunt ends (01 B, 02B and 038, Table 2.2.1) was 

synthesized as candidates for the control of the size of 3\\1 J DT\A network. Starting 
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with the first set of oligonucleotides, these blunt ended oligonucleotides were mixed 

in different amount to generate different number of sticky ends in the 3WJ DNA mix 

(ie. mixing OIB, 02B and 03S1 to generate a 3WJ DNA with a sticky end on one arm 

only). Hence to observe the effect of changing the network size, and these 3WJ DNA 

were ligated in different ratios. Table 2.3.5 shows the mixing ratio of different number 

of sticky ends in oligonucleotides present in each ligation experiment. 

Sample in lane 
Oligonucleotide ratio 

1 SE 2 SEs 3 SEs 

1 1 
" ') 1 L <... 

3 1 1 
4 1 2 
5 1 
6 2 1 
'7 1 1 I 

8 1 2 
9 1 
10 " 1 .j 

11 1 1 
12 1 3 
13 " 2 1 .j 

14 3 1 ') 
<.... 

15 2 3 1 
16 1 1 1 
17 2 1 3 
18 1 3 

~, 

L 

19 1 2 3 

Table 2.3.5 The ligation samples with different number of sticky ends of 3WJ DNA 

mixed in different ratios. 
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The ligated DNA of each experiment was analyzed using 6% native PAGE to observe 

the DNA network size. The result is shown in Figure 2.3.7. 

VaJious 
DNA 

tlu'ee­
way 

jW\ction 
complexes 

DNA three­
wayjW\ction 

(limers 

Figure 2.3.7 The native PAGE of the ligated samples mixed in different sticky ends 

ratios. 

In the gel, lane 1 contains the sample with one sticky end (lSE) in each 3WJ DNA, 

and the ligated DNA was the smallest among all the samples; lane 2 contains the 

sample with lSE 3WJ DNA and two sticky ends (2SEs) 3WJ DNA in 2: 1 ratio, and 

the ligated DNA showed after additional larger fragments compared to the first 

sample; lane 3 and lane 4 contain the same samples as lane 2 but with 1 SE to 2SEs 

3WJ DNA mixing ratio of 1: I and 1:2 respectively. The result showed the same bands 

already present in lane 2 but an increase in fragment size from lane 3 to lane 4; lane 5 

contains the sample with 2SEs in each 3W J DNA, and the ligated DNA showed yet 
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fragments larger than previous samples; lane 6 to lane 8 contain the samples with 

2SEs and 3SEs 3WJ DNA mixed in a ratio of 2: 1, 1: 1 and 1:2 respectively. The result 

showed similar pattern to those in lane 2 to lane 4, but in addition much larger 

fragments which remained in the well; lane 9 was the sample with 3SEs 3WJ DNA 

only, and the result was identical to the data shown in 2.3.2. This was a DNA network 

that couldn't be separated by gel electrophoresis; lane 10 to lane 12 represents the 

bands of the samples of 1 SE and 3 SEs 3 W J DN A mixed in the ratio of 3: 1, 1: 1, and 

1 :3 respectively. The fragment patterns showed an increase in fragment size from lane 

10 to lane 12, and the fragment sizes were in general larger than in lane 2 to lane 4 but 

smaller than in lane 6 to lane 8; lane 13 to lane 19 contain samples of 1 SE, 2SEs, and 

3SEs 3WJ DNA mixed in different ratio (refer to Table 2.3.5). These samples showed 

various DNA fragments but most of them were too large to be separated and remained 

in the wells. 

The next experiment was to mix the three-way junction DNA with 2SEs and 3SEs in 

4:3 ratio and ligate them for different length of time. The time each sample spent 

before it was stopped to ligate further was identical to the time series experiment. The 

ligated samples were analyzed using 6% PAGE and were found too large to be 

separated (data not shown). These samples were then examined using transmission 
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electron microscope. The results are shown in Figure 2.3.8. 

Figure 2.3.8 The electron micrograph of three-way junction DNA with 2SEs and 3SEs 

mixed in 4:3 ratio at different ligation time. Top-left: 5 minutes ligation time (1 in 

25000); top-middle: 10 minutes (1 in 25000); top-right: 20 minutes (1 in 16000); 

bottom-left: 30 minutes (1 in 25000); bottom-middle and right: 60 minutes (1 in 

16000) 

Two sets of oligonucleotides with different sequences of sticky ends (01 S2 , 02S2, 

03S2 and 01 S3, 02S3 , 03S3) were synthesized to investigate the parameters that 
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structure with the fluorescein group and the quencher facing each other on the open 

side of the ring and the sequences that cause the change to the Z-form DNA is on the 

opposite side of the indicators (Figure 3.1.1). 

r 0 A A C ..: .. 

Figure 3.1.1 An overview of a hexagonal nano-switch consists of six sets of 3WJ 

DNA. (The fluorescent and the quencher groups are attached to FI8 and F14 

respectively) 

The construction method is based on the ligation directed by outer strands to inner 

strands. 
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a. 
Before ligation 

5' 

3' 5' 

3' 
p 

5' 

5' 
h. 

Mter ligation 

3' 5' 

c. 
Denatwing gel electrophoresis 

5' 3' 

Qigated outer strand) 

5' 3' 

5' 3' 

5' 3' 

5' 3' 

Figure 3.1.3 The outer strand ligation using the phosphorylated and unphosphorylated 

sticky ends. 
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lL Th. outer strand DNA hybridize with the inner strand DNA 

c.lJ&ation of two 60 bases inner strand tocether 

b. LiKation of three 20 bases inner strand DNA, and hybridization of 
these lirated strand with the outer strand containina CG sequences: 

cL Addition of uDNA contain.in.a fluorescein and quencher separately 

~ • Quencher 

tit Fluorescein 

Figure 3.1.4 The schematic diagram of ligation using outer strands to ligate the inner 

strands with addition of strands containing the fluorescein group and the quencher. a. 

the outer strands hybridize with the inner strand DNA; b. ligation of inner strand; c. 

ligation of two ligated inner strands by adding the last outer strand; d. the addition of 

strands containing the fluorescein group and the quencher. 

Fluorescence intensity analysis97 

Fluorescence is a phenomenon that registers the change in wavelength between 

absorbed light energy at a specific wavelength and the emitted light at a longer 

wavelength. The electrons of this molecule are excited by a photon and moved to a 

79 
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60bases 

40bases 

20bases 

1 2 3 4 5 6 

Figure 3.3.2 A 20% denaturing gel showing ligation of outer strand and inner strand 

DNAs. Lane 1 to 4: Los 1, Los 3, Los 4 and Los 5 (Los 2 not shown); Lane 5 and 6: 

Lis 1 and Lis 2. 

Figure 3.3.3 The electron micrograph of a hexagonal DNA nanoswitch. 

X8 
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. Figure 3.3.4 The fluorescence emission intensity change of the hexagonal DNA 

nanoswitch as a function of the N aCI04 concentration. 

The fluorescence intensity change of the hexagonal DNA nanoswitch was found to 

decrease with increasing cation concentrations. The emission peak was found to stay 

at 521 run. A decrease in fluorescence occurred at 3 M NaCl04 and was lowest at 5 M 

NaCI04. A further measurement was made with samples that increase in 0.5 M 

NaCl04 intervals (Figure 3.3.5). 
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Figure 3.3.5 The fluorescence intensity change of the hexagonal DNA nanoswitch 

upon the NaCI04 concentration increases in 0.5 M increments. 

91 



Univ
ers

ity
 of

 C
ap

e T
ow

n



Univ
ers

ity
 of

 C
ap

e T
ow

n

3 

1.0 
1.5 

at nm 

at 

). 

nA"'u"",>", I M 5 

1S 

can 

o 
7 

at Inm. 

amounts to 

to as 

at 

3 I. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

70.00 %-

60.00 % 
~ 

&-
'-' 

50.00 % Q) 
OJ) 
:::: 
ro 
C 40.00 % 
.b ·co 
:::: 
2 

30.00 % .8 

~ 
u 

20.00 % '" Q) ,.... 
0 
;:3 

t:L:: 
10.00 % 

0.00 %t.. ________ =-__ 
1.0 M 1.5 M 2.0 M 2.5 M 3.0 M 3.5 M 4.0 M 4.5 M 5.0 M 

Concentration (M) 

Figure 3.4.1 The plot represents the percentage of fluorescence intensity change at 

increasing NaCI04 concentrations. 

The potential application using this hexagonal DNA nanoswitch will be discussed in 

chapter 5. 
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(Figure 4.1Aa). 

a. 5' ______________________________________________ __ 
3' 

Section 1 Section 2 Section 3 

1 
b. 

Section 3 

Section 1 

5' 

Section 4 Section 5 Section 6 

Section 1 is complementary 
to section 4 (in blue) 

Section 2 is complementary 
Section 6 to section 5 (in black) 

Section 3 is complementary 
3' to section 6 (in pink) 

Figure 4.1A A schematic diagram of the hairpin loop DNA structure containing 6 

consecutive sections of sequences that are complementary to specific sections (a), and 

form a structure that contains extensions at the both 5' - and 3' - ends (b). 

Nucleotides in the section 1 and 6 are designed to be complementary to nucleotides in 

section 4 and section 3 respectively (and they do not self-associate), while sequences 

in sections 2 and 5 are designed to be complementary to each other. When the hairpin 

loop structure forms, it creates a folded DNA structure with two single strand 

extensions (4.1Ab). These extensions are capable to hybridize with the unpaired 

sequences in sections 4 and 3 in an anti-parallel fashion. Hence, it is possible to create 
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a chain of hairpin loop DNA structures connected to each other in head (loop) to tail 

(extensions) manner (Figure 4.1.5). Literally each one is standing on the shoulders of 

the previous one. 

t 

Figure 4.1.5 A schematic diagram of the linked hairpin loop DNA structure using 

single strand extensions. The linking process is bi-directional. 

The length of these connected structures is dependent on the amount of ON A structure 
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present in the sample. To control the length of these linked structures, a single 

stranded DNA is introduced to bind either in the single stranded loop section or to the 

single stranded extension regions to stop further linkage. This results in hairpin loop 

DNA structures which are no longer capable of annealing with each other (Figure 

4.1.6). 

Section 3 Section 4 Section 3 Section 4 

Section 1 Section 6 Section 1 Section 6 

5' 3' 5' 3' 5' 3' 

5' ---- --- 3' strand that binds to the sequences in the loop section 

5' 3' strand that binds to the sequences in extension s1rands 

Figure 4.1.6 A schematic diagram showing the linkage of hairpin loop DNA structures 

can be stopped by blocking the sequences in the loop section (left) or the at the 

extension strands (right). 

To test this model, a 48 base ssDNA is designed to contain 6 sections of sequences (8 

bases each). The complementary sequences in sections 2 and 5 are designed to contain 

102 
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Similar observations are expected for the combination of the complex of A and B in 

the presence of sequence C before heating. The banding pattern changed after heating 

to show bands representing the short double helix and the free hairpin loop sequence. 

All samples were pre-heated before loading (see methods) in order to ensure 

conformational reproducibility. 

Lane 1 Lane 2 Lane 3 Lane 4 

A AtB ~~C BtC 

Figure 4.3.3 Non-denaturing PAGE gel photograph of oligonucleotide A and various 

combinations of oligonucleotides A, Band C involved in the first mechanism 

proposed (see text). Lane 1 (from left): the stem-loop DNA structure of 

oligonucleotide A; lane 2: the mismatched complex of oligonucleotides A and B; lane 

3: the hairpin loop DNA structure A and the 17mer duplex B,C; lane 4: the 17mer 

duplex B,C. 

The second mechanism: Gel electrophoresis 

Non-denaturing PAGE gel electrophoresis was used, as performed to assay the first 

mechanism, to determine the various oligonucleotide combinations and species 

present In the vanous stages of the thenllodynamic cycle involved in the second 
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Lane 1 Lane 2 Lane 3 La:ne 4 

A 
A& 

A+D D+E D+E 

Figure 4.3.4 Non-denaturing PAGE gel photograph of oligonucleotide A and various 

combinations of oligonucleotides A, D and E involved in the second mechanism 

proposed (see text). Lane 1 (from left): the stem-loop DNA structure A; lane 2: the 

duplex with overhangs A,D; lane 3: the stem-loop DNA structure A and the 18mer 

duplex D,E; lane 4: the 18mer duplex D,E. 

4.3.2 Linkage of the DNA hairpin loop structures (on the shoulder of giants) 

UV melting analysis 

The larger structures fomled by linking DNA hairpin loop structures together using 

single strand extensions were at the 5' - and 3' - ends of a standard sequence analyzed 

using UV melting analysis. It was necessary to initially determine the characteristics 

of the linking phenomenon. The formation of the DNA hairpin loop structure with 

single strand extensions (LOLOl) was performed using the same pre-heating 

procedure described in the previous section. The UV absorbance spectrum of this 
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structure ranged from 220 to 320 nm at both low (-20°C) and high (-lOODC) 

temperatures. This was required in order to obtain the optimal wavelength for further 

UV melting analysis. The optimal wavelength for this structure was shown by plotting 

the absorbance difference between high temperature and low temperature scans as the 

function of wavelength (Figure 4.3.5) and was found to be 272 IUTI (the maximum 

peak of the curve). 
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Figure 4 .3.5 The UV absorbance spectrum of the DNA hairpin loop structures with 

single strand extensions (LOLOl) in 1M NaCI, lOmM Na-cacodylate, pH 7.0 at low 

and high temperatures from 220 to 320 nm. The optimal wavelength was found to be 

272 nm (vertical line). 
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+- Linked 
hairpin 
loops 

+- Unlinked 
hairpin 
loops 

Figure 4.3.11 A 4% native PAGE gel showing the DNA structures fonned in the 

presence of varying amounts of LOLO 1 (Lane 1 to 4, from left) and that the linking 

process was interrupted with the increasing amounts of LOL02 present in the LOLO 1 

system. 

Experiments using LOL03 with LOL02 in various combinations in order to test the 

ability of these structures to block the linkages between LOLO 1 structures were 

perfonned. LOLOl was first mixed with LOL02 and LOL03 individually in order to 

observe the complexes fonned. LOLO 1 was then mixed with LOL02 and LOL03 in 

different orders of addition and the complexes obtained were analysed using gel 

electrophoresis (Figure 4.3.12). The combined complex created by adding LOL02 

first and then LOL03 second, resulted in both strands binding to LOLO 1 instead of 

fonning a duplex between each other (LOL02 and LOL03) (Figure 4.3.13, lane 4), 

This duplex between LOL02 and LOL03 occurs when all strands are mixed together 

at the same time. 
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• f- LOLOI-02-03 complex 

f- LOLOI-02 complex 

. f- LOL01-03 complex 

f- LOL02-03 duplex 

Figure 4.3.12 A 4% native PAGE gel showing the complexes formed by combining 

LOL01, LOL02 and LOL03. Lane 1: LOLOI only (structure was too large to be 

resolved); Lane 2: LOLOl and LOL02; Lane 3: LOLOl and LOL03; Lane 4: LOLO!, 

LOL02 and LOL03 mixed at the same time; Lane 5: LOLOl-LOL02 complex 

followed by addition ofLOL03; Lane 6: LOLOl-LOL03 complex followed by 

addition of LOL02; Lane 7: LOL02 and LOL03 duplex. 

A further experiment was conducted to test the efficiency of using LO L02 to block the 

formation of linear complexes between LOLO 1 structures. LOLO 1 and LOL02 were 

mixed in different ratios and the products obtained were analysed using 

non-denaturing PAGE. The results of this analysis are shown in Figure 4.3.14. The 

size of the structures fonned was found to be dependent on the amount of LOL02 

126 



Univ
ers

ity
 of

 C
ap

e T
ow

n

added. This was interpreted to be a consequence of binding of LOL02 to the loop 

sequence. 

Various 
linktd 
hairpin 
loop 

complt~ 

Lane 1 Lane 2 Lane 3 Lane 4 Lane 5 Lane 6 Lane 7 Lane 8 Lan~ 9 

Unlink.d 
hairpin loops 

Figure 4.3.13 Non-denaturing PAGE gel electrophoretic analysis of the products 

obtained from mixing LOL01 (0.5IlM) with LOL02 in different ratios. Lanel: LOL01 

only; lane 2: LOL01 to LOL02 in a ratio of5:1; lane 3: in 5:2; lane 4: in 2:1: lane 5: 

in 5:3; lane 6: in 5:3.5; lane 7: in 5:4; lane 8: in 5:4.5; and lane 9: in 1:1 ratio. 

The results indicate that as the amount of LOLO l-LOL02 complex increased the 

corresponding size of LOL01 complexes decreased (Figure 4 .3.14). A similar result 

was observed when LOL02 was replaced with LOL03. The binding ofLOL03 to 

LOLO I blocked the linking of hairpin loop due to single strand extensions. This result 

is shown in Figure 4.3.14. 
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Unlinked 
hairpin loop 

Figure 4.3.14 Gel electrophoresis experiment of mixing LOLOl (O.5IlM) with LOL03 

in different ratios. Lane 1: LOLO 1 to LOL03 in a ratio of in 5:2; lane 2: in 2: 1; lane 3: 

in 5:3; lane 4: in 5:3.5; lane 5: in 5:4; lane 6: in 5:4.5; and lane 7: in 1: 1 ratio. 
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s. 

)L Y)L 
Y)LY 

- sequence recognizable by 
transcription factor 

addition of transcription factors 

b. 

sticky ends hybridization and ligation 

d. 

binding of transcription factors 

Figure 5.1.1 Schematic diagram of three-way junction DNA network binding with 

transcription factors (TF). a) three way junction DNA with sticky end sequence 

recognizable by transcription factor; b) sticky ends hybridization and ligation; c) 

addition of transcription factors after ligation; d) binding of transcription factors to 

DNA network. (This drawing is not according to scale) 

5.2 Potential future applications using hexagonal DNA nanoswitch 

Molecular detection using the interaction of fluorescent groups and quenchers is a 

popular technique in single mismatch detection and peR product amplification. In our 

case, the hexagonal DNA nanoswitch made by sequential arrangement of three-way 

junction DNA can be used as a detective tool in this research . In single mismatch 

detection, the detective tool has to be very sensitive in order to pick up the difference 
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The "ON" state 

1 complementary 

ssDNA 

The "OFF" state 

The "ON" state 

1 JC 
ssDNA with 

single mismatch 

The "ON" state 

Figure 5.2.1 A schematic diagram of single mismatch detection using hexagonal DNA 

nanoswitches at a fixed temperature. Change from the "ON" state to the "OFF" state 

when complementary ssDNA is added (left). The hexagonal DNA nanoswitch stays 

the "ON" state when a ssDNA with a single mismatch is present. 

The further modification of this nanoswitch can be made by selecting the ssDNA 

containing specific sequences. This is done by mixing the nanoswitch with a solution 

containing a mixture of ssDNAs with different sequences. In this case, only the 

ssDNA that consists of the perfect complementary sequence will be picked up by 

these nanoswitches, and therefore be selected out from the other ssDNAs (Figure 

5.2.2). This selection can also be used in checking the correct PCR amplified product. 
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1 
different ssDNA different ssDNA 

The "OFF" state 

Figure 5.2.2 The schematic diagram demonstrating the ssDNA separation using 

hexagonal DNA nanoswitches. 

The non-biological use of these nanoswitches can be applied in terms of computer 

memory system. In these nanoswitches, the "ON" state represents the state" 1 ", where 

the "OFF" state represents as the state of"O". This results in a binary memory system 

created by using these nanoswitches in different states. Changing between these two 

states is driven by two concentrations. The memorial state of each nanoswitch can be 

read out by amount of fluorescence detected in a fluorimeter (Figure 5.2.3). 
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State of"1" State of"O" 

Figure 5.2.3 The schematic diagram of a binary memory system using hexagonal 

DNA nanoswitches. The "ON" state represents the state of"1" (left); the "OFF" state 

represents the state of "0" (right). 

5.3 Potential future applications using DNA nanostructures 

From the study of meta-stable DNA nanostructures it is evident that the secondary 

interactions between different DNA strands constitute the essential driving force 

behind these nanostructures. The stability and identity of a meta-stable nanostructure 

is dependent on these interactions. Changing from one meta-stable state to another 

requires an activation energy which acts to move from the current conformation and 

to facilitate the transition into the next state. The activation energy (used in chapter 4 

and here) is supplied as heat. The conformational change of a DNA nanostructure is 

thermodynamically driven and is reversible. 

Different fuel strand designs allow for the creation of different levels of interactions 

between the fuel strands and the binding sites present on DNA nanostructures. The 

first design parameter concerns the length and the sequence of the fuel strand. The 
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ssDNA with gold 
nanoparticle 

Section 2 Section 3 

Section 1 Section 4 

5' 3' 

DNA hairpin loop with two 
extra sections to bind with 
ssDNA with nanoparticles 

t 

Figure 5.3.5 The schematic diagram of a new DNA hairpin loop with two extra 

sections that bind to two ssDNA with gold nanoparticles attached. 

The conductivity of this DNA nanowire can be tuned by designing the linking 

sequences between hairpin loops. This is done by attaching limited number of gold 

nanoparticies through ssDNA hybridization. There is a modification required on 

changing the sequences of single strand extensions prior to the hybridization. 

Changing these sequences resulted in the DNA hairpin loop being now unable to 

self-assemble. Instead, the addition of another DNA hairpin loop with complementary 

single strand extensions containing sequences that are complementary to the single 
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strand loop sequence can initiate the linking process. The single strand loop sequence 

of the second DNA hairpin loop is designed to be complementary to the single strand 

extensions of the first DNA hairpin loop. This resulted in the linked structures 

between these two hairpin loops occurring in an alternating arrangement (Figure 

5.3.6). The size of the linked structure is dependent on the amount of DNA hairpin 

loops present. 

5' 

Section 1 Section 2 Section 7 Section 8 Section 5 Section 6 

5' 

Section 9 Section 2 Section 3 Section 4 Section 5 Section 10 

11 
Section 7 Section 4 Section Section 4 

Section 1 Section 6 Section 9 Section 10 

5' 3' 5' 3' 

Figure 5.3.6 A schematic diagram illustrating the modified DNA hairpin loop 

structures in both hairpin loop and extension sequences. 
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The sequence of each structure is designed to be complementary to the loop section of 

the corresponding DNA structure. This results in the structural orientation of two 

structures in an alternating arrangement (Figure 5.3.7). 

t t 

S' 

3' 

Figure 5.3.7 The extension of the DNA hairpin loop structure using different 

sequences in an alternating pattern. 

The two approaches can be combined when some modifications are made in this 

design. The modification can be made using the combination of the nanowire and this 

alternating linking DNA hairpin loops. It needs the change of the sections of the loop 
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Figure 5.3.8 The schematic diagram of DNA nanowire using alternating DNA hairpin 

loop linkage (a). A two-dimensional DNA structure containing DNA nanowires in an 

elongated fashion (b). 
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