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coated on designed microfluidic channel and microtubules can only move on kinesin coated 

area.129 (b) Microtubule gliding direction change controlled by the magnetic field. Cobalt iron 

oxide (CoFe2O4) particles are coated on the leading part of the microtubule. When the magnetic 

field changes, the direction of microtubule gliding can be changed too.130 (c) Photocontrol of 

microtubule gliding. With shining UV and visible light respectively, microtubule gliding can be 

stopped and activated. Thus, the gliding of microtubules can be controlled by the light signal.131
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Figure 5.2. Schematic of DNA-nanoparticle based microtubule gliding direction change. Through 

non-specific binding, the DNA-particle (black) is immobilized on coverslip surface. One type of 

DNA sequence (blue) is coated on the particle, and its complementary strands (green) with a biotin-

streptavidin conjugate at the end are hybridizing with the strand. Black arrows indicate the moving 

direction of microtubules. Once a microtubule moves in close proximity of DNA-particle, the 

streptavidin molecule can bind with the biotinylated microtubule, pulling and thus redirecting the 

microtubule. .............................................................................................................................. 87 
 

Figure 5.3. Kinesin density characterization. (a) A kinesin coated coverslip glass surface was 

incubated with 10 pM anti-GST tag antibody, Alexa Fluor 647 conjugate (alexa647). Each dot 

represents a kinesin molecule and its intensity is around 630 (arbitrary unit). (b) Same kinesin 

coated surface was incubated with 10 nM alexa647. Overall intensity is around 60,000/µm2 on 

average. The kinesin density is calculated around 80/µm2. (c) The fluorescence intensity (kinesin 

density measured) increases as alexa647 was incubated longer on surface. Eventually, the kinesin 

density measured is approaching 80/µm2. Scale bars are 10 µm for both images. ...................... 90 
 

Figure 5.4. Physical model of DNA-particle based local direction changes of gliding microtubules. 

The black circle is the center of circular motion which indicates the immobilized particle, and the 
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blue rod represents the capture arm (dsDNA/streptavidin). (a) Before a microtubule interacts with 

the DNA-particle, when it moves close, with an incoming angle φ with respect to dashed reference 

line, the force balance is shown as indicated. (b) After the microtubule has changed θ degrees in 

its moving direction, the rod is about to break (unzipping of dsDNA). Kinesin force keeps its 

direction as the majority part of microtubule follows the original direction, and centrifugal and 

pulling force have changed their direction. Based on the new force balance, degree change θ can 

be calculated. ............................................................................................................................ 92 

 

Figure 5.5. (a) Determine Rn through the projection of a microtubule to flow direction. The 

projected rectangle DMT (projected width)  lMT sin (projected length) should have the same 

area of a hypothetical sphere with a radius Rn. (b) Determine Rn by unfolding a microtubule 

cylinder into 2-D. The surface area of a microtubule lMT  πDMT should be equal to the area of 

a hypothetical sphere with a radius Rs. (c) Schematic of a microtubule gliding affected by flow. 

The whole microtubule is attached on kinesins and cannot move, except the leading segment (blue 

part). Thus, this is the only domain which could be affected by flow and changed moving direction. 

The length of this segment is assumed to be 50 nm which is half of the average distance between 

two adjacent kinesins (100 nm). ................................................................................................ 96 
 

Figure 5.6. (a) Schematic of alignment of microtubule gliding direction by flow (t3 > t2 > t1). (b) 

Force balance analysis under flow affection. The majority of the microtubule is balanced by 

kinesin force and flow force while the unbound leading segment is not balanced. The combination 

of flow force and kinesin force determines the new moving direction of the microtubule (red). The 

angle β is used to represent the microtubule’s moving direction as it is the angle between 

microtubule’s moving direction and flow direction. ................................................................... 97 

 

Figure 5.7. (a) Length distribution of polymerized microtubules measured by fluorescence imaging. 

Most microtubules are 10 m long or less. (b) Microtubule gliding speed distribution with 1 mM 

ATP in solution. Average speed is ~3 μm/min. (c) Microtubule gliding speed as a function of 

solution ATP concentration. It increases as ATP concentration increases and gradually stops 

increasing after around 1 mM ATP............................................................................................ 99 
 

Figure 5.8. Pseudo-colored fluorescence images of microtubule gliding direction change by DNA-

particles. The red circle represents a DNA-particle, and the red rod indicates a microtubule. The 

green dot is a localization of the nanoparticle as red circle is much larger than the particle’s actual 

size due to the diffraction limit. The green dot is exact 200 nm in diameter. The microtubule 

moving directions change ~12.3 (a) and ~16.7 (b) after the microtubule passes the DNA-particle. 

Microtubule incoming and outgoing directions are shown as the white arrows. The dashed line is 

the extension of the incoming angle for better comparison with microtubule’s leaving direction. 

Both microtubules and nanoparticles are imaged by 658 nm excitation laser. Scale bar is 1 μm in 

both images. ............................................................................................................................ 100 

 

Figure 5.9. Pseudo-colored fluorescence images of direction changes of gliding microtubules by 

DNA-particles without streptavidin. Almost no direction change is found. Image components are 

the same as Figure 5.8. The microtubule moving directions change ~1.8 (a) and ~3.2 (b) after 

the microtubule passes the DNA-particle. This indicates that without streptavidin, no interaction 
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happens between DNA-particle and microtubules, so no significant microtubule moving direction 

change can be found. Scale bar is 1 μm in both images. ........................................................... 101 

 

Figure 5.10. (a) Histograms of microtubules gliding direction change angles for different cases 

including DNA-particles with streptavidin (SA) (green) and without streptavidin (blue). The 

streptavidin-coated DNA-particles exhibit a significantly broader distribution compared to the no 

streptavidin particles, and it also has a larger maximum gliding direction change angle. (b) Relative 

frequency is plotted against microtubule direction change for DNA-particles with (green) and 

without (blue) streptavidin. A control experiment with no particles in solution is also presented 

(black) and it has a similar distribution compared to DNA-particle without streptavidin. This 

indicates that DNA-particle needs streptavidin to show their direction change function. (c) 

Kolmogorov-Smirnov test of two direction change datasets. The distance between the cases of 

DNA-particles with (green) and without (blue) streptavidin is measured in the cumulative 

probability. Because of the distance D = 0.375 has a corresponding p-value of 0.000, it indicates 

that the hypothesis no significant difference between these two cases has been rejected. So DNA-

particles with and without streptavidin have differences in microtubule direction change. ....... 103 

 

Figure 5.11. The histogram (grey) of microtubule gliding direction angles  has been fitted by a 

normal distribution (grey) and compared with the theoretical calculations (red). The model has 

mean and standard deviation of angle change approximately 9.9 and 3.2, respectively. The 

experimental histogram comes from the subtraction of the blue histogram (DNA-particles without 

SA) from the green histogram (DNA-particles with SA) in Figure 5.10a. The experimentally 

obtained statistics are fitted by a normal distribution N(9.4°, 4.6°). ......................................... 104 

 

Figure 5.12. Representative fluorescence images of gliding microtubules before and after 

interaction with streptavidin/nanoparticle conjugates. In this control experiment, no DNA is 

attached on nanoparticle, instead, streptavidin molecules are conjugated onto nanoparticles. (a) – 

(b). Gliding microtubules are stopped after attaching immobilized particles. White arrow indicates 

the position of leading edge of the microtubule whose movement is halted. (c) – (d). Immobilized 

particles are dragged away by gliding microtubules after the microtubule interacting with the 

particle. Green arrow indicates the moving direction of the particle by a microtubule. Scale bars 

are 1 μm in all images. ............................................................................................................ 105 
 

Figure 5.13. Theoretical calculations (lines) of microtubule redirection by crossflow are compared 

to experimental measured microtubule direction change (objects in the corresponding color) 

reported by Kim et al. Each curve represents a temporal evolution of a microtubule’s moving 

direction with different initial angles under various wall shear stresses (i.e. flow speed) of 0.09 (a), 

0.18 (b), and 0.45 Pa (c). It is evident that with higher shear stress (i.e. high flow speed), the time 

needed for alignment is shorter. The square root of mean square displacement is approximately 

0.3 rad. .................................................................................................................................... 106 
 

Figure 6.1. Controlled reversible liposome aggregation. DNA strand (green), DNA origami 

transmembrane channel (brown) and Exo III (yellow) coated nanoparticle (red) are incorporated 

into the same liposome. Upon addition of external DNA hairpin signal (purple), it will pass through 

origami pore and interact with Exo III. Once the hybridization part of the hairpin is digested by 

Exo III from 3’ end, the remaining segment of the signal will pass origami pore again and bind 
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with the DNAs around the liposome. As part of the signal is complementary to DNA strands (blue) 

decorated on small liposomes, the small liposomes will then aggregate together with the large 

liposome. To release the aggregation, a DNA signal (pink) fully complementary to the purple 

strand will be added. This association and dissociation process can be reversible by repeatedly 

adding aggregation signal (hairpin) and releasing signal (pink)................................................ 110 
 

Figure 6.2. Liposome imaging under fluorescence microscopy. (a) Liposome image under 561 nm 

excitation. (b) Liposome image under 658 nm excitation. (c) Merged image by (a) and (b), green 

color indicates (a) and red color indicates (b). (d) Bright-field image of a liposome. The scale bar 

is 5 μm. ................................................................................................................................... 114 

 

Figure 6.3. DNA origami inserting into the liposome membrane. Cholesterol modified DNA 

origami can be incorporated into liposome surface and show a fluorescent ring from Cy5 dye (a), 

while non-cholesterol modified DNA origami cannot and thus no ring can be found (b). Scale bars 

are 5 µm. ................................................................................................................................. 115 
 

Figure 6.4. Signal influx into liposome through origami pore. (a)-(b): GFP signal can penetrate 

through liposome surface with DNA origami pore (a), but cannot diffuse in without DNA origami 

(b). (c)-(d): DNA-Cy5 signal can get into liposome with DNA origami pore existing (c) and cannot 

get in if no origami pore on liposome surface (d). Scale bars are 5 µm. ................................... 116 

 

Figure 6.5. Signals outflow through DNA origami pore. GFP (green) and DNA-Cy5 (red) are 

encapsulated inside liposome first as the left column shows. Then the liposome sample is washed 

by a column filter to remove free dyes in solution. If there is DNA origami pore on liposome, dyes 

inside liposome will also be washed away and no fluorescence will show after wash. If there is no 

DNA origami pore, signals don’t have connections with the outside solution and thus won’t be 

washed away. So fluorescence will shine inside liposome only after washing in this case. Scale 

bars are 5 µm. ......................................................................................................................... 117 

 

Figure 6.6. Statistical analysis of signal outflow through DNA origami pore. GFP (a) and DNA-

Cy5 (b) are encapsulated inside liposomes at the beginning with fluorescence intensity determined 

(black column). Then column filter wash is performed for each sample. As more times column 

wash is done, fluorescence intensity of the sample keeps decreasing, but become slower and slower. 

We can find that w/ pore cases have a stronger decrease compared to w/o pore cases. This is due 

to the fact that fluorescent signals inside liposome cannot be washed away if no DNA origami 

pores on liposome. So w/o pore, liposomes will have higher fluorescence intensity compared to w/ 

pore. ........................................................................................................................................ 118 
 

Figure 6.7. (a) Exo III activity measurement with FAM-quencher DNA couple in 1xNEBuffer 

(NEB #7001S). The concentration of Exo III here is 0.1 unit/µL and DNA strands are 1 µM. 

Initially, PL intensity is high with only DNA-FAM in solution. The intensity quickly approaches 

0 after the addition of DNA-quencher (black arrow). This is because DNA double-strand is 

hybridizing well and most fluorescence emitted is absorbed by the quencher. Once Exo III is added 

into the solution as the red arrow indicates, the quencher attached DNA strand will be digested and 

DNA hybridization will be broken. Without proximity of quenchers, fluorescence from FAM will 

not be absorbed and thus the overall sample has a dramatic increase in its fluorescence. (b) The 
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same measurement is done as (a), but Exo III coated nanoparticle is used instead of free Exo III. 

With the theoretical concentration of Exo III 0.01 unit/µL, it seems 50% of Exo III shows function 

on nanoparticle since PL intensity increase is about 1/20 compared to using 0.1 unit/µL Exo III. 

(c)-(e): Exo III activity measurement with nanoparticle-Exo III encapsulated inside the liposome. 

(d) and (e) are two enlarged portion from (c). Black arrow also indicates the addition of DNA-

quencher. The liposome with Nanoparticle-Exo III is added into the solution at the blue arrow, 

where relative intensity increases ~0.003 as (d) shows. Compared to the addition of nanoparticle-

Exo III in (e), there is 1/10 activity of Exo III kept which may be due to the loss of Exo III particle 

and more difficulties in DNA diffusing into a liposome. .......................................................... 120 
Figure 6.8. (a) With the addition of Exo III into liposome with origami pore, the ring of DNA 

origami pore still shows which indicates DNA origami is not digested by Exo III and could still 

serve as a transmembrane channel. Scale bar is 5 µm. (b) 10 nM DNA origami is mixed with 0.01 

unit/µL Exo III in 10 µL TAEM buffer and incubated for 15 minutes. Most origami keeps their 

structure after incubation. Same 0.01 unit/µL Exo III will be used in preparation of liposome, so 

this indicates that DNA origami pore will not be digested by Exo III during preparation step and 

the liposome sample can be used for interacting with outside liposome signals. ....................... 121 

 

Figure 6.9. Aggregation and release control of liposome without DNA pore by addition of DNA 

signals. (a)-(g): A large liposome is immobilized in a microfluidic channel. With the addition of 

linker DNA and small liposomes, small liposomes will bind to the large liposome through DNA 

hybridization and thus the fluorescence from small liposomes will increase ((b), (d), (f)). Once the 

release DNA strand is added into the solution, it is fully complementary to linker strand so the 

linking between large liposomes and small liposomes will break. The small liposome fluorescence 

will then drop as (c), (e), (g) show. (h) is the bright field image of the large liposome. Scale bars 

are 10 µm for all images. ......................................................................................................... 123 
 

Figure 6.10. Aggregation and release control of liposomes without DNA pore, where releasing is 

done by addition of DI water. (a)-(g): A large liposome is immobilized in a microfluidic channel. 

With the addition of linker DNA and small liposomes, small liposomes will bind to the large 

liposome through DNA hybridization and thus the fluorescence from small liposomes will increase 

((b), (d), (f)). Here instead of release strand, DI water is flushed into the channel. Since DNA 

hybridization needs cations in solution, with DI water only, DNA base pairing will break and small 

liposomes will be released from large liposomes. Thus, the fluorescence from small liposomes will 

drop as (c), (e), (g) show. (h) is the bright field image of the large liposome. Scale bar is 5 µm.
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Figure 6.11. Locally reversible liposome aggregate and release controlled by addition of DNA 

signals. (a)-(e): A large liposome with DNA origami pore inserted and Exo III coated nanoparticle 

encapsulated is immobilized in a microfluidic channel. With the addition of hairpin DNA signals 

and small liposomes, linker DNA will be generated through hybridization of hairpin strand by Exo 

III, and small liposomes will bind to the large liposome through DNA hybridization to increase 

fluorescence ((b), (d)). Once the release DNA strand is added into the solution, it is fully 

complementary to linker strand so the linking between large liposomes and small liposomes will 

break. The small liposome fluorescence will then drop as (c), (e) show.  (f) indicates the 

encapsulation of polystyrene particles inside the targeted liposome. (g) is the bright field image of 

the large liposome. Scale bar is 10 µm. ................................................................................... 125  
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ABBREVIATIONS 

ORG Origami 

MT Microtubule 

KIN Kinesin 

AuNP Gold nanoparticle 

CNT Carbon nanotube 

SWCNT Single-walled carbon nanotube 

QD Quantum dot 

PL Photoluminescence 

MW Molecular weight 

EDTA Ethylenediaminetetraacetic acid 

PIPES Piperazine-N,N’-bis(2-ethanesulfonic acid) 

TAE A buffer with 40 mM Tris, 20 mM acetic acid and 1 mM EDTA 

TAEM A buffer with 40 mM Tris, 20 mM acetic acid, 1 mM EDTA and 12.5 

mM Mg2+ 

BRB80 A buffer with 80 mM PIPES, 1 mM MgCl2, and 1 mM EGTA 
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ABSTRACT 

DNA is well known for its function as a genetic information carrier. Based on its base pairing 

property, DNA can retain and reproduce the information. In recent decades, the base 

complementarity has been explored beyond its original function and takes DNA engineering to a 

new stage. With the recognition of specific bases in a DNA sequence, programmability and 

accessibility can be achieved for a DNA-made nanostructure. In addition, numerous reactive 

chemical groups may be linked to DNA strands which makes DNA nanotechnology more 

important. With these unique strength, DNA nanotechnology can serve as a powerful tool for 

molecular biology research including nanostructure construction and signal processing. DNA 

engineering can bring new characterization and control methods for various other scientific areas. 

In order to achieve better control of DNA, one must study the mechanisms and dynamics behind 

DNA nanotechnology. 

 

This thesis investigates DNA nanotechnology, exploring the interactions of engineered DNA 

molecules with small molecules, proteins, nanoparticles, and cells. As a signal molecule, DNA is 

engineered in a logic gate for cargo pickup and release as well as in a dynamic walker device for 

controlled drug release for cancer cell treatment. In these DNA-based nanosystems, we develop 

novel logic gate mechanisms and study biomolecular reaction kinetics. In addition, DNA is also 

used to modulate surface gliding microtubules in vitro where individual microtubules are re-

directed locally. With a fundamental understanding of DNA signaling systems, we propose to 

program activity of synthetic cells. Here, liposomes are constructed from phospholipids with 

transmembrane pores made of DNA origami. DNA signals are recognized and processed with 

transmembrane pores on synthetic cells. Programmable cell aggregation was demonstrated as a 

proof-of-principle. We envision that this thesis will provide a deeper understanding of DNA 

nanotechnology for both fundamental mechanisms and engineering applications. New powerful 

platforms for molecular and cellular biology systems could be developed and possibly help study 

dynamics and kinetics in physiology and medicine. 
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1 INTRODUCTION 

Nanotechnology has been studied since the last century where numerous scientists have 

contributed to this field. It bloomed so fast in the past few decades that an extensive amount of 

new materials and characterization methods have been developed. As nanotechnology develops 

further, its application in biology and medicine has become more and more important. Scientists 

can access and manipulate those tiny biological components which can only be studied ensemble 

before. Thus bio-nanotechnology which uses those biomaterials from life as its fundamental 

materials become popular, like proteins and DNA. Deoxyribonucleic acid, DNA, as one of the 

most important biomaterials has attracted great attention from researchers. Instead of using it as a 

genetic information carrier, DNA is used as an engineering material for building nanostructures 

and communicating between different systems. Protein is another big portion of bio-materials. 

While its function is highly dependent on a protein’s sequence and structure, diverse studies can 

be done on proteins. Among all these proteins, motor protein is a type of essential proteins in vivo 

which controls the intracellular transport. This makes the motor proteins related to numerous 

diseases and necessary to be studied. Furthermore, cellular control is also an important topic to be 

studies. However, given the complexity of the real cell system, it is extremely difficult to 

understand all the details of them. Thus, the tool, artificial cell was developed in order to study the 

problem. As the same lipid bilayer as real cell, artificial cell has a much simpler inner environment. 

This thesis presents the engineering of DNA signals including its generation, process, and 

interaction with other DNA molecules, proteins, nanoparticles, and artificial cell. These studies 

explore the possibilities to extend the use of DNA as a signal to control artificial cell behavior. 

 

This chapter introduces the recent progress in DNA nanotechnology, motor proteins, and artificial 

cell research, as well as the interaction between these materials. Our research effort in using DNA 

signals for artificial cell control is summarized in the scope of this study. The organization of the 

entire thesis is also presented. 
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 DNA Nanotechnology 

DNA is the most important material that carries genetic information. It is a high molecular weight 

(MW) molecule composed of two nucleotide chains which can realize self-replicating by using 

each chain as a template. This ability comes from the Watson-Crick complementary principle in 

DNA structure. There are 4 types of nitrogenous bases in a DNA molecule, purine adenine (A), 

purine guanine (G), pyrimidine cytosine (C) and pyrimidine thymine (T). Among these 4 bases, A 

pairs with T and G pairs with C, each pair of bases forms hydrogen bond which lowers free energy 

of the molecule and stabilizes DNA double helix structure. With the base-pairing property, the 

assemble and disassemble of DNA strands could be controlled. Since each single base pair is 

unique, the precision of control could be as high as nanometer level. Thus DNA has been widely 

used in nanotechnology research.1,2 It could be used as an engineering material to be assembled 

into larger-scale structures which could be 2D or even 3D. Furthermore, the whole functional 

structure could also interact with other molecules to achieve more applications including molecular 

probing, material deposition, drug delivery and more. This makes DNA a promising tool for 

nanotechnology research. Within DNA nanotechnology, DNA origami, DNA walker and 

DNAzyme are all important nanostructures. 

1.1.1 DNA origami 

The idea of assembling DNA strands together was first published in the 1980s by Seeman et al.3 

Like Figure 1.1a shows, four DNA strands could form a junction structure by partially binding to 

another strand. This nucleic acid junction structure shows a very different aspect of DNA structures 

other than the double-stranded DNA structure which scientists have known for a long time. This 

work also triggers the research of DNA structures. Multiple short DNA strand based structures 

have been developed during this time period.4-6 In 2006, Rothemund introduced a scaffold and 

staple method which dramatically increase the complexity and size of the DNA-based structures.7 

The structures made from one long single strand (scaffold) and hundreds of shorter strands (staples) 

is now known as DNA origami. This long single strand is from the bacteriophage M13mp18 and 

short strands are synthesized. Since each base of the origami is known, the whole structure can be 

easily accessed, and this programmability makes the placements and modifications of molecules 

on DNA origami as precise as nanometer level. The size of an origami is around 90 nm x 60 nm 

and can be assembled within 2 hours (Figure 1.1b). The robust and simple fabrication makes DNA 
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origami a perfect tool for extensive DNA based studies. Not only the rectangle shape of DNA 

origami, other shapes can also be designed and made by this method. Figure 1.1c shows some 

DNA origami structures including star, smile face, and triangles. These structures also use the 

same scaffold M13mp18 while their staple strands are different from each other. Moreover, a large 

amount of modifications could be done on the DNA strands which could produce versatile 

nanostructures with different molecules. Like Figure 1.1d, proteins can be attached onto DNA 

origami through biotin modification and they are shown as small dots under AFM scanning.8 Other 

than protein modifications, DNA origami could also be modified with small molecules and 

nanoparticles.  
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Figure 1.1. (a) A nucleic acid junction composed of four DNA strands. Each label means one 

DNA strand.3 (b) Design of a DNA origami. The long black strand indicates the scaffold 

strand M13mp18 bacteriophage. The colored strands are the short staple strands. They are 

complementary to part of the scaffold strand and stabilize the origami structure.7 (c) Different 

shapes of DNA origami. Origamis can be folded into not only rectangle shape but also other 

shapes. The first two rows show the scheme of the design and the following two rows are the 

actual structure of origamis under AFM. The scale bar is 1 um in the third column, while in 

other images, the scale bars are 100 nm.7 (d) DNA origami with biotinylated DNA strands on 

it. Biotins are modified to the positions indicated by red, green and yellow bars. Streptavidin 

can recognize the biotin molecules and bind to them. The AFM images show the difference 

before and after streptavidin binding. The yellow dots in AFM images indicates the higher 

height in this area which means one streptavidin is attached at that position. Scale bars are 

listed in the figures.8 
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Figure 1.2. (a) 6 gold nanoparticles (AuNP) are covered by different DNA strands (shown in 

various colors). These 6 AuNPs are grafted onto the DNA origami at their designed positions as 

the SEM image shows. The scale bar is 20 nm.9 (b) Distance sensitive enzymatic reactions on 

DNA origami. The green ball is singlet oxygen photosensitizer (IPS) and the red part is a singlet 

oxygen cleavable (SOC) linker. Blue triangles are biotin and DNA strands are in black. The 

distance between two adjacent DNA strands is 18 nm. The yellow dots in the AFM image are 

streptavidin molecules which bind to biotin molecules are origami. The cleavage of SOC linker 

will depend on the distance between the linker and IPS, longer distance will reduce the chance of 

the cleavage.10 (c) Lithography using DNA origami. The procedure of using DNA origami as a 

tool for lithography is indicated in a-f steps. After synthesis, the DNA origami will be 

immobilized onto 1-pyrenemethylamine graphene substrate by direction deposition. The origami 

will then be coated with Ag and Au sequentially to protect the covered area during lithography. 

Then Ar/O2 plasma will be used to remove the unprotected region. Finally, origami will be 

removed, and spatial information will be kept on graphene.11 (d) 3D DNA origami slider. The 

slider is composed of two stiff components and connected by some single strand DNAs 

(ssDNA). The distance between two components can be controlled by the length of ssDNA. If 

the ssDNA is short, the components are closer (middle image). Otherwise, the two components 

are separated farther (bottom image). The scale bars in TEM image are 50 nm.12 (e) 

Conformation change of DNA origami by interacting with light and chemical signals. The 

original conformation of long DNA origami tiles is twisted as the figure shows. When the 

structure is exposed to UVB/ UVC or exposed to UVA after mixing with triarylpyridinium, the 

twisted DNA tiles are released and become flat.13
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The programmability and various structure of DNA origami makes it an ideal tool for applications 

requiring precise positioning and dynamic structural change.  To make the DNA origami effective 

for designed functions, the programmability of the origami needs to be confirmed. Ding et al.9 

used the DNA origami as a platform for positioning gold nanoparticles (AuNPs). AuNPs are 

modified with 6 different DNA strands as Figure 1.2a shows. With complementary strands on the 

origami, AuNPs can only bind to their target positions. This precise control of particles onto DNA 

origami makes it possible to study some distance-sensitive chemical reactions. Helmig et al.10 

placed a singlet oxygen photosensitizer (IPS) at the center of the origami and placed several singlet 

oxygen cleavable (SOC) linkers nearby (Figure 1.2b). The singlet oxygen generated by IPS can 

catalyze the cleavage of SOC linkers if the two chemicals are close. This platform could be used 

to study the effective distance of chemical reactions especially enzymatic reactions not only 

limited to the singlet oxygen reaction.  

 

Other than using DNA origami as a platform, the whole DNA origami could also be considered as 

an element. Since origami can be assembled into the desired shape, it can be used for lithography. 

In Figure 1.2c, the ‘XO’ shaped DNA origami is placed onto a graphene surface.11 With 

metallization and etching, the shape information of the DNA origami will be left on the surface. 

As the shape of DNA origami is quite important, methods to control origami shape are also 

developed. Chen et al.13 used UV irradiation to flat the twisted DNA origami tiles (Figure 1.2e). 

Since there is a difference between the helicity of relaxed DNA and typical used DNA strands, 

thus there is internal stress in the origami to make the whole structure twisted. UV irradiation can 

cause slight defects on origami to relive those stress and to flat the origami structure. Not only 2D 

structures, 3D origami has also been developed and attracted lots of attention. The mechanical 

system produced by DNA origami (Figure 1.2d) shows an interesting direction for future study.12 

Overall, with various DNA origami structures and programmability of DNA strands, DNA origami 

is a promising tool and platform in nanotechnology studies. 

1.1.2 DNA logic gate 

DNA logic gate is a concept that uses DNA strands to imitate digital logic gates. An output will 

be given corresponding to the input values. In DNA logic gate system, the inputs and outputs 
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become DNA strands or other chemical signals. By adding or removing DNA signals from the 

system, the final product could be controlled. 

 

Figure 1.3. (a) AND gate made by DNA strands. Each labeled line indicates a DNA strand. 

The number on the strand means one segment of DNA and the number with a star means a 

fully complementary strand to the same number labeled DNA strand. In this design, with both 

input A and input B added, output C could be produced. So this could be converted to a AND 

logic gate.14 (b) A DNA logic gate design to do the square root calculation. x1- x4 indicates 

the 4 input DNA strands and y1, y2 are the outputs. The bottom figure shows the output of 16 

different inputs varying from 0000 to 1111. Each logic gate in the figure is associated with a 

logic gate strand.15 (c) DNA aptamer-based DNA logic gate. A long DNA strand which can 

recognize two different aptamer ligands with two segments of its sequences individually. Two 

shorter DNA strands are bound to the long strand at the beginning. Once the aptamer ligand is 

added into the mixture, one or both shorter strands will be released from the long strand since 

ligands bind to those nucleotides. With the detachment of quencher and fluorophore on DNA 

strands, the system will also generate light signals.16 (d) The design for a logic-gated 

nanorobot with payload inside. Both 3D view and side view are shown in the figure. The 

extended red, blue, orange strands are the locks are the robot that will hybridize together to 

lock the robot. When an aptamer is added into the system, it will recognize DNA strands and 

break the hybridization. Thus the robot will be opened and the payloads inside could be 

exposed.17 
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A fully DNA-based logic gate is based on DNA strand displacement. It is a mechanism that in two 

pre-hybridized DNA strands, one of them is replaced by another DNA strand. This process is 

controlled by the thermodynamic free energy of the system. For two DNA strands, there are 

hydrogen bonds between base pairs. Thus, with more complementary bases, there will be more 

hydrogen bonds between DNA strands. To break a double-strand DNA (dsDNA) into two separate 

DNA strands, extra is needed to add into the system to disrupt the hydrogen bonds. So the dsDNA 

will be more stable (lower free energy) if there are more complementary bases between the two 

DNA strands. Since a thermodynamic system tends to change towards the lower free energy side, 

if the free energy can decrease after the new hybridization, the strand displacement could happen. 

This speed of this process can be controlled by temperature, strand design, and toehold 

length.14,18,19 

 

With the strand displacement mechanism, DNA logic gate could be designed (Figure 1.3a).14 The 

whole logic gate system consists of gate strands and two input strands. Only with both input A and 

input B added, the desired output strand will be created. Thus, this logic gate could be considered 

as an ‘AND’ gate. In addition, with the strand displacement cascade, a more complex DNA logic 

gate system can also be designed. Qian et al.15 designed a logic gate system to calculate the square 

root of an input (Figure 1.3b). The input varies from 0000 to 1111 with four different DNA strands 

as input. ‘0’ means no input strand added, and ‘1’ means adding a strand. Furthermore, DNA logic 

gate system has been extended to have more components involved, not limited to DNA strands. 

Yoshida et al.16 introduced aptamer ligand into the system (Figure 1.3c). The aptamer ligands can 

bind to DNA strands to replace another hybridized DNA strand. The fluorophores on the DNA 

strands could be used to indicate if the DNA logic gate works or not. With all these properties, 

DNA logic gate could be used for detection of a DNA/ RNA strand, ions, chemicals or pH. Douglas 

et al.17 built a DNA-based nanorobot with payload molecules inside (Figure 1.3d). The lock of the 

nanorobot is controlled by a DNA logic gate system. Only if the target aptamer exists in the 

solution, the dsDNA strand will unzip to open the robot and expose the payload inside. 
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1.1.3 DNA walker 

DNA walker is a type of DNA based nanomachine20 like Figure 1.4a shows, with adding DNA 

strands as fuel, the tweezer structure can switch between ‘OPEN’ and ‘CLOSE’ states. A DNA 

walker is developed from this type of nanomachine where the walker is inspired by protein motors 

like kinesin, myosin, and dynein. These protein motors move along a track in the cell to transport 

cargos. Figure 1.4b shows a schematic of a kinesin walking on a microtubule.21 To imitate these 

protein motors, DNA strands are designed in the same way to achieve the conversion of chemical 

energy to mechanical work. 
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Figure 1.4. (a) DNA based tweezers are switching between ‘OPEN’ and ‘CLOSE’ forms by 

adding additional DNA strands into the system. The state of the tweezer can be confirmed by 

the fluorophores modified on it.20 (b) A kinesin molecule carrying a cargo walks along the 

microtubule track.21 (c) DNA walker walking powered by strand displacement. The two legs 

of DNA walkers are initially bound to the track by adding two complementary strands. One 

leg of the walker is released from the track and it can then bind to another DNA strand to make 

a step on the track.22 (d) Brunt-bridge method-based DNA walker. The green and black strands 

are the track, red strand is the walker and orange part is the catalytic core. Blue dot means the 

cutting point of the fuel strand on track. Once walker strand binds to one fuel strand, the fuel 

strand will be cleaved and a free energy gradient will be created. Thus DNA walker will bind 

to the next fuel strand and proceed.23 (e) A 10-23 DNAzyme. 10-23 means the enzyme is 

derived from the 23rd clone obtained after the 10th round of in vitro selection. The arrow 

pointed position will be cleaved if the DNAzyme is present.24 

 

Typically, there are four components of a DNA walker, which are walking legs, walking track, 

cargo and fuel. Oligonucleotides strand is always used as the walking leg while walking track 

could either be oligonucleotides formed nanostructure or another substrate which can be modified  

by DNA like carbon nanotube and glass slide. There are many options for cargos including small 

molecules and nanoparticles. Fuel is usually an additional DNA strand or the cleavage mechanism 

that provide chemical energy to the system. There are two common mechanisms for DNA walker 

which are strand displacement and brunt-bridge. Strand displacement is as discussed in chapter 
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1.1.2, where the strand displacement cascade can create an energy gradient for the walker. Shin et 

al.22 designed a strand displacement-based DNA walker as Figure 1.4c shows. Four strands formed 

a track and served as stops for the walker. A partially complementary dsDNA strand was 

considered as the walker. The walker can either bind to the stop strand or be released from the stop 

depending on which fuel strand was added. By adding fuel strands sequentially, the walker could 

move forward on the track. Brunt-bridge method uses DNAzyme to cleave the fuel strand and thus 

generate a free energy difference to initiate the walking (Figure 1.4d).23 Deoxyribozymes 

(DNAzyme) is a type of DNA oligonucleotides which can perform specific chemical reactions. 

For most DNAzymes, they can serve as ribonucleases which can catalyze the cleavage of RNA 

strands (Figure 1.4e).24 

 

With the motility of DNA walker, it can be used for cargo transport and sorting (Figure 1.5ab).25,26 

Based on the proximity of walker strand and fuel strand during the walking process, DNA walker 

system can also be used for molecular synthesis (Figure 1.5c). He et al.27 designed a molecular 

synthesis system based on DNA walker. As the DNA walker proceeds, its amine group at the top 

will react with the N-hydroxysuccinimidyl (NHS) group on the fuel strands on the track. This work 

presented a novel application for DNA walker. In addition, the released DNA strand could be 

considered as a DNA signal to communicate with other system which may lead to other possible 

applications. 
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Figure 1.5. (a) DNA walker transport a streptavidin molecule as its cargo.25 (b) DNA walker 

sorting different cargos to their designed destinations on a DNA origami.26 (c) Molecular 

synthesis on a DNA walker. Three molecules with reactive N-hydroxysuccinimidyl (NHS) 

groups are placed on three consecutive stops on the track. The walker contains an amine group 

on its top. When the walker moves forward, the NHS group and amine group are close enough 

and the moiety R1, R2, R3 will be linked to the walker.27 

 Motor Protein System 

1.2.1 Types of motor proteins 

Motor proteins are a class of molecular proteins which can move along the cytoplasm of a cell. 

They can convert chemical energy into mechanical work by hydrolysis of ATP. They play an 

import role in intracellular transport which is essential for molecules exchange inside a cell. Based 

on their substrate and moving direction, there are three basic types of motor proteins: myosin, 

kinesin, and dynein. 
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Figure 1.6. (a) Structure of kinesin and myosin. Both myosin and kinesin are composed of head, 

stalk (neck) and tail parts. Kinesin head binds to the microtubule and myosin head binds to the 

actin. Both heads in myosin and kinesin contains ATPase which will hydrolyze ATP to gain 

chemical energy. The stalk connects head and tail part. The tails in both proteins bind to 

cargos.28 (b) Structure of dynein. Dynein is composed of two stalks, two motor heads, two stems 

and light chains connecting to the cargo. Dynein uses stalks to connect with microtubules. Its 

motor heads are composed of 7 accessory domains.28 (c) Walking mechanism of myosin. ATP 

binds to the lagging head of the myosin. Then ATP will be hydrolyzed to ADP and Pi to make 

the head step to the front. The Pi will then be released and the whole reaction cycled over and 

over again to make myosin proceed.29 (d) Walking mechanism of kinesin and dynein. Both 

motor proteins are moving forward step by step and their step length on the microtubule are both 

8 nm. The walking procedure needs the hydrolysis of ATP when they make a step forward.30 (e) 

Visualization of intraflagellar transportation. Kinesin and OSM-6 (a cargo molecule) are labeled 

by green fluorescent protein (GFP). The figure shows the transportation of kinesins and OSM-6 

inside cilia.31 

 

Myosin is one type of motor protein which moves along actin filaments. A myosin molecule is 

composed of three domains, head, neck, and tail like Figure 1.6a shows.28 Its head domain is 

responsible for binding onto an actin filament and hydrolyzing ATP to provide energy to move 

forward (Figure 1.6c).29 Its neck domain serves as a linker between head and tail domains. The tail 
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domain is mainly for interacting with cargo molecules. Majority of myosins will move towards 

the plus (+) end of actin while some myosins will do it reversely. 

 

Kinesin and dynein (Figure 1.6ab) are both working with microtubules where kinesins are moving 

towards the plus (+) end of microtubules and dyneins are moving towards the minus (-) end (Figure 

1.6d).30 While kinesin and myosin have similar structures, dynein is quite different from these two 

proteins in structure. Dynein (~1.5 MDa) is a much larger protein compared to kinesin (~150 kDa) 

and myosin (~500 kDa) and it also requires various accessory proteins to realize its function. 

 

The speed of these motor proteins varies dramatically based on the motor type and environment 

conditions. One motor protein can be as slow as ~10 nm/s while a different type of protein can 

move faster than 1000 nm/s. Even for the same motor protein, its speed is still different between 

in vitro and in vivo situation as well as other environmental factors like temperature and pH. 

1.2.2 In vivo cargo transport 

Since motor proteins are critical to intracellular transport, thus in vivo studies become a very 

important way to understand their kinetics. Drugs which may have effects on motor proteins can 

be studied by recording the different performance of the proteins before and after treatment of the 

drug. The role of proteins in this motility system could also be tested with gene editing methods 

to suppress or express some proteins. For these purposes, the visualization of cargo transport by 

motor proteins in vivo is necessary. Orozco et al.31 imaged the cargo transport of kinesins inside 

cilia (Figure 1.6e). Both the kinesin and the cargo (OSM-6, a type of protein) are labeled with 

green fluorescent protein (GFP). Thus the in vivo transport can be directly visualized by 

fluorescence imaging. In addition, not only the visualization study, with the importance of motor 

proteins in vivo, they are also used as drug targets for different diseases.32,33 

1.2.3 In vitro studies 

To further understand motor proteins, isolating the change of experiment conditions would be the 

best method. Thus in vitro study shows its importance. To visualize the walking of motor proteins 

on a substrate, the microtubules/ actin filaments could be deposited onto the surface first and then 

load motor proteins onto them. Like Figure 1.7a shows, Svoboda et al.34 used an optical tweezer 
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system to place the kinesin with a cargo onto the immobilized microtubule. With the modifications 

on the motor proteins, it is also possible to characterize the force exerted by the motor, motor 

walking velocity and step size. Myosin could also be studied with a similar experimental setup.35 

 

There is one other in vitro method to study motor protein behavior which is named motility assay. 

This method immobilizes motor proteins onto a surface and puts their substrates (microtubules, 

actins) on the top as Figure 1.7b shows.36,37 Thus instead of observing moving motor proteins, this 

method will mainly be analyzing the moving microtubules and actin filaments. With this platform, 

drugs which will affect motor proteins in vivo can be studied in vitro now. Gearhart et al.38 used a 

microtubule motility assay to study the inhibition effect of three chemicals chlorpyrifos,  

chlorpyrifos-oxon and diisopropylfluorophosphate on the kinesins and microtubules (Figure 1.7c). 

They found these drugs can directly affect kinesin and the microtubule gliding, as well as kinesin-

based cargo transport, will be disrupted. 

 

Figure 1.7. (a) Optical trapping setup to study kinesin moving on a microtubule.34 (b) Schematic 

of actin motility assay. Myosins are deposited on the coverslip and fluorescently labeled actin 

filaments are then attached to the myosins.36 (c) Structures of the chemicals that can inhibit 

kinesin-dependent microtubule motility.38 
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 Interaction between DNA and Motor Protein 

1.3.1 Motor protein system control with DNA 

To study the interaction between motor protein and DNA strands, the most direct method is to 

conjugate DNA onto kinesins through chemical reactions. Miyazono et al.39 directly conjugated 

DNA strands onto the motor domain of kinesins (Figure 1.8a). The DNA strands connect two 

motor heads together and the strands also served as the function of neck and tail part in normal 

kinesins. This DNA-kinesin conjugation can also walk on a microtubule and its speed is around 

1/2 of the intact kinesin moving on a microtubule. Similar motor protein-DNA conjugation has 

also been done by Hariadi et al. (Figure 1.8b), where they conjugated DNA strands onto a myosin 

protein on its tail.40 The myosins were then placed onto a DNA nanotube with a designed distance. 

The fluorescent actin filament was attached on myosin heads and glided. Since the distance 

between two myosins are controlled due to programmability of DNA, the effect of myosin distance 

could be studied by the system. 
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Figure 1.8. (a) Assembly of kinesin-DNA. DNA and kinesin motor domain are conjugated 

together. Two kinesin motor domains are assembled together by the hybridization of 

complementary DNA strands.39 (b) DNA nanotube with myosin positioned on it. Actin 

filaments could be transported by the myosins on the DNA nanotube.40 (c) A microtubule 

picks up cargos from loading area by a linking mechanism. Multiple cargos could be picked up 

by the same microtubule.41 (d) Microtubules pick up and drop cargos at designed areas with 

the help of DNA strands. Particles are immobilized onto the surface by double DNA strands. A 

DNA strand is also attached on the microtubule which can hybridize with the DNA strands 

connecting cargos.42 (e) Detection and transport of DNA strands which are fully 

complementary to the DNA strands attached on the microtubules.43 

 

1.3.2 DNA-assisted cargo transport 

In motility assay, microtubules can serve as molecular shuttles to transport cargos just like what 

motor proteins can do. Since microtubules can be ~10 µm in vitro, multiple cargos could be 

transported at the same time (Figure 1.8c).41 To further improve the capability of molecular 

shuttles, DNA modifications could be applied to them. With the specific sequence recognition 
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property of DNA strands, molecular shuttles can selectively load and unload different types of 

cargos (Figure 1.8de).42,43 Schmidt et al.42 designed a microtubule motility assay based cargo 

transport system with the help of DNA strands. Two areas are modified on the surface where one 

is loading zone and another one is unloading zone. With two different DNA strands on the two 

areas and the DNA strand on the microtubule, the cargo could be picked up by the microtubule 

first in loading area first and then dropped into unloading area because of the free energy difference. 

They also used this mechanism to show some cool images on the surface. Furthermore, with the 

help of DNA strands, it is also possible for microtubules to sort a mixture of cargos to their 

individual destination. 

1.3.3 DNA-assisted microtubule gliding 

Other than cargo transport, DNA strands can also be involved in motility assays to change their 

gliding kinetics. DNA can interconnect microtubules together to achieve swarming behavior of 

microtubules. Keya et al.44 conjugated DNA strands onto the microtubules (Figure 1.9a). With the 

hybridization of DNA strands, microtubules will gradually bind together and do collective motion. 

This motion can also be controlled ‘ON’ and ‘OFF’ by adding extra DNA strands to let DNA on 

microtubules hybridize and de-hybridize. It can also change the surface charge density of 

microtubules to affect their gliding behavior under electrical field. As Figure 1.9b shows, the 

microtubules with DNA strands on them will behave differently under electrical field, and thus 

can be separated from the unmodified microtubules.45 
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Figure 1.9. (a) Association and dissociation of microtubules by DNA strands. Two different 

DNA strands are conjugated onto two fluorescent-labeled microtubules. Once a template DNA 

strand is added, both microtubules will bind to the template. The microtubule will dissociate 

when a DNA strand fully complementary to the temple is added.44 (b) Redirection of 

microtubules gliding under the electrical field. Microtubules with DNA attached will behave 

differently compared to bare microtubules. Thus the microtubules can be separated by the 

electrical field.45 

1.4 Artificial Cells 

Since the biological environment is very complicated, it is difficult to understand the behavior of 

a cell as there are so many components inside. To simplify the cellular environment to specifically 

study the interested factors and eliminate variations of other factors, artificial cells are needed.46 

The idea of artificial cell was first proposed by Dr. Thomas Ming Swi Chang in 1957.47 Artificial 

cell is a substitute of the actual cell created by scientists. Different cell functions can be achieved 

in the artificial cell by adding components from a real biological cell (Figure 1.10a). Thus it 

becomes a perfect tool to study cell behavior as all factors could be under control with this setup. 

In addition, based on its similarity to biological cells, artificial cell could also be used in drug 

delivery or medical imaging. More importantly, since these synthetic cells can be created with 

functions different from real cells, the artificial cell research could also be considered as upgrading 

biological cells by inserting desired functions. All these factors make artificial cell attract lots of 

attention from scientists. 

1.4.1 Lipids and liposomes 

Artificial cell can be prepared by different methods including the top-down method and bottom-

up method (Figure 1.10b). Based on the complexity of the target system for study, one of these 
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two methods can be chosen. Top-down method starts from a real cell and reduces its components 

by editing the genes inside. Bottom-up method starts from an empty cell whose membrane is made 

by polymers, proteins, lipids or mixtures of these and gradually encapsulates needed cell 

components into the cell. Among these materials, the lipid bilayer is the actual form of membrane 

for biologic cell, thus lipids have been studied extensively. 

 

Figure 1.10. (a) Typical artificial cell structure.48 (b) Approaches to construct an artificial cell. 

Top-down method is to reduce the complexity of living organisms like viruses, bacteria, and 

cells. Bottom-up method is to assemble building block materials like DNA, proteins, and lipids 

into a cell structure.48 (c) Structure of micelle, liposome and lipid bilayer.49 (d) Structure 

comparison of liposomes and natural cells.50 

 

Typically, a lipid molecule contains a polar head and a long non-polar tail. The polar head is the 

hydrophilic part and the tail is hydrophobic part based on their chemical structures. This structure 

leads to a phenomenon that when the lipids are in aqueous solution, they tend to hide their tails. 

They need to expose their polar head towards the aqueous solution, so the lipids will gather 

together and form certain aggregations. Either micelle or liposome (with lipid bilayer) could form 

while liposome is more favorable because the lipid tails are usually too large to fit in a micelle 

(Figure 1.10c).49 A liposome is formed with lipid bilayers the same as a biological cell. This 
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structure can encapsulate larger volumes inside compared to micelle. This capability makes the 

liposome a good candidate for the artificial cell. Like Figure 1.10d shows, liposome-based artificial 

cells have the similar membrane structure to the cell.50 In addition, liposomes can also be coated 

by proteins, polysaccharides to add its functions and make it better to achieve actual cell function.51 

 

Figure 1.11. (a) Polymerase chain reaction (PCR) inside a liposome. Components for PCR 

reaction are encapsulated into a liposome and DNA strands start to duplicate inside the 

liposome.52 (b) A theranostic system made by liposome. The liposomes are loaded with DNA, 

doxorubicin drug, quantum dot or adenovirus which make this system able to realize both 

therapeutic and imaging functions.53 (c) Structure of a liposome doped silica nanocomposite for 

listeriolysin O (LLO) detection. The liposomes are captured inside a 3D silica matrix.54 (d) 

Translation happening in an artificial cell. GFP and alpha-HL are synthesized based on the 

amino acids and ATP inside the liposome. As more and more alpha-HL inside the liposome, they 

will bind to the membrane and create a channel for more ATP and amino acids entering. Thus 

more alpha-HL and GFP can be synthesized.55 

 

A variety of applications can be done by these liposomes including bio-reactor, drug delivery, bio-

sensor and biological cell modeling (Figure 1.11).53,55 Kurihara et al.52 built a liposome as a bio-

reactor for polymerase chain reaction (PCR) as Figure 1.11a shows. They encapsulated DNA 

polymerase, DNA template, nucleotides, catalyst and SYBR green I inside the liposome. By 

controlling the environment suitable for PCR, DNA strands are duplicated and fluorescence 

intensity increased dramatically since SYBR green I binds to the dsDNA products. For the sensing 
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purpose, a liposome-based listeriolysin O (LLO) sensing system was designed by Zhao et al. 

(Figure 1.11c).54 The liposomes are doped inside a 3D silica matrix. Since LLO is a pore-forming 

hemolysin which can create pores on cell membrane, so once an LLO interacts with a liposome, 

the fluorophores originally encapsulated inside the liposome will leak into the matrix. Thus LLO 

existence can be detected. 

1.4.2 Synthetic cells with motor protein system 

As discussed in Chapter 1.2, the function of motor proteins inside a cell is very important. Since 

the environment in a biological cell is too complicated and the surface-based motility assay is a 

little far from actual cell study. Thus artificial cells may be an appropriate tool for motor protein 

study with their similar but simpler cellular environment compared to a real cell. In addition, since 

protein motors are necessary components in a biological cell, the study of interaction of motor 

proteins and liposome could also contribute to the development of artificial cell towards the actual 

biological cell as well. 
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Figure 1.12. (a) Versatile structures of liposome with microtubules encapsulated inside. The 

round structure is the liposome while the long tube structures are the microtubule bundles.56 (b) 

Liposome structure change with motor protein systems and DNA signals. Microtubules and 

kinesins are encapsulated into a liposome and kinesins are attached on the surface through DNA 

strands. By adding DNA signals into the liposome, the kinesins will be captured and released 

from the liposome surface, and thus microtubules will be transported or freely dispersed inside 

the liposome. The structure of liposome varies based on the microtubules.57 

 

Keber et al.56 encapsulated microtubules and motor proteins into the liposomes (Figure 1.12a). The 

active transport of microtubules is topologically constrained by a liposome outside. With this 

design, they studied the structures and dynamics of liposomes which mimic the living organisms 

with active matters inside. Sato et al.57 developed this design further and investigate the liposome 

structure change with DNA signals (Figure 1.12b). Other than motor proteins and microtubules, 

DNA strands are also encapsulated into the liposome to graft kinesins on the surface. Their DNA 

strands contain a photo-responsive domain which makes the structure of liposomes can be 

controlled by UV irradiation. 
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1.4.3 Artificial cells with transmembrane pores 

Transmembrane channels are very important inside a cell since they connect inner cell 

environment with outer biological condition and they also select if certain molecules could have 

access to the inner cell. With this function, successful control of cell transmembrane channels 

could become a strong advantage for controlling cell behavior. Since large protein complexes are 

the common material for these channels, the study, and control of these bio-molecules are limited. 

Thus, instead of using proteins, DNA molecules are used to construct transmembrane channels. 

As mentioned in chapter 1.1, DNA can be assembled into 2D structure and further into 3D. In 

addition, DNA could also be easily chemical modified and affected by external signals including 

light, pH, and enzymes. These abilities make DNA a perfect candidate for the transmembrane 

channel as it can be built into similar shape and added more control possibilities. 
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Figure 1.13. (a) DNA origami with cholesterol moieties attached at the bottom. The 3-D DNA 

origami structure can be inserted into the lipid bilayer with the cholesterol part. The channel size 

of the DNA origami is around 6 nm x 6 nm square.58 (b) A DNA-based liposome channel formed 

with 6 DNA strands only. A hydrophobic moiety is attached to the DNA backbone of the bases, 

while those bases are at the center of the DNA pore. With this modification, DNA pore can be 

inserted into lipid bilayer.59 (c) Improved DNA pore work from (b). An additional DNA (red) 

strand can be added into the structure of DNA pore where it will block the inlet of the pore to 

make it as the close state. When the key strand (green) comes in, the block can be removed, and 

the DNA pore will have its function back.60 (d) A similar DNA origami pore work as (a). 

Cholesterol molecules are modified on the bottom of the origami to have DNA origami pore 

inserting into the liposome. Size of this channel is around 2 nm in diameter.61 

 

Several researchers have done studies on DNA origami pore for artificial cell (Figure 1.13). With 

hydrophobic chain attached on DNA strands or modified with a cholesterol moiety, DNA can be 

inserted into liposome bilayer as the similar structure of a lipid molecule. Thus, the tube-shaped 

DNA origami can also be inserted into liposome bilayer. Typical size of these origami pores 10nm 

x 10nm or less. The assembly varies from a full DNA origami (~200 DNA strands) to 6 DNA 

strands.60,62 The existence of DNA origami on liposome has been verified by fluorescence imaging 

and transmembrane current measurement.58,59 The function of these origami pores currently 

focuses on the influx and outflux of small molecules. Simmel et al.61,63 have published several 
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papers on origami pore study where his group has designed this synthetic DNA origami pore and 

achieve molecular transport through the pore. However, study of this type of origami pore on 

liposome is still at its early stage as the current research mainly focuses on the most fundamental 

capabilities of the DNA pore. The effort to take a step further would be needed. 

1.5 Motivation 

Study of cellular environment is a very important topic as it is directly related to life. However, 

with its extreme complexity, simplification of this system is necessary in order to study. As one of 

the most popular and promising methods, artificial cell research shows its great importance. In 

order to achieve the similar cell functions inside a human-built lipid bilayer, the components of an 

artificial cell should be as close as possible to a real cell while they can be controlled by external 

signals. Transmembrane protein channel as gate of cell helps maintain the inner environment of 

cell. If a similar channel structure could also be implemented onto an artificial cell, the simulation 

of the real cell could take a big step forward. As one of the promising candidates for synthetic 

transmembrane channel, DNA origami pore research is still on its early stage, so there are lots of 

things need to be done on this topic and that motivates me to work on this project. 

1.6 Scope of the Study 

This thesis focuses on the interaction between motor protein systems and DNA nanotechnology. 

We study the manipulation of DNA signals using a DNA logic gate system on a DNA origami 

platform. The DNA logic gate is investigated through the capture and release of molecular cargos 

on the origami. The cargos include small molecules, proteins, and nanoparticles. We also study 

the light-triggered capture and release. 

 

Cancer cell treatment by a DNA walker based system will also be discussed. The kinetics of DNA 

walker is analyzed by fluorescence imaging. Cell viability is used to evaluate the effect of DNA 

walker system treatment on breast cancer cells. 

 

Microtubule motility assay is used to study the interaction between motor protein and DNA. DNA 

strands are conjugated onto nanoparticles and are used for redirection of microtubule gliding on 
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the surface. Models are built to study this process, as well as to compare with the crossflow based 

microtubule direction change. Their interactions and kinetics within a liposome will also be 

discussed. 

1.7 Organization 

This thesis discusses experimental efforts in using DNA nanotechnology method to study motor 

proteins. Chapter 2 provides the general experimental setups and sample preparation methods. The 

design and investigation of DNA logic gate system on a DNA origami are presented in Chapter 3. 

Breast cancer cell treatment using a DNA walker system is discussed in Chapter 4. Microtubule 

motility assay evaluation and its direction change by the DNA-particle system as well as the 

modeling work are described in Chapter 5. The integration of DNA signals into artificial cell for 

reversible liposome aggregation and release, and DNA origami pore study are discussed in Chapter 

6. Concluding remarks and future work are presented in Chapter 7.  
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2 METHODS 

2.1 Materials 

All the DNA strands used are purchased from Integrated DNA Technologies Inc. If not specified, 

all the chemicals are purchased from Sigma-Aldrich. 

2.2 Preparation of DNA Decorated Nanoparticles 

2.2.1 DNA-assisted quantum dot growth 

Aqueous synthesis of QD nanocrystals with excellent quantum yield and photo-stability has been 

reported previously.64-66 We modified those synthesis routes to generate DNAzyme functionalized 

CdTe/CdS nanocrystal QDs. The QDs helps to locate DNA on carbon nanotube for DNA walking 

measurement. CdTe core with 2 nm diameter was first synthesized using NaHTe and CdCl2 as 

precursors and mercaptopropionic acid (MPA) as capping ligand. The synthesized core was 

subsequently purified by using 3 M NaCl and methanol as non-solvent and centrifuged at 15,000 

g for 10 min. CdS shell was grown epitaxially over the CdTe core by heating a mixture of the core 

solution, CdCl2-MPA, and phosphorothiolated DNAzyme strands. CdTe/CdS QDs with ~3.5 nm 

diameter and emission peak centered at 610 nm will form after 40 min heating time. The 

synthesized QDs were purified using a 30 K column filtration (Amicon) for 4 times to remove the 

excess CdS and DNA. 

2.2.2 DNA conjugation with polystyrene particles 

Polystyrene particle has more uniform size distribution and brighter fluorescence, thus it is used 

for DNA grafting for guided microtubule gliding. To prepare the sample, 2% polystyrene particle 

solution was diluted in 70 μl 2-(N-morpholino)ethanesulfonic acid (MES) buffer (pH 6.0). 

Approximately 20 μL of 100 μM amine-modified single-stranded (ss) DNA was added to the 

particle solution, and the mixture was incubated for 15 mins. Then, 5 μL 100 μM 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) was added into the mixture and the solution was 

sonicated for 1 min. After sonication, the mixture was incubated in dark for 2 hours to let carboxyl 

groups on particles and amine group on DNA react. Lastly, the solution was centrifuged for 30 

mins at 20,000 g, which was repeated for 3 times. Each time the supernatant was discarded, and 
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the precipitate was re-dissolved in 200 μL 1x PBS buffer. After centrifugation, purified particles 

with ssDNA were obtained. 

2.3 Preparation of Carbon Nanotubes based DNA Walker System 

Carbon nanotube-based DNA walker consists of two parts, one is fuel strand coated carbon 

nanotube, another is quantum dot associated DNA walker. 

 

Dispersion of CNTs decorated with fuel strands 

The procedure for dispersing DNA-functionalized carbon nanotubes in aqueous solution was 

reported elsewhere.67,68 Briefly, an aqueous sample of HiPco CNTs dispersed by sodium cholate 

was subject to a surfactant replacement via a 2-stage dialysis. The first dialysis was performed to 

replace cholate with fuel strands for CNT suspension, while the second dialysis removed unbound 

DNA strands. The CNT and DNA concentrations were determined by the absorbance 

measurements using a Perkin-Elmer Lambda 950 UV/visible/near-IR spectrophotometer. 

 

Conjugation of QD-modified DNAzyme and fuel strands on CNT track 

The solution of CdTe/CdS QD-capped DNAzymes was mixed with the solution of dispersed fuel 

strand-decorated CNTs at a ratio of approximately 10:1. 

2.4 Microtubule Polymerization 

In this work, microtubule is polymerized by us with purchased tubulin. Fluorescent HiLyte 647 

labelled and biotin labelled tubulins were mixed 1/1 ratio and then dissolved in the polymerization 

buffer (80 mM piperazine-N,Nrabis(2-ethanesulfonic acid) (PIPES), 2 mM MgCl2, 1 mM ethylene 

glycol-bis(β-aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA), 1 mM guanosine triphosphate 

(GTP), and 6% glycerol) to make a 5 mg/ml tubulin solution. The solution was then incubated in 

37°C water bath for 30 mins. Unused tubulin solution can be snap freezing in liquid nitrogen and 

stored at -80°C. After incubation, tubulins were polymerized into microtubules. Polymerized 

microtubules were diluted in the tubulin buffer (80 mM PIPES, 1 mM MgCl2, and 1 mM EGTA, 

BRB80) with 10 μM paclitaxel to stabilize polymerized microtubules. 
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2.5 In vitro Microtubule Gliding Assay 

Gliding assay is performed with the polymerized microtubule and purchased kinesin on the glass 

surface. To do that, first, 10 μgml-1 kinesin solution was flowed into the fabricated microfluidic 

channel and incubated for 10 mins to let kinesins adsorb on the coverslip. Then, kinesin solution 

was washed away with BRB80 buffer, and the channel was filled with 5 mg/ml casein solution for 

another 10 mins. After this, the microtubule solution together with the anti-fade solution (20 mM 

glucose, 200 μgml-1 glucose oxidase, 50 μgml-1 catalase, and 0.5% beta-mercaptoethanol) was 

added into the channel. Microtubules were grafted by kinesins on the surface in 5 mins. Unbound 

microtubules were washed away by supplying the BRB80 buffer with anti-fade solution. 

Approximately 1 mM ATP in buffer with anti-fade solution was then flowed into the channel to 

trigger microtubule gliding. Since the kinesins only have the motor domain, the expected speed 

for gliding assay is ~1 µm/min which is much slower compared to those full-length kinesins. 

2.6 Liposome Preparation 

Liposome preparation uses the inverted emulsion method.69,70 Lipid solution dissolved in 

chloroform were purchased from Avanti Polar Lipids Inc. 1,2- dimyristoyl-sn-glycerol-3-

phosphocholine (DMPC) and 1,2-Dioleoyl-sn-Glycero-3-Phosphoethanolamine-N-(Biotinyl) 

(18:1 Biotinyl PE) were mixed 1:1 ratio to make a 100 μL solution. The 10 mg/ml lipid solution 

was added into a glass vial and vacuum dried for 20 minutes to form a thin layer of lipid on the 

glass vial. Then 300 μL liquid paraffin was added to dissolve the lipids. The new solution was 

sonicated at 50 °C for 3 hours to have lipid disperse uniformly in the sonicated solution. To make 

liposome only with nothing encapsulated, 20 μL DI water was added and the mixture was vortexed 

for 15 s. After vortex, the solution became blurred. The mixture was then poured onto 300 μL 

water and centrifuged for 15 minutes at 8,000 g. The liposome will be in the precipitates. 

2.7 Characterization Methods 

2.7.1 AFM Imaging 

All AFM imaging was performed on dried sample unless otherwise stated. The sample (e.g. 

Origami solution) was first diluted to 1 nM by 1xTAE buffer with 12.5 mM Mg2+ (TAEM) buffer. 

Approximately 10 μL of the diluted solution was then deposited on a freshly cleaved mica. After 
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incubation for 5 – 10 minutes, the solution was blown away with compressed air. The mica surface 

was further rinsed with about 50 μL DI water and blown dry with compressed air. The AFM 

imaging was performed with a SCANASYST-AIR probe. 

 

To perform liquid AFM, the sample will be characterized in TAEM buffer. To prepare the sample, 

10 μL of 1 nM origami sample in TAEM was first deposited on a freshly cleaved mica. After 

incubation for 5 – 10 minutes, another 30 μL TAEM buffer was added onto the mica surface. The 

sample was then scanned with a SCANASYST-FLUID+ probe. 

2.7.2 Spectral Characterization 

Absorption is a great way to quantitatively determine how much a certain molecule existing in 

solution. To accurately measure the amount of solute, absorption of the solvent has to be measured 

first as the baseline. Usually, 100 μL buffer was added into both cuvettes and placed in the holder 

inside the Perkin Elmer Lambda 950 spectrophotometer with desired wavelength range selected. 

After collected the baseline, buffer in sample cuvette was replaced with real sample. With running 

the measurement again, the absorbance spectra of the sample could be collected and the 

concentration of solute can be calculated. 

2.7.3 Ensemble Fluorescence Measurement 

Horiba FL-1039/40 Fluorometer was used to perform ensemble fluorescence measurements. 

Sample was loaded into cuvette and placed inside the machine. With desired excitation wavelength, 

emission wavelength range and slit size chosen, emission of the sample can be measured. With 

fixed excitation and emission wavelength set, change of fluorescence as time goes could be 

detected. 

2.7.4 Fluorescence Microscopy 

Different from fluorometer, fluorescence microscopy can be used for single-molecule fluorescence 

imaging. The sample was flowed into an assembled microfluidic channel. The channel was then 

put on the stage of the fluorescence microscopy. The EMCCD camera was needed to be cooled to 

-90 °C before use. With choosing the appropriate laser line (405 nm, 561nm, 658nm available), 

filter set and exposure time, the samples could be imaged. 
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2.7.5 Gel Electrophoresis 

2.7.5.1 PAGE 

To prepare 15% native PAGE experiment, approximately 1.875 mL 40% acrylamide, 0.5 mL 10x 

TBE, and 2.625 mL DI H2O were mixed well first. Then, 20 μL 25% (w/v) ammonium persulfate 

(APS) and 10 μL tetramethylethylenediamine (TEMED) were added into the solution. The gel was 

cast by a gel casting system (Bio-Rad) immediately and ready to use. Different percentage PAGE 

gel can be prepared in the same way, while more concentrated gel will be used for shorter DNA 

strands. 

2.7.5.2 Agarose gel 

Like PAGE gel, agarose gel is also used to separate DNA strands. While the difference is agarose 

gel has larger pores inside which means it has better effect to separate huge DNA structure. To 

prepare a 1.5% agarose solution, approximately 600 mg agarose was added to 40 mL 0.5x TBE 

buffer. The solution was then heated to boil to dissolve all agarose. After the solution cooled down, 

before the polymerization of agarose, 2 μL 10 mg/mL ethidium bromide was added to the solution 

and mixed well. Ethidium bromide can be used to stain DNA and visualize them under UV light. 

The solution was then left in room temperature to finish polymerization. 

2.7.5.3 SDS-PAGE 

SDS-PAGE used in this work was 10% separating gel and 10% stacking gel which were used to 

load and separate protein samples. To prepare the separating gel, 1.52 mL H2O, 1.02 mL 40% 

acrylamide, 1.04 mL 1.5 M Tris (pH 8.8), 40 μL 10% (w/v) SDS were mixed well first. Then, 40 

μL 10% (w/v) APS and 4 μL TEMED were added into the solution. Then a separating layer was 

cast by a gel casting system. 

 

To prepare the stacking gel, 0.98 mL H2O, 0.5 mL 40% acrylamide, 0.5 mL 0.5 M Tris-HCl (pH 

6.8), 20 μL 10% (w/v) SDS were mixed well. Then, 20 μL 10% (w/v) APS and 2 μL TEMED were 

added into the solution. On top of a freshly prepared separating layer, a stacking layer was cast, 

and the gel was ready to use. 
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2.8 Microfluidic Channel Assembly 

Microfluidic channel was the platform used in this work to study DNA walker, microtubules and 

liposomes. It can be easily assembled and has multiple surface modifications which makes it a 

good tool for single-molecule study. In general, to prepare a microfluidic channel, a coverslip, and 

a glass slide are needed. The coverslip was immersed in piranha solution (sulfuric acid: peroxide 

= 3:1) for 1 hour to remove organic residues from the surface. It was then rinsed with deionized 

water and stored at room temperature. For the glass slide, two holes were drilled as inlet and outlet 

ports. A bonded-port connector and a one-piece fitting (LabSmith) were adhered to each hole to 

connect with tubing. With these preparations done, the glass slide and the coverslip were adhered 

together by a double-sided tape with a channel pattern cut off to make the channel ready to use. 

The channel pattern on the double-sided tape was created by a cutting machine (Silhouette Curio). 
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3 DNA LOGIC GATE FOR CAPTURE AND RELEASE OF ANALYTES 

3.1 Introduction 

As discussed in chapter 1, DNA can interact with functional molecules, proteins, and nanoparticles 

while some of them can inspire great interest of researchers. In order to understand their properties 

and harness their functionalities, sorting and isolating them is important. Thus, capturing and 

releasing, as the two crucial steps for sorting, are needed. Various strategies for molecular capture 

and release have been proposed to ensure high specificity and fidelity (Figure 3.1).71-73 With its 

strict base-pairing property, DNA is perhaps the most promising tool for such purposes. 

Additionally, oligonucleotides could be easily modified with a wide variety of chemical groups 

just as introduced in chapter 1. These chemical groups can render DNA molecules responsive to 

external signals such as light, cations, and pH.74,75 

 

To successfully process molecular capture and release, a stable base surface is needed. This base 

surface should have high precision which can deal with molecules in nanometer level and high 

specificity which can recognize different molecules. Given the heterogeneity, DNA origami 

structures are highly addressable, serving as virtual nanoscale breadboards where analytes can be 

arranged precisely, and their bioorganic molecular reactions may be controlled. All these 

properties make DNA origami a perfect candidate for studying molecular capture and release. For 

example, one similar work has been done by Voigt et al. showing the strength of using DNA 

origami. They demonstrated that streptavidin may be placed site-specifically on DNA origami 

using biotinylated strands and that such a platform can be used to study single-molecule chemical 

reactions.8 While diverse small molecules, proteins, and nanocrystals have been captured on DNA 

origami structures for widespread purposes, the release processes demonstrated to date have 

predominantly relied on simple strand displacement mechanisms.76-78 Therefore, novel strategies 

for programmable analyte release upon external signals will complement the impressive 

addressability available, while providing access to new applications. 
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Figure 3.1. (a) Light responsive DNA capture and release. Azobenzene-spermine can bind to 

cyclodextrin (CD) vesicle by trans azobenzene group and bind to DNA through a positively 

charged spermine unit. Once UV shines, azobenzene will convert to cis form and released from 

CD vesicle and visible light can convert it back. Thus, capture and release of DNA strands can 

be achieved by shining UV and visible light.71 (b) DNA aptamer is immobilized onto 

microfluidic channel surface to capture target cells, while the non-target cells cannot be captured 

due to lack of affinity.73 (c) Bioelectronic sensing. With different types of inputs coming in 

including bacteria, proteins or small molecules, corresponding output is generated with the use of 

sensing electrode.72 

 

Here, we demonstrate a DNAzyme-mediated logic gate system that can be used for programmable 

molecular capture and release on DNA origami. Input of DNA logic gates use specially designed 

DNA strands to mimic the Boolean logic calculation (i.e. 1 or 0 meaning having DNA strands or 

not).79-81 The output of the DNA logic gate process could be in the forms of DNA strands or 

fluorescence, via strand displacement mechanisms.82,83 In this work, a defined DNAzyme-based 

logic gate mechanism was used84,85 to release the captured molecular targets of small functional 
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molecules, proteins, and nanocrystals on DNA origami. The output generated by DNA logic gate 

is consisting of a DNAzyme which cleaves its substrate with sequence specificity, thereby analytes 

on DNA origami will be its target and released. The logic gate process is triggered, when and only 

when two distinct DNA inputs (i.e. initiators) are present. In addition, the release can also be 

controlled by external light irradiation by inserting a photocleavable spacer into the logic gate 

complex (LGC). 

 

Figure 3.2. Programmable DNA logic gate mediated capture and release. In this work, analytes 

include the choices of ruthenium dye, thrombin, and AuNP. 

3.2 Scheme 

Figure 3.2 shows the schematic of the logic gate programmed molecular capture and release 

processes. Here, a DNA capture arm (cyan) with a prearranged cleavage point (red) is used for 

capturing free analyte in solution and the DNAzyme strand (purple, 10-23 DNAzyme, the 23rd 

clone of the 10th round in-vitro selection)86 is used for cleaving target molecule as a controlled 

release. The capture arm will be tethered with a staple extension on the DNA origami, and the 
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analyte captured on it will be ruthenium bipyridinephenanthroline (or Ru dye),87 thrombin, and 

gold nanoparticles (AuNPs). They are presented as the model systems in this study. 

 

The DNA logic gate mechanism is based on toehold-mediated strand displacement. LGC strands 

(S1, S2, and S3, preformed complex) are in the same solution with the analyte (a pink, filled circle 

in Figure 3.2). Once the analyte is captured onto the origami platform, initiators 1 (orange) and 2 

(blue) will be added separately. The initiator 1 (I1) is fully complementary with S1 (grey). I1 first 

base-pairs with the single-stranded toehold segment of S1 (the extra bases left unbound in LGC) 

and then hybridize fully, thereby dissociating S1 from the complex. Initiator 2 (I2) will then react 

with the product of this step (strands 2 and 3, or S2/S3), via a similar toehold-mediated strand 

displacement process, producing the final product S3 (purple). S3 (DNAzyme) has two recognition 

arms that bind to capture arm (cyan) on DNA origami and a catalytic core which cleaves the 

prearranged site (rArU, shown as a red dot) in the presence of divalent metal cations such as Mg2+ 

via a cation-assisted deprotonation process.88 The analyte will be released from origami after this 

cleavage. 

 

This DNAzyme-mediated logic gate system can capture one or more analytes with high specificity 

and release them from origami through the LGC reaction cascade. Not only interacting with DNA 

signals, but this analyte release process could also be programmed using photo-irradiation as an 

external signal. By incorporating a photocleavable moiety into the toehold segment of S1 (brown 

dot in Figure 3.2), UV irradiation as an external signal could be introduced into the system which 

can cleaves this moiety. Without the extra toehold overhang needed for triggering the logic gate 

process on S1, the logic gate process is not triggered by the initiators, and thus, the release is 

prohibited. 

3.3 Experimental Methods 

3.3.1 Materials 

Gold nanoparticles (AuNPs) of 10 nm in diameter were purchased from BBI Solutions. PAGE and 

SDS-PAGE buffer and reagents were obtained from Bio-Rad. Thrombin was obtained from 
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Haematologic Technologies Inc. PD 10 desalting columns were acquired from GE Healthcare Life 

Sciences. 

3.3.2 DNA logic gate design 

PAGE is used to confirm the effectiveness of the DNA logic gate. Initiator 1, initiator 2, LGC and 

all their combinations were tested. LGC was prepared by mixing S1, S2, and S3 first and centrifuged 

6 times at 5,000 rpm for 3 minutes in a 30 kD centrifugal filter (EMD Millipore) to remove excess 

single strand. Sample was incubated at room temperature for 1 hour before loading on 15% PAGE. 

About 120V was applied onto the gel to separate the DNA strands inside. 

 

For the UV-trigged logic gate experiment, instead of using S1, the photocleavable strand S1* was 

mixed with S2 and S3 to prepare LGC. Before loading sample, other than incubation at room 

temperature, UV irradiation was also introduced to the sample using a UV lamp (UVP, model# 

UVGL-25, ~254 nm) for about 15 minutes. The DNA samples were placed approximately 5 cm 

away UV lamp. 

 

All DNA logic gate strands are designed by NUPACK.89 

 

Logic gate strand sequence (left to right: 5’ – 3’) 

Logic gate A 

Strand 1: ATC TAA CAA CCA CCA CCA AAC CAT CCC ACA CAC CAC 

Strand 2: ATG GTT TGG TGG TGG TTG TTA GAT GTC ACT CTG TCC GAA TCA GCA CT 

Strand 3: AGT GCT GAT TCG GAC AGG CTA GCT ACA ACG AGA GTG AC 

Initiator 1: GTG GTG TGT GGG ATG GTT TGG TGG TGG TTG TTA GAT 

Initiator 2: AGT GCT GAT TCG GAC AGA GTG ACA TCT AAC AAC CA 

Capture strand: GTC ACT CrArU GTC CGA ATC AGC ACT 

 

Logic gate B 

Strand 1: ACC GCG TCT CAT ACA TCA TCT GGC ACA TCA TCT CAC 

Strand 2: GCC AGA TGA TGT ATG AGA CGC GGT GTG CAG GTG GAG AGC ATA AAG 

TC 
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Strand 3: GAC TTT ATG CTC TCC AGG CTA GCT ACA ACG ACC TGC AC 

Initiator 1: GTG AGA TGA TGT GCC AGA TGA TGT ATG AGA CGC GGT 

Initiator 2: GAC TTT ATG CTC TCC ACC TGC ACA CCG CGT CTC AT 

Capture strand: GTG CAG GrArU GGA GAG CAT AAA GTC 

 

Photo-cleavable logic gate strand  

Logic gate A 

Strand 1’: ATC TAA CAA CCA CCA CCA AAC CAT /iSpPC/CC CAC ACA CCA C 

 

Capture strand for Ru-dye 

/5AmMC6/GTG CAG GrArU GGA GAG CAT AAA GTC TTT TTT TTT TTT TTT 

 

Capture strand for AuNP 

[16,04]:TTT TTT TTT TTT TTT TTT TTT TTT GTC ACT CrArU GTC CGA ATC AGC ACT 

/3ThioMC3-D/ 

[30,24]:TAC GAG TTG AGA ATC CTG AAT TTT GTG CAG GrArU GGA GAG CAT AAA 

GTC /3ThioMC3-D/ 

 

Capture strand for thrombin 

TTT TTT TTT TTT TTT GTC ACT CrArU GTC CGA ATC AGC ACT CAT CTC GGT TGG 

TGT GGT TGG 

 

The DNA origami has been used in our group, which is designed by Haorong Chen. The detailed 

sequence information is listed in his thesis.90 

3.3.3 Analyte conjugation with DNA 

Ru complex conjugation with DNA 

Synthesis of ruthenium bipyridine phenanthroline isothiocyanates (Ru-bpy-phen-itc) was reported 

elsewhere.87 To conjugate the Ru complex with amino-modified capture strand,91 Ru-bpy-phen-

itc (offered by Dr. Igor L Medintz) was dissolved into dimethyl sulfoxide (DMSO) as a 20 mM 

solution. Approximately 10 μL Ru-bpy-phen-itc was mixed with 10 μL 1mM DNA dissolved in 
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DI water. The mixture was filled to 100 μL with sodium carbonate buffer (0.1 M, pH 8.5). It was 

then incubated for 6 hours at room temperature, with gentle tapping of the vial every 2 hours to 

make sure that the solution is well mixed. After the reaction was done, DNA-Ru sample was 

purified by a PD 10 desalting column. To separate products from excess Ru-bpy-phen-itc, 100 μM 

triethylamine acetate was used as elution buffer and each elution 750 μL buffer was used. 

Ruthenium labeled DNA was washed out at 3rd or 4th elution. Concentration of purified DNA-Ru 

was determined by absorbance measurement. 

 

Phosphine-capping of AuNPs 

AuNPs were incubated overnight with 2.5 mM bis(para-sulfonatophenyl) phenylphosphine 

dihydrate dipotassium salt (BSPP). The solution was then centrifuged for 15 minutes at 13,000 

rpm. The precipitate was re-dispersed in 2.5 mM BSPP solution while the supernatant was 

discarded. The concentration of AuNPs was determined by measuring the absorption at 520 nm 

using a NanoDrop 1000 spectrophotometer. 

 

AuNP functionalization 

Thiol modified DNA strands were mixed with Phosphine-coated AuNPs at an approximately 200:1 

concentration ratio in 0.5x Tris-borate-EDTA (TBE) buffer containing 0.1 M NaCl for 12 hours. 

After incubation, NaCl concentration was slowly raised to 0.3 M by pumping higher concentration 

NaCl into the mixture in the next 12 hours. The solution was then centrifuged for 15 minutes at 

13,000 rpm. The precipitate was collected and re-dissolved in 1x TBE buffer.92 

3.3.4 Molecular capture and release on origami 

DNA origami synthesis 

The scaffold strands (M13mp18, Bayou Biolabs) were mixed with 180 32-nt long staple strands 

in TAEM buffer. The final concentrations of the scaffold and staple strands were 10 and 100 nM 

respectively. The mixture was put in a thermal cycler (Bio-Rad S1000) with annealing from 75 C 

to 4 C by 0.1 C every 6 seconds.93 The DNA strands would self-assemble into rectangular 

origami tiles of 100 nm x 70 nm during the annealing process. 
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AuNP-origami conjugation 

In order to get a clean sample while AuNP is on origami without free AuNPs in solution, 

purification of AuNP-origami is needed. First, DNA origami was mixed with AuNP-modified 

DNA strands at a concentration ratio of approximately 1:4. After overnight incubation, the product 

was purified by 1.5% agarose gel. The electrophoresis was performed at 60 V, 4 C. The desired 

band that contains AuNP-origami was cut and extracted with Freeze ‘N Squeeze column (Bio-

Rad). The band was frozen for 5 minutes at -20 C and then centrifuged for 3 minutes at 13,000 g. 

The purified AuNP-origami could be retracted from agarose after this process. 

 

Thrombin-origami conjugation 

Thrombin-binding aptamer (TBA) sequence (5’ – GGT TGG TGT GGT TGG – 3’) was 

demonstrated elsewhere for thrombin capture.94 To examine the binding specificity, an equal 

amount of thrombin and glutathione s-transferase (GST) molecules were mixed and incubated with 

TBA-expressed DNA origami at a concentration ratio of 100:1 for 2 hours at room temperature. 

After incubation, the mixture was centrifuged in a 100 kD centrifugal filter (EMD Millipore) for 

3 minutes at 5,000 g to remove the unbound proteins. Sample left in the filter column was collected. 

DNA logic gate strands (LGC, I1, I2) was used to release the captured proteins on origami. The 

collected protein molecules were incubated denatured at 95 C for 4 minutes, and then loaded onto 

SDS-PAGE. The electrophoresis was performed at 120 V for around 1 hour and was stained by 

Oriole Fluorescent Gel Stain (Bio-Rad) which could be visualized under UV irradiation. Thrombin 

and GST will show two distinct bands on the gel given their different molecular weight. 

 

Release of analytes (Ru-dye/thrombin/AuNP) from origami tiles 

LGC and both initiators were added to analyte-conjugated origami solution to trigger the release 

with a concentration ratio around 10: 1. The mixture was then incubated for 2 hours at room 

temperature. 
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Figure 3.3. (a) 15% native PAGE analysis of the logic gate process. (b) 15% native PAGE 

analysis of the logic gate set B. For both images, Lane 1: 20 bp ladder. Lane 2: LGC 

(S1/S2/S3). Lane 3: LGC + C. Lane 4: LGC + I1 + C. Lane 5: LGC + I2 + C. Lane 6: LGC + I1 

+ I2 + C. Lane 7: S1 + I1. Lane 8: S2 + I2. Lane 9: S3 + C. LGC, capture strand (C), and both 

initiators are mixed to a final concentration at 0.5 μM. In lines 7-9, S1/I1, S2/I2, and S3/C are 

examined as controls. Only when both initiator strands are present, the logic gate process 

generates the final product S3, which subsequently hybridizes with a capture strand, shown as 

S3/C band in lane 6. 

3.4 Results and Discussion 

3.4.1 Programmable DNA logic gate 

Before we discuss the actual application of this DNA logic gate system, its function must be proved 

first. In this case, we use native PAGE to confirm the DNA logic gate functionality, as shown in 

Figure 3.3. Here, without addition of I1 and I2, the LGC (S1/S2/S3) always shows a distinct band 

on the gel regardless of the presence of C (lanes 2 and 3), suggesting no direct interaction with 
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capture strand. However, if I1 is added, LGC will release S1 and generate S2/S3 (lane 4), whereas 

I2 associated with C which will keep LGC intact (lane 5). As designed, either I1 or I2 individually 

could not generate the final product S3. The final product is produced only when both initiators are 

present where S3 can be released and bind to C (lane 6). Additionally, to serve as a reference, S1/I1 

(lane 7), S2/I2 (lane 8), and S3/C (lane 9) are also examined. 

3.4.2 DNA controlled molecular capture and release 

With the logic gate function proven, programmable capture and release on DNA origami could 

then be tested. First, the fluorescent Ru compound was used as optical probes to test the idea. DNA 

origami rectangles were prepared as shown in Figure 3.4a (approximately 70 nm x 100 nm).  Single 

strand DNA was linked with a ruthenium compound as discussed in methods and was 

characterized by absorbance measurement (Figure 3.5a). The Ru dye-conjugated capture strands 

were then mixed with origami and incubated for 2 hours to allow hybridization. The modified 

spots on origami for ruthenium was shown in Figure 3.4b (yellow dots) with 6 sparsely placed 

staple extensions. The purpose of putting 6 ruthenium molecules on a single origami is to increase 

its fluorescence for easier measurement. The mixture was purified 4 times by centrifuging at 5,000 

g in a 30 kD filter for 3 minutes to remove excess Ru dyes. Photoluminescence (PL) of the purified 

ruthenium origami sample was measured before adding any logic gate strands. Ten times more 

LGC and selected initiator strands were then added into the purified origami solution to fully 

release the ruthenium from origami tiles. This incubation took another 2 hours and the release Ru 

from origami is removed by the same centrifugal purification method. Finally, the origami sample 

was examined for PL intensity again to determine how much ruthenium is left on the origami.  
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Figure 3.4. (a) DNA origami tiles AFM images, a typical size of an origami is 100 × 70 nm2. 

Scale bar: 200 nm. (b) Schematic of origami scaffold (black) and staples (grey, blue, and red) 

modification. The staple positions for Ruthenium, thrombin, and AuNPs are denoted in orange, 

red, and green/navy, respectively. 

 

Figure 3.5b shows the resulting PL spectra corresponding to different input combinations. The 610 

nm peak coincides with emission peak of Ru complexes which reflects the integrity of ruthenium 

molecules. With only one initiator or no initiator added, the PL intensity stayed at the same level. 

In contrast, when both initiators are present, its PL intensity drops 40% to baseline value. Given 

the fact that baseline still shows fluorescence, it is important to assess its value since it should have 

no fluorescence as designed. One hypothesis is that the interaction between ruthenium and DNA 

origami prevents fully wash of ruthenium molecules. To prove that, no DNA modified Ru dye was 

mixed with origami tiles along with the logic gate strands (LGC, I1, and I2). Same purification and 

measurement were performed on this solution and the PL intensity value was shown as a green 

curve in Figure 3.5b. This indicates that baseline fluorescence is due to interaction of Ru dyes and 

DNA, most likely intercalation, which hinders complete removal by filtration.95 With this PL 

intensity offset problem solved, the fluorescence results are in accordance with design and the 

PAGE analysis. I1 and I2 together initiated the logic gate process for S3 generation which leads to 

the release of Ru dyes from origami tiles. Neither initiator strand cannot access the analyte release 

process alone. This indicates that molecular release can be indeed triggered by the DNAzyme-

based logic gate system. 
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Figure 3.5. (a) Absorbance of Ru-bpy-phen-ITC molecule and DNA-conjugated Ru-dye. The 

absorbance peak shifts towards 260 nm after conjugation with DNA (b) Normalized PL 

intensity spectra of Ru-DNA interaction with origami. 

 

With DNA logic gate-based origami capture and release system confirmed by ruthenium, protein 

can be brought into the system next. Thrombin, a serine protease involved in blood coagulation, is 

chosen as a model protein.96 The advantage of using thrombin is because it can be specifically 

recognized by a 15-nt long DNA strand, which is called thrombin-binding aptamer (TBA).97 

Similar to ruthenium capture, extension strand is added to a staple in the center of each origami 

tile to bind to TBA domain (Figure 3.4b). Since protein is macro bio-molecule, it can be directly 

imaged by AFM. Thus, only one modification is applied in each origami. To examine the aptamer 

binding specificity, capture strand with TBA domain was added into a mixture of thrombin and 

GST molecules. As described in chapter 3.3.4, thrombin and GST are captured onto DNA origami 

first. After removal of free proteins, the captured protein was released back into solution and 

characterized by SDS-PAGE to confirm. Figure 3.6a shows the captured protein molecule on 

origami at the designed spot. With logic gate strands added, it was then released from the tiles 

through the logic gate process (Figure 3.6b). In order to confirm exactly which protein was 

captured on the origami, SDS-PAGE was performed, and clearly only thrombin was left in solution 

(lane 3) even though both thrombin and GST were added at the beginning (lane 2). This indicates 

that only thrombin was captured onto origami and released during this process which is proof for 

the binding specificity of DNA thrombin binding aptamer. It should also be pointed out that the 

DNAzyme-mediated logic gate is advantageous over using complementary strands to release the 

target, as it requires a significantly less amount of DNA strands to effectively release bound 
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analytes.98,99 It is typical that strand displacement methods use 10-100 times excess amount of 

invading strands (e.g. complementary strand of TBA) to displace the analytes. In contrast, much 

fewer DNAzyme strands may be needed for an efficient analyte release. It is found that thrombin 

could be effectively released at a molar ratio of LGC: analyte = 1:1 (Figure 3.6ab). While the 

relatively long lower arm (16-nt) of the DNAzyme limited the signal amplification in our 

experiment, a DNAzyme strand with a shorter lower arm could be as effective at a lower 

concentration, generating even fewer chemical wastes. 

 

Like thrombin, AuNPs were used as another model analytes to demonstrate our DNAzyme 

mediated capture and release system. As the DNA origami design in Figure 3.4b, two 10-nm 

AuNPs are designed to be captured on each origami with one in the middle and the other at the 

corner. Since DNA signal also has high specificity, with two sets of logic gate strands (S1, S2, S3, 

I1, I2, and C) designed separately to two AuNPs, they can also be captured and released separately 

without affecting each other (Figure 3.3a and b). After the AuNPs were functionalized with 48-nt 

thiol-modified DNA strands (see chapter 3.3.3 for details), these two particles are bound onto DNA 

origami individually with two different capture strands. The sample was then purified with 1.5% 

agarose gel to eliminate free, unbound AuNPs in the solution. As a clean DNA origami with two 

captured AuNPs sample got, DNA logic gate strands could be added into the solution to trigger 

the release. Like the discussion before, the logic gate process could produce S3 and cleave the 

capture strands to detach AuNPs from origami. The difference now is that there are two sets of 

logic gate strands (i.e. A or B, in chapter 3.3.2), and AuNPs could be selectively released whether 

it is in the middle or at the corner of the tile. 
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Figure 3.6. (a-b) AFM images of thrombin molecules captured on DNA origamis (a) and 

thrombin released from origami through DNA logic gate process (b). (c) Denatured SDS-PAGE 

analysis of thrombin and GST mixture before and after purification by DNA logic gate process. 

Only thrombin is shown after purification. Lane 1: 100 kD ladder. Lane 2: thrombin and GST 

mixture at the same concentration (100 nM). Lane 3: mixture purified by DNA logic gate capture 

and release from DNA origami. (d) AFM image of origami rectangles with both 10-nm AuNPs 

captured as designed (one at the corner and one at side). (e-f) AFM images of origami rectangles 

after releasing the AuNP at the side (e) and after releasing the AuNPs at the corner (f). Scale bar: 

200 nm. 

 

Figure 3.6d shows the representative AFM image of DNA origami with both AuNPs captured. The 

following images (Figure 3.6e and f) show the release of one AuNP exclusively at a time. This 

controlled release was performed by adding logic gate strands set A or B separately since 

DNAzymes released from two sets cannot recognize each other’s target strand, the corresponding 

AuNP could be saved on origami. This indicates that there is no interference between the two sets 

of logic gate sequences; the initiators from one logic gate set do not cross-react and trigger the 

LGC of another logic gate set. It needs to be pointed out that the position of AuNPs in AFM images 

did not exactly match the positions designed on origami. This could be because the 48-nt capture 

strand is relatively long. Even though a longer strand could achieve higher capture efficiency, but 

its position variation may also be larger. Moreover, since only one staple extension was used to 

capture each AuNP, the linking between DNA origami and AuNP may not be that stable which 
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means the AuNP could vary more in terms of position. Overall, with the demonstration of capture 

and release of ruthenium, thrombin, and AuNP, DNA origami and DNA logic gate as a tool to 

manipulate these analytes has been well studied. These DNA techniques could be very helpful in 

studying liposomes which will be discussed later in this work. 

3.4.3 Light triggered release mechanism 

Before changing our focus to other DNA systems, DNA logic gate still has more to improve. One 

of the most possibilities is to introduce external signals to control DNA logic gate. As discussed 

in chapter 1, DNA can interact with many kinds of signals including light, pH, heat and more. Here 

we introduce light signal into our logic gate system by inserting a photocleavable spacer between 

the toehold overhang and the rest of S1 (shown as a brown dot in Figure 3.2). Under UV irradiation, 

the photocleavable spacer is brunt and thus, 12-nt toehold overhang of S1 will be released (Figure 

3.2). Lack of toehold part will dramatically reduce its binding efficiency with I1 where S1 cannot 

dissociate from LGC due to the similar level of free energy between hybridizing with S1 or not. 

As a result, the logic gate process could not occur, and the analytes will be retained on origami tile. 

Before using analytes, PAGE was performed to examine this light-controlled logic gate efficacy 

(Figure 3.7a). Without introducing UV light, the logic gate process is just the same as previously 

shown (Figure 3.7a lane 3 versus Figure 3.3a lane 6). However, with UV illumination, the toehold 

overhang (S1 → S1’) is cut off and the new logic gate complex of S1’/S2/S3 keeps intact even in the 

presence of I1 and I2. Thus, S3/C band is nearly unobservable which indicates that the strand 

displacement is much slower and less effective without the toehold segment. Further confirmation 

of the photo-controlled logic gate system was done with AuNPs (Figure 3.7b). Without UV 

exposure, AuNPs are removed from DNA origami as before when there is no photo-cleavable 

spacer (Figure 3.7c). In contrast, the particles are retained on the tiles when the spacer is destroyed 

by UV light, where the whole logic gate process is prohibited (Figure 3.7d). 
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Figure 3.7. (a) 15% native PAGE analysis of the UV irradiation involved DNA logic gate 

process. Lane 1: 20 bp ladder. Lane 2: LGC. Lane 3: LGC+C+I1+I2. Lane 4: 

LGC+C+I1+I2+UV. S1’: S1 sequence with toehold overhang cut off by UV irradiation. (b) AFM 

image of DNA origamis capturing AuNPs. (c-d) AFM image of DNA origamis after AuNPs 

released through logic gate process (c) and no AuNPs released through UV irradiation treated 

logic gate process (d). Scale bar: 200 nm. 

3.5 Conclusion 

In this chapter, we have demonstrated DNA origami-based site-specific capture and logic-gate-

programmed release with high yield and efficiency (Figure 3.8). This robust DNA platform can be 

further controlled by external UV irradiation. The same strategy should be applicable to other 

analytes or extended to other external signals with minimal modifications. It is a demonstration 

and expansion of using DNA as a tool in this thesis. In the later chapters, DNA will be used 

extensively on other systems, including DNA origami, DNA strand displacement and logic gate 

and interaction between DNA strands and external signals. The study performed in this chapter 

built a solid foundation for further studies of engineering bio-molecules and controlling bio-

systems. 
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Figure 3.8. (a) Representative large-area view of AFM images for statistical analysis of thrombin 

release from DNA origami tiles. (b) Statistical analysis of thrombin molecules conjugated on 

DNA origami tiles based on the examination of more than 500 tiles. (c) Release yield of AuNPs 

on DNA origami tiles, in the absence and presence of UV light. 
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4 RELEASE OF DNA DRUG FOR CULTURED CANCER CELL 

TREATMENT 

4.1 Introduction 

The base pairing principle gives DNA high specificity and efficiency. As an engineering material, 

DNA could be used for many mechanical functions like molecular capture and release discussed 

in the last chapter. We discussed the interactions between DNA and small molecule, protein and 

nanoparticles earlier where DNA shows its great advantage of manipulating these analytes. In fact, 

DNA signal can also be used for a larger biological system, i.e., a cell. DNA signals can serve as 

a drug to kill cancer cells specifically. In order to control DNA delivery to cells, here we introduce 

a new DNA system called DNA walker. 

4.1.1 Carbon nanotube-based DNA walkers 

DNA walkers, inspired by intracellular protein motors, are a class of synthetic molecular motors 

that can move processively along prescribed pathways.100-102 As we discussed in chapter 1.1.3, a 

DNA walker is formed with one DNA strand or multiple DNA strands. Usually, a track full of the 

complementary DNA strands to DNA walker is prepared for DNA walking. The goal is to create 

a free energy gradient where the walker can move forward spontaneously. Such free energy 

gradient may be created by addition of fuel strands103,104 or activity of DNAzymes and restriction 

enzymes23,105,106. Once the walker moves to a lower free energy state, returning it to the initial 

higher free energy configuration could be done by DNA strand displacement.107 

 

Even though DNA walker mechanism and dynamics have been studied extensively, the interaction 

of DNA walker with other biological systems is relatively limited. Other than the mechanical 

translocation of nanoparticles with DNA walker108, other relevant works are not much. One of the 

interesting ones is discussed earlier (Figure 1.3c) where He and Liu constructed a DNA walker 

mediated organic synthesis system by exploiting the step-by-step walking process which is a good 

representation of DNA walker interaction with small molecules.27 In terms of interaction with 

other DNA/RNA signals, some sensing work using DNA walker have been done in recent 

years.109,110  
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In our group, we previously have demonstrated an autonomous DNAzyme-based walker which 

transports fluorescent QDs along carbon nanotubes (CNTs).111,112 Kinetics of this DNA walker has 

been studied that the processivity of the walker can be controlled by metal cation type and 

concentration in buffer, in addition, DNAzyme sequence and structure will also affect the walker 

kinetics.113 These factors will affect DNA association with each other where the mechanism behind 

is the same as DNA logic gate. Instead of using a particle, an DNA origami or a solid surface, we 

used a long CNT (a few micrometers) as the DNA walker track. The CNT track provides a 

relatively long distance which is sufficient for walking kinetics study as well as a 2-D direction 

movement which simplifies the study. 

4.1.2 AS1411 for cancer treatment 

Not all DNA sequences can interact with cancer cell efficiently, thus we choose a specific DNA 

strand called AS1411 (5’ – GGT GGT GGT GGT TGT GGT GGT GGT GG – 3’). AS1411 is one 

of the G-rich oligonucleotides (GROs), which is an anti-proliferative drug toward multiple cancer 

cell lines at relative low concentrations, while it does not show fatal effects to normal cells at the 

same concentration level.114 It can form G-quadruplex structure which is more resistant to nuclease 

in the cell as well as enhanced cell uptake compared to normal DNA chain. This drug can 

specifically target and bind to nucleolin, a protein overexpressed on the surface of cancer cells.115 

The AS1411-nucleolin binding may affect cancer cell growth via nucleolin-mediated 

destabilization of mRNA for B-cell lymphoma 2 (BCL-2) proteins, ultimately resulting in the anti-

proliferation of the cells.116,117 The oligonucleotide drug is currently in phase II clinical trials. 

4.1.3 Interaction between DNA walkers and cancer cells 

In order to expand our work studying interactions between DNA and other systems, CNT-based 

DNAzyme walker system and AS1411 oligonucleotide drug are combined as a controlled drug 

release platform for breast cancer treatment. While DNA walker moves along the CNT track, the 

anti-cancer drug AS1411 is released from fuel strands as they are decorated onto those fuels. 

Compared to other DNA walker systems like nanoparticle-based or polymer-based, more factors 

could be controlled with this design including buffer conditions, light, heat, pH and more 

importantly, DNAzyme itself and CNT track.118,119 With integration of these factors, a better 

solution for drug release control may be presented. The cell used in this work corresponding to 
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AS1411 is a human breast cancer cell (MCF-7). Using our ability of manipulating DNA systems, 

walker kinetics can be accurately controlled and so do the cleavage rate and the number of released 

AS1411, and ultimately stop the proliferation of cancer cells. Furthermore, the collagen 

extracellular matrix (ECM) was also used to study the real-time interaction between DNA walker 

system and cell. This will be a more direct study of using DNA signals to control cell growth as 

MCF-7 cells and DNA walker are cultured together. It turns out that AS1411 based DNA walker 

system can reduce 40% of MCF-7 growth inside ECM. In contrast, DNA signal has no effect on 

normal fibroblast cell CCD-1064SK. 

4.2 Scheme 

Figure 4.1 shows the principle of the DNA walker mediated in-situ drug release platform 

embedded in the collagen ECM. Here, 10-23 DNAzyme (green) with its strong cleavage ability is 

used as the walker strand. The cleavage mechanism will be the same as used in DNA logic gate. 

The DNAzyme is bound on CdTe/CdS QD (orange dot) for better localization purpose while the 

fuel strand is a little different from previous work where it is consisted of AS1411 sequence (blue) 

and anchor sequence (navy). The fuel strands on grafted on CNT track where the method is 

discussed in chapter 2. Once DNAzyme hydrolyzes the rArU site (brown dot) connecting AS1411 

and anchor, the cleaved AS1411 will diffuse away. As driven by lower free energy, the DNAzyme 

upper arm needs to migrate to the next available intact fuel strand along the track. The lower arm 

will then dissociate with current anchorage and migrates to the next fuel strand, completing the so-

called single turnover reaction. This mechanism is the same as we discussed in the first chapter 

but having specific meaning to the released fuel strand. The AS1411 segment has an extra RNA 

base on it (5’- GGT GGT GGT GGT TGT GGT GGT GGT GGrA -3’) to make sure it can be cut 

off by 10-23 DNAzyme. Under the presence of potassium in solution, AS1411 can form dimeric 

guanine (G) quadruplex. The whole DNA walker system is then incorporated into ECM with MCF-

7 cultured on the top for study of the interaction between DNA signal and cell. 



 

 

74 

 

 

Figure 4.1. (a) DNA walker mediated cancer cell growth anti-proliferation system. Collagen 

ECM is prepared with DNA walker system embedded, while MCF-7 breast cancer cells are 

cultured on top of it. (b) Mechanism of DNA walker based AS1411 release system. As the 

CdTe/CdS QD (orange) conjugated DNAzyme (green) moves along the CNT track (black), 

anti-cancer oligonucleotide AS1411 (blue) is released from the anchor strand (navy) which can 

form a dimeric G-quadruplex structure for inhibiting MCF-7 cell growth. A Cy5 dye (red) is 

labeled on AS1411 for fluorescence measurement. 

4.3 Experimental Methods 

4.3.1 Materials 

Advanced Dulbecco’s Modified Eagle Medium/Ham’s F-12 (DMEM/F-12) cell culture medium, 

Rat Tail collagen solution, Trypsin-Ethylenediaminetetraacetic acid (Trypsin-EDTA, 0.05%) and 

Dulbecco’s phosphate-buffered saline (DPBS) are purchased from Fisher Scientific. HiPco carbon 

nanotubes are purchased from Unidym. 

4.3.2 DNA walker measurement 

Different from DNA walker measurement in other work, we use visible/near-infrared (NIR) single-

particle/single-tube spectroscopy measurement to track DNA walker because both QD and CNT 

are fluorescent. The details and parameters of this measurement are reported in another publication 

of our group.101 Briefly, we use a custom-built inverted, wide-field epi-fluorescence microscope 
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system (Axio Observer D1, Carl Zeiss) with two laser diodes and two imaging cameras as our 

imaging platform. CdTe/CdS QDs were visualized by an EMCCD (Andor Technologies iXon3, 

512×512 pixels), and NIR emission from CNTs was collected and visualized by an OMA-V 2-D 

liquid N2-cooled InGaAs camera (Princeton Instruments, 320×256 pixels). The position of DNA 

walker on the CNT track was determined by overlaying fluorescence images of QD and CNT. 

4.3.3 AS1411 collection in the microfluidic channel 

DNA walker system was immobilized inside a hand-made microfluidic channel for released DNA 

drug collection. First 2% agarose solution was heated to boil and then deposited on a glass slide 

and wait until dry. Then mixture of pre-assembled DNA walker on CNT samples was placed on 

top of the agarose film. A coverslip was then placed on top of the film and sealed with double-

sided tape. After assembly, 1x TAE buffer was used to flush the channel with a syringe pump 

(Fusion 100, CHEMYX) until no fluorescence can be found from the output solution. Then, 10 

mM extra Mg2+ was added into 1x TAE buffer to initialize DNA walking. The buffer was slowly 

pumped into the channel at a speed of 70 μL/hour. Solution was then collected from the outlet of 

the channel to determine its fluorescence. 

4.3.4 Breast cancer cell culture with anticancer DNA 

To prepare the cell culture medium for MCF-7 breast cancer cell, 25 mL FBS, 5 mL L-glutamine, 

and 5 mL penicillin/streptomycin were added into 500 mL commercial advanced DMEM/F12 

culture medium. For CCD-1064SK cells, 50 mL FBS, 5 mL L-glutamine, and 5 mL 

penicillin/streptomycin were added into 500 mL advanced DMEM/F12 cell culture medium to 

prepare specific cell culture medium for fibroblast cell.  

 

A 96-well plate was used for cell culture with approximately 60 MCF-7 cells (120 cells in case of 

CCD-1064SK cells) per well. The cells were incubated in 100 μL cell culture medium from last 

step for 24 hours in a cell incubator (at 37 C in 5% CO2 environment) first. The medium was then 

replaced by AS1411 included cell culture medium. The replacement of this new cell culture 

medium was performed every 24 hours for 4 consecutive days before cell imaging and counting.120 
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4.3.5 Walker system embedded in ECM for cancer cell treatment 

Preparation of collagen ECM 

Collagen ECM was prepared by mixing 358 μL 8.68 mg/mL rat tail collagen solution with 100 μL 

10× PBS, 30 μL 0.1 M HEPES, 8.2 μL sterile 1.0 N NaOH, 1 μL penicillin-streptomycin, 10 μL 

L-Glutamine, 10 μL 1 M MgCl2, 60 μL FBS and extra sterile H2O to 1 mL mixture.  

 

In order to incorporate walker/track samples into the collagen ECM, the aqueous solution, part of 

the sterile water was replaced by 100 μL of CNTs coated with 500 nM fuel strands and 1 μL of 1 

M DNAzyme samples. During preparation, the mixture should be placed on an ice-bath and then 

transferred onto a Petri dish (MatTek Corp.) upon finishing. With 30-minute incubation in an 

incubator, collagen could be polymerized and then the Petri dish was placed under UV light for 

sterilization for 1 hour before cell culture. 

 

Cell culture on collagen ECM 

Approximately 4,000 cells were loaded onto the top of the polymerized collagen and incubated 

with 1 mL cell culture medium. Like the previous description, the medium was replaced every 24 

hours for consecutive 5 days. Fluorescence images of the cells were obtained to evaluate the 

viability and drug efficacy. 

4.3.6 Cell imaging and counting 

Cell viability could be evaluated by Hoechst dye which is a common dye used for staining live 

cells.121 To perform staining, cell culture medium was replaced with 1 mL DPBS solution 

containing 10 ug/mL Hoechst dye and incubated for 30 minutes in the cell incubator. After 

incubation, each well was washed once by DPBS solution to remove free dyes and an additional 

100 μL DPBS solution was added for optical imaging. 

 

Optical fluorescence imaging was performed using an Olympus IX71 microscope with a 10× 

objective lens. ImageJ was used to process fluorescence images to evaluate cell viability. Cell 

viability was determined by calculating the ratio of the area covered by AS1411-treated cells to 

the area covered by control cells. 
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To evaluate the cytotoxicity on ECM, a similar method was used. Typically, 10-12 fluorescence 

images were taken in each Petri dish to get more accurate results. Student’s t-test was performed 

based on two sets of data collected to determine its statistical significance. 

4.4 Results and Discussion 

4.4.1 DNA walker characterization 

To demonstrate DNA signal interaction with cell system, proof of DNA walker is the prerequisite. 

To show DNA translocation, DNAzyme based DNA walker with QD was immobilized and placed 

onto a CNT track full of DNA fuel strands.111 Visible and NIR images were taken separately for 

QD and CNT in their respective spectral range. In our custom-built inverted microscope, an 

electron-multiplying charge-coupled device (EMCCD) was used to measure the fluorescence from 

visible QD while a 2D InGaAs photodiode array was recording the near-infrared CNT emission. 

DNA translocation was monitored as shown in Figure 4.2a with the fluorescence of QD (red dot) 

moves along the stationary CNT on the surface. The time interval between each measurement is 2 

hours in order to make sure the detectable travel distance of DNA walker on CNT track. As the 

requirement for DNAzyme to perform cleavage, 10 mM Mg2+ was added to 1x TAE buffer to 

serve as the working buffer. After 6 hours, the DNA walker has traveled around 700 nm which 

leads to a speed of ~110 nm/hr. Single turnover reaction rate could also be determined based on 

the speed calculated and the distance between two neighboring fuel strands (~3.5 nm). It 

characterizes the speed of DNA walker moving from one fuel strand to the next fuel strand, in this 

design, the single turnover reaction rate is 8.9×10-3 s-1.113 

 

In order to generalize the walking kinetics, single turnover reaction rate of DNA walker is further 

confirmed by ensemble measurement. By immobilizing CNT based DNA walker system in a 

microfluidic channel (Figure 4.2b) and decorating the fuel strand with Cy5 dye (Figure 4.1b) for 

fluorescence measurement, an ensemble DNA walker moving speed or single turnover reaction 

rate can be determined. Mg2+ included 1x TAE buffer was flushed into the channel at a flowrate 

of ~67 L/hour. It should be pointed out that this low flowrate has been proven not affecting the 

walker operation significantly.111 The walking continues for 3 hours and solution was collected at 

outlet. PL intensity of the solution was determined, and the amount of released fuel strands can 
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further be calculated. With the number of fuel strands and walking time, single turnover reaction 

rate is 9.2×10-3 s-1 using the same calculation method for single-particle tracking. The similarity 

of these two single turnover rates indicates the robustness of DNA walker system (Figure 4.2c). 

 

Figure 4.2. (a) Fluorescence images of translocation of the DNAzyme walker. The CdTe/CdS 

QD and CNT track are used as visible and near-infrared fluorophores, respectively. The red 

dot indicates the DNAzyme walker. It moves on the immobilized CNT track over a 6-hour 

period in standard TAE buffer with 10 mM Mg2+ with the trajectory represented by the red 

arrow. The speed of the walker is approximately 110 nm/hr. (b) Schematic of ensemble DNA 

walker release experiment. The DNA walker system is deposited on an agarose film to 

immobilized inside the channel. The channel is flushed with TAE buffer with 10 mM Mg2+ at 

room temperature to trigger DNA walking and released AS1411 strands are collected at the 

outlet. (c) Single turnover reaction rates calculated from a single (a) and ensemble (b) motor 

measurements. 

4.4.2 Collection of released DNA strands 

The demonstration of DNA walker system was performed in 10 mM Mg2+ buffer. As we 

mentioned multiple times before, one of the reasons we chose DNA to be the signal to interact 

with other systems is because of its controllability by external signals. Here Mg2+ concentration is 

also an important factor that we use extensively for DNA control. To test the effect of different 

Mg2+ concentration (Figure 4.3a and b) same DNA walker experiment in microfluidic channel was 

done but with different Mg2+ concentration. As expected, no fuel strand could be released if no 

Mg2+ was present in solution, and compared to 5 mM Mg2+, 10 mM can release a twice greater 

amount of fuel strands from CNT track. Since DNA walker will be cultured together with cell 

eventually as the experiment goal, DNA walker release in the cell culture medium (Advanced 

DMEM/F12) was also examined. Without any addition, the medium only contains 1 mM Mg2+, 
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which is not enough for DNA walking. Thus, the Mg2+ level was made up to 10 mM by adding 

additional Mg2+ solution. Similar Cy5 PL intensity was found with cell culture medium which 

indicates that DNA walker system was not affected by other components in cell culture medium. 

These results suggest that DNAzyme based walkers can function well in cell culture environment 

and serve as an AS1411 release platform. 

 

Figure 4.3. (a) PL spectra of Cy5-labelled AS1411 strands collected, which represents the 

relation between DNA walking speed as a function of Mg2+ concentration in 1xTAE buffer 

(blue, red, black). The pink curve indicates the DNA walking in cell culture medium with 10 

mM Mg2+. (b) PL spectra of cell culture medium (black) and collected AS1411 in cell culture 

medium (red). To obtain the PL spectrum of AS1411 (pink curve in a), the black curve was 

subtracted from the red. (c) Absorbance of cell culture medium. No significant absorbance 

above 600 nm is found indicating cell culture medium will not affect Cy5 measurement. The 

peak around 550 nm should be the absorbance of phenol red in cell culture medium. (d) 

Circular dichroism spectra of DNA walker-released and synthesized AS1411 strands in the 

presence of 10 mM K+ indicating the formation of G-quadruplex structure. 

 

Another important thing to confirm before introducing DNA walker into cell culture is the function 

of released strand. Synthesized AS1411 strand forms a dimeric G-quadruplex structure (Figure 

4.1b) in the presence of 50 mM K+. This secondary conformation was the key to maintain AS1411 

anti-proliferation effect.122,123 Because this structure has different absorption for left- and right-

handed circularly polarized light, the circular dichroism (CD) could be a perfect tool for the test. 

From CD measurement of synthesized AS1411, we can find a peak at ~265 nm and a valley at 



 

 

80 

 

~240 nm (Figure 4.3d) which is a feature characterization for G-quartet conformation. To show 

the same function of released AS1411 from DNA walker in cell culture medium as the synthesized 

AS1411 sequences, both CD absorbance are measured. It clearly shows that AS1411 released from 

DNA walker could also maintain G-quartet conformation. 

 

Figure 4.4. (a) Viability of MCF-7 breast cancer cells after treating by released and 

synthesized AS1411 strands. Cells with no drug treatment is evaluated as control. (b) Viability 

of CCD-1064SK normal fibroblast cells after 96-hour incubation with synthesized AS1411. (c) 

Viability of MCF-7 cells after 96-hour incubation with AS1411 strands with extensions. The 

efficacy of synthesized AS1411, synthesized AS1411r (AS1411 strand with an extra RNA 

base) and released AS1411 strands are compared. It turns out that the cytotoxicity level of 

released AS1411 and AS1411/AS1411r is similar, so the additional base (rA) of AS1411r and 

released AS1411 does not affect the cytotoxicity significantly. 

4.4.3 Effectiveness of released AS1411 strands 

Even the structure of AS1411 can be maintained after released in cell culture, its anti-proliferation 

function to cancer cell still needs to be proved. To do that, released and synthesized AS1411 were 

collected and cultured together with MCF-7 cells for 4 days (see methods for details). From the 

cell viability data in Figure 4.4a, it can be found that statistically there are almost no differences 

in cell viability between released AS1411 treated cell and synthesized AS1411 treated cell. Both 



 

 

81 

 

at 0.5 M and 5 M, AS1411 strands reduce MCF-7 cell viability by 5% and 50% respectively. It 

indicates that the additional RNA base (rA) in released AS1411 does not affect its efficacy. More 

controls were performed with synthesized AS1411 strands with an extra rA base, and this sample 

also shows similar level of cytotoxicity.  

 

To examine the specificity of the sequence, same level of AS1411 dosage was also cultured with 

normal fibroblast CCD-1064SK cells. Almost no cytotoxicity found at 5 M AS1411 and even 20 

M which represents the non-toxicity of AS1411 to fibroblast cells (Figure 4.4b). 

 

Figure 4.5. (a) Bright-field (top) and fluorescence (bottom) images of MCF-7 cells on collagen 

ECM after 120-hour culture with the treatment of different conditions. The area of blue 

fluorescence indicates the number of live cells under that experiment condition. (b) Viability of 

MCF-7 cells on collagen ECM after 120-hour culture. NS: not significant; *: p-value < 0.05. The 

cell viability is determined by comparing the blue area in (a) while the area under control 

experiment condition is set as 1 for cell viability. 

4.4.4 Anti-proliferation of cancer cells by DNA walker system 

With all previous proof of successful release of AS1411 from DNA walker and maintained 

AS1411 function after released, the DNA walker system was then explored in collagen ECM, to 

study real-time DNA interaction with cells which is also closer to in vivo tumor microenvironment. 

Here the DNA walker was mixed with unpolymerized collagen first and when collagen got 

polymerized, DNA walker system would be embedded into the ECM matrix. MCF-7 cell was 

cultured on top of ECM to avoid the possible cytotoxicity of CNT. Since whether CNT has 

cytotoxicity is still a controversial topic, here we choose to avoid the uncertainty.124-127 Control 

experiments where only CNT with fuel strands are inside collagen ECM or buffer only in ECM 

were done to set the baseline of cell viability. Since no AS1411 could be released under these two 

circumstances, cell viability should be at a high level. The results were shown in Figure 4.5a with 

the bright-field image (top-row) of cells and blue fluorescence image (bottom-row) of cells stained 
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by Hoechst dye. The decrease of number of MCF-7 cells (blue area covered by cells) only happens 

in DNA-walker-embedded collagen ECM which indicates the AS1411 release from DNA walker 

as expected. Statistical analysis is performed as Figure 4.5b shows. It shows that significantly 

lower viability of MCF-7 cells exposed to the released AS1411 which is only at 60% compared to 

cells in the control environment. In contrast, there is a very limited statistical difference of viability 

between the cells cultured on the ECM with AS1411-decorated CNT tracks alone (i.e. without 

walkers) and cells cultured on ECM with buffer only. The total amount of AS1411 strands was 

estimated to be roughly 5 M based on the amount of CNT and fuel strands associated. Compared 

to cell culturing with 5 M released AS1411, the cell viability is slightly higher under this 

experiment condition. The difference may come from the different experimental setup and more 

importantly, drug amount. Here, drug was continuously released into ECM during the 5 days cell 

culture. However, in the previous experiment, cell culture with AS1411 was refreshed every 24 

hours. This makes a big difference to the actual drug amount taken by the cells and thus will affect 

the cell viability. In fact, the purpose of introducing DNA walker system to ECM is to study the 

real-time DNA signal interaction with cell system, which has a totally different meaning compared 

to studying the anti-proliferation effect of released AS1411 by DNA walker system. So, the 

numbers here are not comparable with each other. 

4.4.5 Effect of carbon nanotubes on cell viability 

Before closing this chapter, I would like to extend the discussion of the cytotoxicity of carbon 

nanotube a little bit. Cytotoxicity of carbon nanotubes has been a very popular topic in the past 

decade. Based on its chemical and mechanical properties, CNT has always been a good candidate 

for biological applications like drug delivery shuttle, bio-sensor or novel bio-materials. However, 

its cytotoxicity has been unclear all the time. Scientists have opposite opinions on cytotoxicity of 

CNT and both have done numerous research works to support them. In this work, though the study 

of cytotoxicity of CNT is not the main target, we are still able to make some judgments based on 

the experiment results. From Figure 4.5, it is shown that with CNT embedded into the ECM, the 

cell viability is not different from the cells with no CNT involved. Since adding CNT or not is the 

only difference between these two experiments, the bio-safety of CNT in this experiment should 

be valid. With no direct interaction, it seems CNT is not affecting cell viability. 
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4.5 Conclusion 

In summary, in this chapter, still using DNA as the engineering material, a DNA-walker-mediated 

platform that inhibits cancer cell growth is created. This takes us one step further of using DNA 

as a tool since now DNA is shown to be able to interact with cell systems. The culture of DNA 

walker inside collagen ECM also indicates the dynamic interaction between cell and DNA based 

systems. In addition, the use of AS1411 oligonucleotides also expands the possibility of our 

research. Other than molecular capture and release, DNA aptamer sequences can also be used for 

cell anti-proliferation. Moreover, given the robustness of DNA walker platform, it may be 

extended for treatment of other cancer cell lines with appropriate drugs either by DNA aptamer or 

molecules attachment.128 For this work, we envision that additional regulating mechanisms could 

be introduced into the system like external photo-irradiation or environmental changes, where a 

unique powerful molecular regulating system could be produced later. For this thesis, we have 

already studied DNA functionality extensively by using its base-pairing hybridization and 

sequence-specific aptamer effect. As a mechanical engineer, the mechanical properties of DNA 

strands are also important to study. Thus, in the next chapter, we will bring in a new system called 

motor protein systems to study the mechanical properties of DNA and their interactions with motor 

proteins.  
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5 DIRECTION CHANGE OF SURFACE GLIDING MICROTUBULES 

WITH DNA 

5.1 Introduction 

In previous chapters, DNA has been used as an engineering material for chemical and biological 

applications based on its properties. The interaction of DNA signal with other systems has been 

explored. However, as an engineering material, its mechanical property is another important factor 

that needs to be characterized. Here we introduce motor protein systems into this work. By using 

immobilized DNA molecules changing microtubule moving direction, the mechanical property of 

DNA strand could be studied. 

 

Figure 5.1. (a) Microtubule gliding direction control by kinesin placement. Kinesin molecules 

are coated on designed microfluidic channel and microtubules can only move on kinesin coated 

area.129 (b) Microtubule gliding direction change controlled by the magnetic field. Cobalt iron 

oxide (CoFe2O4) particles are coated on the leading part of the microtubule. When the magnetic 

field changes, the direction of microtubule gliding can be changed too.130 (c) Photocontrol of 

microtubule gliding. With shining UV and visible light respectively, microtubule gliding can be 

stopped and activated. Thus, the gliding of microtubules can be controlled by the light signal.131  



 

 

85 

 

As discussed in chapter 1, there are mainly three types of motor proteins, while in this work, we 

choose to use kinesin-microtubule motor protein, since they have been studied the most and they 

can interact with DNA easily. Despite microtubules are important cytoskeleton proteins in a cell 

which are important for cellular activities such as mitosis, intracellular trafficking, and cell division, 

here microtubule is used for its motility. One way to engineer this in vitro translocation is to 

immobilize kinesins onto a surface and with ATP molecules in solution, kinesins will ‘walk’ on 

microtubules. Since kinesins are immobilized, microtubule instead, will glide on the surface or so-

termed gliding or motility assay.132-136 

 

Motility assay itself can also interact with different signals for certain applications like molecular 

cargo transport, analyte detection, and a combination of both137-139 as shown in Figure 5.1. Similar 

as DNA system, good control of motility assay especially velocity and direction, is the key to make 

it adaptive in broader systems as different engineering applications could take advantage of 

microtubule motility assay.140,141 Translocation velocity can be easily controlled by varying 

concentration of ATP, density of kinesin142, temperature143, buffer pH, external field including 

electrical field144 and light irradiation145-147 or combinations of these factors148. In contrast, 

methods to control moving direction are relatively limited. The most obvious method is to 

selectively place kinesin on microfluidic channels where specific micrometer-level pattern has 

been created149-151 or chemical modification152 has been done on it. Other than that, direction 

controlling by external field is also a popular method including electrical field45,153,154 and flow 

field155,156 associated physical model studies157,158. In addition, the magnetic field could also be 

used to direct microtubule gliding if magnetic nanoparticles are functionalized on them130,159-161. 

All these methods are effective, but they cannot control the direction of a single microtubule as 

either external field or kinesin pattern applies to all microtubules termed as ensemble method. On 

the contrary, a local method that affects only one microtubule at a time should be developed. As 

we discussed in the previous chapters, DNA is a great tool in signaling, both to specific object 

(DNA logic gate), or affecting the whole system (cancer cell anti-proliferation). Thus, with 

introducing DNA into motor protein system, it is possible for us to solve the problem. In the 

meantime, the interaction between DNA and microtubules could be more than a biological or 

chemical reaction, but there will be mechanical interaction involved as microtubules mechanical 

motion has been affected. This becomes a great opportunity for us to expand the application of 
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DNA signal further, so a DNA based method to locally control microtubule gliding direction 

without external field or complex track designs need to be explored. 

 

In this chapter, we introduce an approach that use DNA as a tool to actively change microtubule 

gliding direction. The interaction between DNA and microtubules has been widely studied for 

microtubules connecting or microtubule-surface interaction162-165, while in this work, DNA is not 

used as a connector or a cargo166, instead, it is used as a capture arm. Biotin-streptavidin system is 

incorporated into the system for linking DNA and microtubule. The focus of this work is to use 

the force exerted by splitting a double-stranded DNA (dsDNA) to redirect microtubule moving 

direction. The dsDNA decorated with streptavidin will first be associated on an immobilized 

nanoparticle when a biotinylated microtubule is in the proximity, the microtubule will be captured 

by dsDNA strand via biotin-streptavidin interaction and change its moving direction. Our physical 

model reveals that the outgoing angle of redirected microtubules is determined by the interplay 

between the dsDNA unzipping force (pulling force) and collective kinesin forces exerted on the 

microtubule. The direction of microtubules gliding will change approximately 10° on average with 

respect to their incoming angles. When no streptavidin is attached on a dsDNA capture arm, no 

significant angular change could be found other than a Brownian-type random redistribution (i.e. 

normal distribution centered at 0). A traditional gliding assay without DNA-particle involved will 

also follow this distribution on their gliding angle change. However, if DNA is not introduced into 

the system, with streptavidin directly on the particle, instead of being a direction change center, 

the particle will then either stop the microtubule passing by or be dragged away by the 

microtubules. 

 

To further study the difference and advantage of using DNA into this system, compared to other 

ensemble methods, we also developed mathematical models for both cases. For the microtubule 

direction change by using crossflow167,168 and for the DNA based microtubule gliding direction 

change, two different models are developed and compared with experimental data. Under 

crossflow condition, flow speed, kinesin density, gliding speed, and initial direction together 

determine the time needed to align microtubules with flow direction while in DN-particle based 

local scheme for microtubule direction change where no flow associated, microtubule gliding 

speed, kinesin force, and DNA dissociation forces play important roles.  
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5.2 Scheme 

Figure 5.2 illustrates the overall design of local direction change of gliding microtubules. The 

immobilized polystyrene particle (black) sits on the coverslip surface via non-specific adsorption. 

DNA signals are introduced as double helices (dsDNA, blue and green) which are covalently 

linked to the particle. In order to interact with biotinylated (yellow) microtubules, a streptavidin 

molecule (red) is attached to the end of each dsDNA (Figure 5.2 left). When a microtubule (grey) 

moves within the effective distance of DNA strands, the streptavidin on DNA and the biotin on 

microtubule will form a tight conjugation (Figure 5.2 middle). Because of the strong binding force, 

DNA arm will pull microtubules in a different direction compared to its moving and force it to 

change (Figure 5.2 right). As microtubule keeps moving forward, the hybridization between 

dsDNA will break as the unzipping force of dsDNA much smaller than the force generated by 

kinesins and the direction change of one microtubule gliding is completed. 

 

Figure 5.2. Schematic of DNA-nanoparticle based microtubule gliding direction change. 

Through non-specific binding, the DNA-particle (black) is immobilized on coverslip surface. 

One type of DNA sequence (blue) is coated on the particle, and its complementary strands 

(green) with a biotin-streptavidin conjugate at the end are hybridizing with the strand. Black 

arrows indicate the moving direction of microtubules. Once a microtubule moves in close 

proximity of DNA-particle, the streptavidin molecule can bind with the biotinylated 

microtubule, pulling and thus redirecting the microtubule. 

5.3 Experimental Methods 

5.3.1 Materials 

Polystyrene particles with an average 200 nm diameter were obtained from Invitrogen (F8807). 

Gliding assay related materials including biotinylated tubulin (T333P), Hilyte dye-labeled tubulin 

(TL670M), kinesin (KF01, motor domain of human KIF3C, 73 kD), paclitaxel (TXD01), and 
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BRB80 buffer (BST01 and BST05) were all purchased from Cytoskeleton. Streptavidin was 

acquired from Prospec (PRO-283). 

 

5.3.2 Preparation and characterization of particle-DNA 

Association of DNA and streptavidin 

DNA and streptavidin are linked based on biotin-streptavidin conjugation. First, 10 times more 

biotin-labeled complementary DNA (5’ –/biotin/ TTT TTT TTT TGC CCC TTA ACT CCC ACG 

ACT AAG CCT GAC CGA TGC – 3’) were mixed with 10 nM conjugated particles with ssDNA 

(5’ – /amine/ TTT TTT TTT TTT TTT ATC GGT CAG GCT TAG TCG TG – 3’) (methods 

described in Chapter 2.2.1). In addition, 1 μM streptavidin was also added into the solution and 

extra TAEM buffer was added to make a 100 μL solution. DNA strands were left for hybridization 

for 2 hours at room temperature they were purified by centrifuge. The mixture was washed 3 times 

by centrifuge (20,000g, 30 minutes) to remove unbound DNA strands and free streptavidin. 

Precipitate from each centrifugation was kept and dissolved in 200 μL 1x PBS buffer while the 

supernatant where free DNA was in was discarded. This purified particle with dsDNA/streptavidin 

was ready to use for the experiment. To prepare a sample of particles with DNA strands but no 

streptavidin, the same preparation method was done just without streptavidin added in between. 

This sample was used as a control to the DNA-particle with streptavidin. 

 

DNA-Particle Measurement 

Absorbance of DNA was used to estimate the number of DNA strands per 200 nm polystyrene 

particle. DNA has an absorbance peak at 260 nm with an extinction coefficient of 3x105 M-1cm-1. 

The extinction coefficient of polystyrene particle is approximately ~2x109 M-1cm-1 at 660 nm. The 

particle and DNA concentrations were determined respectively based on the absorbance value at 

660 nm and 260 nm. The DNA-to-particle ratio could then be determined from the concentration 

ratio given the assumption that DNA was distributed uniformly among the particles. The DNA 

density on the particle was found to be 1 DNA per ~30 nm2, which corresponds to roughly 4000 

DNA strands per polystyrene particle. This result is similar compared to DNA density in other 

reports 169. 
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5.3.3 Microtubule direction change with particle-DNA 

The DNA-particles conjugated with streptavidin in 1x PBS buffer from previous preparation were 

flowed into the microfluidic channel for incubation until there were approximately 50 particles 

within a 100-μm x 100-μm area. PBS buffer was then flushed through the channel to wash away 

unbound DNA-particles. After this surface decoration with particles, standard microtubule motility 

assay preparation was done by adding kinesins, caseins, and microtubules sequentially as 

described in chapter 2. For control experiments, DNA-particles without streptavidin was used 

instead of the streptavidin ones. 

5.3.4 Localization of fluorescent nanoparticles 

Because of diffraction limit and strong fluorescence, 200 nm polystyrene could occupy several 

micrometer areas under the fluorescence microscope. In order to locate the accurate position of 

each particle by overcoming the optical diffraction limit, image processing to generate super-

resolution images is executed. Around 100 raw images of particles with 10 s intervals were taken 

and used as inputs. After removing background noise using background subtraction from ImageJ, 

peak fit of single-molecule light microscopy (SMLM) tool was applied to localize each particle. 

The position of a particle in a series of images were fitted by a gaussian function and the localized 

center position of the particle was calculated. Coordinates of the particle position were calculated 

to indicate the exact position of the particles. Same processing was done to the rest polystyrene 

particles and a plot of localized particles was drawn. 

5.3.5 Kinesin density on the surface 

As an important factor in microtubule gliding direction change, kinesin density on the surface was 

characterized by using antibody targeting glutathione (anti-GST-antibody) conjugated with 

AlexaFluor647 fluorophore from Thermo Fisher Scientific Inc. Since there is a GST moiety on 

kinesin, this conjugate can target at kinesins on the surface. After depositing kinesin and casein 

molecules on the coverslip surface, approximately 10 nM AlexaFluor647 conjugate with anti-GST 

antibody was filled the channel. The PL intensity on the surface was measured on a time basis and 

the kinesin density was finally determined as ~80 μm-2 (Figure 5.3). For simplicity, ns = 100 μm-2 

or √𝑛𝑠 = 10 μm-1 are used in the theoretical calculations. Control experiment was done by covering 

the surface with casein only. 
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Figure 5.3. Kinesin density characterization. (a) A kinesin coated coverslip glass surface was 

incubated with 10 pM anti-GST tag antibody, Alexa Fluor 647 conjugate (alexa647). Each dot 

represents a kinesin molecule and its intensity is around 630 (arbitrary unit). (b) Same kinesin 

coated surface was incubated with 10 nM alexa647. Overall intensity is around 60,000/µm2 on 

average. The kinesin density is calculated around 80/µm2. (c) The fluorescence intensity (kinesin 

density measured) increases as alexa647 was incubated longer on surface. Eventually, the kinesin 

density measured is approaching 80/µm2. Scale bars are 10 µm for both images. 

5.4 Model Development 

5.4.1 Modeling of DNA-particle based microtubule gliding direction change 

Typically for a microtubule on a channel surface, four different types of forces apply on it: gravity, 

van der Waals, drag and lift forces. However, rest three forces are all in vertical direction which is 

not related to our analysis, only drag force is considered. Here, the drag force is eliminated from 

the system because DNA-particle is immobilized on surface statically. So other than the channel 

environment, forces are mainly from the components inside the channel. Theoretically, when a 

biotinylated microtubule is close to an immobilized DNA-particle with streptavidin attached, the 

particle will interact with the microtubule through the binding between dsDNA-streptavidin 

capture arm and biotin groups on the microtubule. If the microtubule is moving towards a different 

direction compared to the DNA-particle pulling force, it will be forced to take a circular type 

motion as illustrated in Figure 5.4. Correspondingly, its moving direction will change θ degrees 

during this circular motion around the DNA-particle. More specifically, if the microtubule has an 

incoming angle φ when it moves close to the particle (the angle with respect to the dashed line in 

Figure 5.4a), the outcoming angle of microtubule will be θ+ φ degrees. By studying the 

components of this system, there are three main forces applied on the microtubule during this 

process: the dragging force generated by kinesin (Fkinesin), the pulling force exerted by 
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biotin/streptavidin interaction or dsDNA hybridization (Fpull), and the centrifugal force generated 

from the circular motion (Fcentrifugal). During this process, the force balance equation can be written 

as 

 𝐹𝑘𝑖𝑛𝑒𝑠𝑖𝑛 sin(𝜃 + 𝜑) + 𝐹𝑐𝑒𝑛𝑡𝑟𝑖𝑓𝑢𝑔𝑎𝑙 = 𝐹𝑝𝑢𝑙𝑙 Eq.1 

Based on other studies, kinesins can change the force it exerts to maintain the motion of 

microtubules if the external force applied on microtubules change, with maximum a  from kinesin 

~7 pN/kinesin 170,171. 

 

On the right side of the equation, Fpull is determined by dissociation of DNA strands and 

streptavidin-biotin conjugation, whichever is smaller, because the smaller one will limit the pulling 

force applied on a microtubule. It is able to find that around 12 pN is needed to unzip a dsDNA 

helix with similar length in this work, while the force needed to detach biotin and streptavidin 

conjugation is greater than 100 pN 172-175. Thus, Fpull in our experiment should be the dsDNA 

duplex unzipping force which is ~12 pN. 

 

The centrifugal force can be calculated from the radius of circular motion and the velocity of 

microtubule gliding, which is 

 
𝐹𝑐𝑒𝑛𝑡𝑟𝑖𝑓𝑢𝑎𝑔𝑙 = 𝑚

𝑣2

𝑅
 Eq.2 

where m is microtubule mass, v is the velocity of gliding microtubule, and R is the radius of 

microtubule’s circular motion which is considered as the length of dsDNA-streptavidin/biotin 

linking the particle and microtubules. 
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Figure 5.4. Physical model of DNA-particle based local direction changes of gliding 

microtubules. The black circle is the center of circular motion which indicates the immobilized 

particle, and the blue rod represents the capture arm (dsDNA/streptavidin). (a) Before a 

microtubule interacts with the DNA-particle, when it moves close, with an incoming angle 𝜑 

with respect to dashed reference line, the force balance is shown as indicated. (b) After the 

microtubule has changed θ degrees in its moving direction, the rod is about to break 

(unzipping of dsDNA). Kinesin force keeps its direction as the majority part of microtubule 

follows the original direction, and centrifugal and pulling force have changed their direction. 

Based on the new force balance, degree change θ can be calculated. 

 

There are approximately 1650 tubulin dimers per 1-μm microtubule from the studies of its 

polymerization dynamics 176. The mass of a 1-μm microtubule is calculated to be ~310-19 kg/m 

given the molecular weight of one tubulin dimer is around 110 kDa. The typical gliding speed of 

microtubules in our experiment is approximately 3 μm/min (~50 nm/s) as discussed before in the 

method chapter. The length of the 32 base-long dsDNA capture arm is around 10 nm, while the 

size of biotin/streptavidin conjugate is approximately 5 nm 177. That makes the overall length of 

circular motion radius ~15 nm and thus, the centrifugal force can be calculated as 

 
𝐹𝑐𝑒𝑛𝑡𝑟𝑖𝑓𝑢𝑎𝑔𝑙 = 𝑚

𝑣2

𝑅
= 5 × 10−26𝑁 Eq.3 

Since Fcentrifugal << 1 pN, which is much smaller compared to Fkinesin and Fpull, it will be neglected 

in the following calculation. The force balance equation now becomes 

 𝐹𝑘𝑖𝑛𝑒𝑠𝑖𝑛 sin(𝜃 + 𝜑) = 𝐹𝑝𝑢𝑙𝑙 Eq.4 

 
𝜃 = sin−1

𝐹𝑝𝑢𝑙𝑙

𝐹𝑘𝑖𝑛𝑒𝑠𝑖𝑛
− 𝜑 Eq.5 
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According to our DNA-particle measurement (see method for details), roughly 4000 DNA strands 

are grafted on a single particle. If DNA strands are assumed to be evenly distributed on the particle, 

also the angle between two neighboring DNA strands is assumed to be a 2-D angle, then it could 

be estimated as 

 
∠𝑡𝑤𝑜 𝑛𝑒𝑖𝑔ℎ𝑏𝑜𝑟𝑖𝑛𝑔 𝑠𝑡𝑟𝑎𝑛𝑑𝑠 =

√𝑆𝑝/𝑛

2𝜋𝑟
× 360° Eq.6 

where Sp is the surface area of the particle, r is particle radius and n is the number of DNA strands 

on a particle. The angle between two neighboring DNA strands could then be calculated as 3.2°. 

As microtubules in solution are placed randomly and they can move in all directions with the same 

probability, the incoming angle 𝜑 is assumed to follow a standard normal distribution. 

 𝜑~𝑁(0°, 𝜎) Eq.7 

where σ is the standard deviation. Here we assume σ = 3.2° which is the angle between neighboring 

DNA strands. The incoming angle will then follow 

 𝜑~𝑁(0°, 3.2°) Eq.8 

Correspondingly, the change of microtubule gliding direction should follow 

 
𝜃~𝑁(sin−1

𝐹𝑝𝑢𝑙𝑙

𝐹𝑘𝑖𝑛𝑒𝑠𝑖𝑛
, 3.2°) Eq.9 

where Fpull = 12 pN. Fkinesin is determined by the number of kinesins affecting a microtubule and 

the force exerted by a kinesin. Because of the limited size of DNA-particle compared to 

microtubule length, we assume that only the 1-μm-long leading segment of a microtubule is 

responsible for direction change. As mentioned in method part, on average, kinesin density on the 

surface is ns = 100 μm-2 or √𝑛𝑠 = 10 μm-1. Therefore, 10 kinesin molecules could attach on a 1-

μm-long microtubule and force from each kinesin is estimated to be 7 pN as the maximum force 

it can generate. Then Eq. 9 becomes 

 𝜃 = 𝑁(9.9°, 3.2°) Eq.10 

This is the distribution representing the extent of microtubule direction change. 

5.4.2 Modeling of crossflow based microtubule gliding direction change 

In order to compare with the local microtubule gliding direction change method and further study 

the effectiveness of using DNA to interact with motor protein systems, the ensemble method to 

change microtubule gliding direction is also studied in this work. Besides introducing an existing 
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experimental work done by Kim et al. 167, we developed a physical model to explain this gliding 

behavior as compared to the local one we have. As part of the calculation, the microfluidic channel 

dimensions parameters are taken from their paper. 

 

Different from our previous study in local gliding direction change, here crossflow is introduced 

in this experiment which means now the drag force is large enough to be considered. Since the 

drag force is created by flow, and its direction is on the same plane as the microtubule gliding 

direction. This force will affect the microtubule’s motion 178-180. 

 

Since different types of flow could have distinct effects on microtubules, it is important for us to 

calculate Knudsen number Kn = /L, where λ is the mean free path of the water molecule (λ  0.25 

nm) and L is particle size. For microtubules we are studying, the diameter is around ~25 nm which 

is L in this case. Thus, Knudsen number is Kn = 0.01, and the interaction between flow and 

microtubules is considered as continuum mechanics inside the channel. To further determine the 

force, Reynolds number is calculated as 𝑅𝑒 =
𝜌𝑣𝐿

𝜇
 (ρ is density of the fluid, μ is fluid viscosity, v 

is flow velocity, and L is characteristic length). Here the solution in channel is considered as water, 

so the fluid properties could be found directly. For characteristic length, it is estimated as the 

diameter of the microtubule which is ~10 nm since the leading domain determines the direction 

change of microtubule gliding. In order to calculate flow velocity v at the microtubule position, 

the maximum flow rate in the channel needs to be calculated first. From the work we reference 167, 

the length, width and depth of the channel are l = 15 mm, w = 400 μm, and d = 100 μm, respectively. 

The pressure difference between channel inlet and outlet could then be determined 181. 

 
∆𝑃 =

4𝑙𝜏𝑤

𝐷ℎ
 Eq.11 

where Dh is the hydraulic diameter of the channel (Dh = 160 μm) and w is wall shear stress. The 

pressure difference between channel inlet and outlet is directly related to maximum flow velocity 

which can be then calculated under the condition of wall shear stress 0.45 Pa as used in the paper 

180. 

 

𝑣𝑚𝑎𝑥 =
∆𝑃(

𝐷ℎ

2 )2

4𝜇𝑙
=

𝐷ℎ𝜏𝑤

4𝜇
= 0.018 𝑚/𝑠 Eq.12 
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This vmax is the flow rate at the centerline of the channel (d/2 = 50 μm). As a Poiseuille flow, to 

calculate the flow speed microtubule position, the distance between microtubule position to the 

centerline is analyzed. With the height of a kinesin around 10 nm and the radius of a microtubule 

RMT = ~12.5 nm, the distance of the microtubule to the bottom surface is approximately 20 nm. 

Thus, the flow speed could be calculated as v  1.410-5 m/s at the microtubule position. 

 

With all four parameters known, Reynolds number could be determined as significantly less than 

unity (~3.6x10-7, Re << 1). With this knowledge, the flow force applied on microtubule could be 

determined. But given an irregular shape of microtubule, it is important to calculate a simpler 

situation first which is the drag force (FD) applied on a spherical particle. This force can be 

determined by the Stokes’ law 

 𝐹𝐷 = 6𝜋𝜇𝑣𝑅𝑝 Eq.13 

Here, Rp is the particle radius. For a non-spherical particle including a microtubule-type cylinder 

182, the drag force can be expressed as 

 
𝐹𝐷 = 6𝜋𝜇𝑣(

𝑅𝑛

3
+

2𝑅𝑠

3
) Eq.14 

where Rn is the radius of a sphere that has equivalent area compared to the projected area of the 

cylinder (microtubule) on the direction of perpendicular to flow which is explained in Figure 5.5a. 

Rs is the radius of a sphere that has the same area compared to the cylinder surface area (Figure 

5.5b). 
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Figure 5.5. (a) Determine Rn through the projection of a microtubule to flow direction. The 

projected rectangle DMT (projected width)  lMT sin (projected length) should have the same 

area of a hypothetical sphere with a radius Rn. (b) Determine Rn by unfolding a microtubule 

cylinder into 2-D. The surface area of a microtubule lMT  πDMT should be equal to the area of a 

hypothetical sphere with a radius Rs. (c) Schematic of a microtubule gliding affected by flow. 

The whole microtubule is attached on kinesins and cannot move, except the leading segment 

(blue part). Thus, this is the only domain which could be affected by flow and changed moving 

direction. The length of this segment is assumed to be 50 nm which is half of the average 

distance between two adjacent kinesins (100 nm). 

 

Since a microtubule keeps changing direction when it moves in crossflow, finding Rn and Rs is a 

dynamic process. For a microtubule, all parts have force balance on flow direction because of 

kinesin, except for the leading domain where it is waving in flow before it binds to the next kinesin 

(Figure 5.5c). This domain has the length x assumed to be half of the distance between two adjacent 

kinesins (𝑥 = 𝑑𝑠/2 = 50 nm) given uniform distribution of microtubule leading domain position 

between these two kinesins. Thus, as explained in Figure 5.4ab, Rn and Rs can then be expressed 

as 

 𝜋𝑅𝑛
2 = 2𝑥𝑅𝑀𝑇 sin 𝛽 Eq.15 

 4𝜋𝑅𝑠
2 = 2𝜋𝑥𝑅𝑀𝑇 Eq.16 

where β is the direction of microtubule gliding versus flow direction defined in Figure 5.5. Rs can 

be calculated based on microtubule radius and length of the free leading domain which is 18.0 nm. 

For Rn, the angle 𝛽 will be incorporated into its calculation because it is a function of microtubule 
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moving direction. In this case, flow drag force FD(𝛽) is also a function of orientation of the 

microtubule. 

 

Figure 5.6. (a) Schematic of alignment of microtubule gliding direction by flow (t3 > t2 > t1). 

(b) Force balance analysis under flow affection. The majority of the microtubule is balanced 

by kinesin force and flow force while the unbound leading segment is not balanced. The 

combination of flow force and kinesin force determines the new moving direction of the 

microtubule (red). The angle β is used to represent the microtubule’s moving direction as it is 

the angle between microtubule’s moving direction and flow direction. 

 

Given that the Reynolds number is much less than 1 from previous calculation, inertia is negligible 

under our experimental conditions. Thus, the gliding direction of microtubules will be fully 

determined by force balance between flow and kinesins, as illustrated in Figure 5.6. Most of the 

microtubule is held and transported by kinesins while only the leading domain could be redirected 

by flow in solution. This redirection flow could be expressed as: 

 

𝐹𝑓𝑙𝑜𝑤 = 𝐹𝐷 = 6𝜋𝜇𝑣(
√2𝑥𝑅𝑀𝑇 sin 𝛽

𝜋

3
+

2𝑅𝑠

3
) 

Eq.17 

Where all parameters have been determined from previous calculation and 𝛽 is the only variable.  
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Different from the local-based direction change method, here flow force (~0.001 pN) is not at the 

same magnitude level as kinesin force. So, there is no way for a kinesin to exert its maximum stall 

force 7 pN. In fact, the average force from a kinesin was found to be around 0.3 pN by Palacci and 

co-workers 183. Only one kinesin is directly affecting the microtubule leading domain. Therefore, 

we use Fkinesin = 0.3 pN in our calculation for flow-based microtubule direction change. 

 

Since there is a square root of sin 𝛽 term which cannot be integrated in the real number system, it 

is important to use the numerical method to calculate. Here the time needed for a microtubule 

moving from one kinesin to another is considered time interval t. A microtubule completes one 

moving direction change behavior during this time period. With that, the direction changes during 

each t could be added up over time to determine the overall direction change of microtubules. 

This time interval can be calculated as 

 
∆𝑡 =

1

𝑣𝑀𝑇√𝑛𝑠

 Eq.18 

where vMT is gliding speed of microtubules, and √𝑛𝑠 is 10 μm-1 as characterized before. In the 

experimental work referenced, native or full-length recombinant kinesin was used, whose 

corresponding microtubule moving speed is 30 – 40 μm/min 184. Thus vMT = 30 μm/min or 500 

nm/s was estimated and used in our calculations, with the time interval set t = 0.2 s. 

 

With time interval determined for this discrete function, the microtubule gliding direction could 

be determined by the parameters we have. At each time interval, a microtubule experiences Fkinesin 

on its gliding direction as it always has and Fflow along the flow direction. The sum of these two 

vectors will determine the new microtubule moving direction which could be expressed as 

 𝐹𝑚𝑜𝑣𝑖𝑛𝑔
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ = 𝐹𝑓𝑙𝑜𝑤

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ + 𝐹𝑘𝑖𝑛𝑒𝑠𝑖𝑛
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ Eq.19 

To convert this equation into scalar parameters, the moving direction could be determined 

 
tan 𝛽𝑘 =

𝐹𝑘𝑖𝑛𝑒𝑠𝑖𝑛 sin 𝛽𝑘−1

𝐹𝐷(𝛽𝑘−1) + 𝐹𝑘𝑖𝑛𝑒𝑠𝑖𝑛 cos𝛽𝑘−1
 Eq.20 

where 𝛽𝑘  is the direction of microtubule moving at the kth time interval. 
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It should be noted that microtubule gliding direction at the current time interval is related to the 

direction at a previous time interval, this is because we assume the moving direction of a 

microtubule will not change before it finishes the current time interval in order to simplify the 

calculation. With start point 𝛽0 and time interval 0.2 s set, the following angles 𝛽0 to 𝛽𝑘−1 can be 

determined sequentially from Eq. 20. At time tk, the microtubule direction is 𝛽𝑘 . 

 

To determine the error of this model, experimental direction change is included and compared 

 

𝑒𝑟𝑟𝑜𝑟 = √
∑(𝛽𝑚𝑜𝑑𝑒𝑙 − 𝛽𝑒𝑥𝑝)2

𝑁
 Eq.21 

where 𝛽𝑚𝑜𝑑𝑒𝑙  is the theoretical moving angle from the model, 𝛽𝑒𝑥𝑝 is the experimental moving 

angle, and N is the total number of cases. 

 

Figure 5.7. (a) Length distribution of polymerized microtubules measured by fluorescence 

imaging. Most microtubules are 10 m long or less. (b) Microtubule gliding speed distribution 

with 1 mM ATP in solution. Average speed is ~3 μm/min. (c) Microtubule gliding speed as a 

function of solution ATP concentration. It increases as ATP concentration increases and 

gradually stops increasing after around 1 mM ATP. 

5.5 Results and Discussion 

5.5.1 Microtubule motility assay characterization 

Before introducing DNA-particle into the system, the microtubule motility assay is analyzed. The 

length and gliding speed distribution of polymerized microtubules are found from fluorescence 

imaging. As polymerization conditions optimized, the average microtubule length is found to be 

~10 m and the gliding speed under our experimental conditions is found to be ~3 μm/min (Figure 

5.7a and b). In addition, the microtubule gliding speed versus ATP concentration is also analyzed 
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(Figure 5.7c) and it is found that higher than ~1 mM concentration of ATP, microtubule speed 

reaches a plateau. 

 

Figure 5.8. Pseudo-colored fluorescence images of microtubule gliding direction change by 

DNA-particles. The red circle represents a DNA-particle, and the red rod indicates a 

microtubule. The green dot is a localization of the nanoparticle as red circle is much larger 

than the particle’s actual size due to the diffraction limit. The green dot is exact 200 nm in 

diameter. The microtubule moving directions change ~12.3 (a) and ~16.7 (b) after the 

microtubule passes the DNA-particle. Microtubule incoming and outgoing directions are 

shown as the white arrows. The dashed line is the extension of the incoming angle for better 

comparison with microtubule’s leaving direction. Both microtubules and nanoparticles are 

imaged by 658 nm excitation laser. Scale bar is 1 μm in both images. 

5.5.2 Local direction changes of gliding microtubules by DNA-particles 

Two representative cases of local directional changes of gliding microtubules are shown in Figure 

5.8. Here, incoming and outgoing gliding directions are represented by two white arrows and the 

dashed line is the extension of the incoming moving direction of the microtubule. The direction 

change could be found to be θ  12.3 and 16.7 respectively while in contrast, if no streptavidin 

is attached on DNA-particle, the direction change is much smaller (Figure 5.9). It is noted that 

there is also a small green dot at the center of each red nanoparticle. This represents the actual size 

and location of the particle calculated by the localization tool in ImageJ (more details in method 

chapter). The main purpose of doing this calculation is to eliminate ineffective cases from the 
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dataset. Because of the diffraction limit, the particle appears to have 2 μm in diameter which is 

significantly larger than its actual size 200 nm diameter. The loss of quality here could create 

problems in determining whether there is an interaction between DNA-particle and microtubules 

or not. Thus, in order to make it clear, green dot is plotted as the actual nanoparticle and only the 

microtubules passing through it will be considered as possible interaction candidates. Even though 

microtubule is not localized because it has larger size and also moves during image taking process, 

particle localization has already filtered out most non-interacting DNA-particles and microtubules. 

By doing that, it becomes evident that microtubule moving direction changes significantly after 

interacting with the DNA-particles. 

 

Figure 5.9. Pseudo-colored fluorescence images of direction changes of gliding microtubules by 

DNA-particles without streptavidin. Almost no direction change is found. Image components are 

the same as Figure 5.8. The microtubule moving directions change ~1.8 (a) and ~3.2 (b) after 

the microtubule passes the DNA-particle. This indicates that without streptavidin, no interaction 

happens between DNA-particle and microtubules, so no significant microtubule moving 

direction change can be found. Scale bar is 1 μm in both images. 

5.5.3 Direction change angle distributions 

To unambiguously confirm this local direction changes by DNA-particle, statistical analysis is 

needed. As a comparison, DNA-particle with (green curve) and without (blue curve) streptavidin 

has been tested separately on their ability to change microtubule gliding direction. As Figure 5.10a 

shows, both cases have direction change to some extent, but DNA-particle with streptavidin exerts 

a larger and broader direction change distribution where it can be approximated with a normal 

distribution N(0°, 9.6°) which is centered at 0° and has a standard deviation   9.6°. In contrast, 
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without streptavidin on DNA-particle, biotinylated microtubules cannot be captured and redirected 

and thus the angle distribution is also much narrower as expected. Based on calculation, it can also 

be concluded as a normal distribution N(0°, 4.0°) however with a smaller standard deviation   

4°. In addition, we also find that all angle changes without streptavidin involved are less than 10, 

which is also an indicator of the function of DNA-capture arm on the immobilized particle to 

redirect microtubules.  

 

Furthermore, the histograms can be generalized into relative frequency plots for better comparison. 

Here in Figure 5.10b, addition to DNA-particle with and without streptavidin cases, free gliding 

of microtubules without DNA-particle involved is also taken into consideration (black curve). It 

is clear from the plot that without streptavidin, whether or not a DNA-particle exists doesn’t make 

differences in direction change. In fact, the black curve is a random direction change due to 

Brownian effect which is common in in vitro motility assay.185,186 To quantify the differences 

between the distributions using DNA-particle with streptavidin and without streptavidin,  

Kolmogorov-Smirnov test (KS test) 187 is performed (Figure 5.10c). As a nonparametric statistical 

test, it can evaluate how similar two datasets are statistically. If the empirical cumulative 

distribution functions of these two datasets are close to each other, the two datasets are considered 

similar. In this test, similar datasets indicate no effect of DNA-particle on microtubule direction 

change. By making the cumulative probability plot, we found that the largest distance between 

these two cases is D = 0.375 which corresponding p-value can be calculated as 0.000.188 So the 

hypothesis of the same distribution of DNA-particle with and without streptavidin should be 

rejected, which means there are significant differences between these two conditions. This 

statistical result also supports our experimental design in microtubule direction change. 
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Figure 5.10. (a) Histograms of microtubules gliding direction change angles for different cases 

including DNA-particles with streptavidin (SA) (green) and without streptavidin (blue). The 

streptavidin-coated DNA-particles exhibit a significantly broader distribution compared to the 

no streptavidin particles, and it also has a larger maximum gliding direction change angle. (b) 

Relative frequency is plotted against microtubule direction change for DNA-particles with 

(green) and without (blue) streptavidin. A control experiment with no particles in solution is 

also presented (black) and it has a similar distribution compared to DNA-particle without 

streptavidin. This indicates that DNA-particle needs streptavidin to show their direction 

change function. (c) Kolmogorov-Smirnov test of two direction change datasets. The distance 

between the cases of DNA-particles with (green) and without (blue) streptavidin is measured 

in the cumulative probability. Because of the distance D = 0.375 has a corresponding p-value 

of 0.000, it indicates that the hypothesis no significant difference between these two cases has 

been rejected. So DNA-particles with and without streptavidin have differences in microtubule 

direction change. 

5.5.4 Comparison of model and experiment of direction change by particles 

With the confirmation of differences in two cases, the next is to compare the experimental data 

with the model predicted result. The physical model is calculated in Chapter 5.4.1 which shows 

the microtubule direction change follows N(9.9°, 3.2°) based on experimental conditions used in 

this test. The curve is plotted in red in Figure 5.11.  
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Figure 5.11. The histogram (grey) of microtubule gliding direction angles  has been fitted by 

a normal distribution (grey) and compared with the theoretical calculations (red). The model 

has mean and standard deviation of angle change approximately 9.9 and 3.2, respectively. 

The experimental histogram comes from the subtraction of the blue histogram (DNA-particles 

without SA) from the green histogram (DNA-particles with SA) in Figure 5.10a. The 

experimentally obtained statistics are fitted by a normal distribution N(9.4°, 4.6°). 

 

However, in real experimental data, it is found earlier that random direction change exists even in 

traditional motility assay. To accurately evaluate the function of DNA-particle, it is important to 

eliminate the random effect on direction change. To achieve that, direction change generated by 

Brownian motion (blue histogram in 5.10a) is subtracted from the distribution of DNA-particle-

streptavidin based direction change (green histogram in 5.10a). The resulting histogram as a 

function of the difference angle θ is shown in grey in Figure 5.11. This distribution rules out the 

random direction change and fully represents the DNA-particle based microtubule direction 

change. With a normal distribution N(9.4°, 4.6°) fitting, the similarity of theoretical model 

prediction (red) and experimental data (grey) is shown in Figure 5.11. Albeit smaller differences 

in standard deviation and mean value due to oversimplified assumptions, the experimental 

microtubule direction change is explainable by the physical model. 

 

One thing to notice in DNA-particle based local method is that DNA strands are essential to 

direction change of microtubule gliding in this design. As a comparison, if a particle is fully 

covered by streptavidin, but no DNA, microtubules are either got stuck or dragging the particle 

away. The reason behind is non-specific binding of streptavidin and nanoparticle. Since the force 



 

 

105 

 

needed to break this non-specific binding is much larger compared to streptavidin/biotin 

conjugation force, without DNA involved, breaking streptavidin/biotin conjugation becomes the 

critical part. Since over 100 pN is needed in this case, kinesins in the leading part of the 

microtubules cannot generate that much force. Thus, microtubules will have a high chance to move 

with the particle or stop as shown in Figure 5.12. However, in our actual experiment, none of such 

case has been found which indicates the very limited streptavidin non-specific binding on 

nanoparticles. Instead, the majority of streptavidin is linked to the nanoparticle through dsDNA. 

With unzipping dsDNA, microtubules moving direction can be changed. 

 

Figure 5.12. Representative fluorescence images of gliding microtubules before and after 

interaction with streptavidin/nanoparticle conjugates. In this control experiment, no DNA is 

attached on nanoparticle, instead, streptavidin molecules are conjugated onto nanoparticles. (a) – 

(b). Gliding microtubules are stopped after attaching immobilized particles. White arrow 

indicates the position of leading edge of the microtubule whose movement is halted. (c) – (d). 

Immobilized particles are dragged away by gliding microtubules after the microtubule 

interacting with the particle. Green arrow indicates the moving direction of the particle by a 

microtubule. Scale bars are 1 μm in all images. 

5.5.5 Experimental data and modeling of direction change by crossflow 

Ensemble microtubule direction change is also compared between experimental data and physical 

model (Figure 5.13). The experimental data are presented in dots directly taken from Kim et al.’s 
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work while the curves with the same color scheme are the theoretical calculation of microtubule 

direction in flow. As time passes, all microtubules will eventually be aligned to flow direction 

disregard their initial gliding direction which corresponds to reality as part of the validation of the 

model. With different initial angles, the time needed for microtubules to be aligned varies, 

gradually increasing its changing speed between 180 to 90 and decreasing the changing speed 

between 90 to 0 (with respect to flow direction). Different channel shear stress (or flow speed) 

also affect the microtubule direction change as expected. With larger pressure, faster flow speed 

is generated inside the channel and thus microtubules are aligned with shorter time. It takes ~200 

s to align a microtubule from 180 to 0 (deviation within 1) when the shear wall stress is 0.45 

Pa, while it takes ~500 s at 0.18 Pa and ~1000 s at 0.09 Pa. The difference between experimental 

and modeling datasets is calculated as 0.3 rad (Eq.21). 

 

Figure 5.13. Theoretical calculations (lines) of microtubule redirection by crossflow are 

compared to experimental measured microtubule direction change (objects in the corresponding 

color) reported by Kim et al. Each curve represents a temporal evolution of a microtubule’s 

moving direction with different initial angles under various wall shear stresses (i.e. flow speed) 

of 0.09 (a), 0.18 (b), and 0.45 Pa (c). It is evident that with higher shear stress (i.e. high flow 

speed), the time needed for alignment is shorter. The square root of mean square displacement is 

approximately 0.3 rad. 

5.5.6 Particle-based local scheme versus flow field-based ensemble method 

There are several major differences between these two methods.  

 Crossflow can affect the gliding behavior of all microtubules in solution, while the interaction 

between a DNA-particle and microtubules is one at a time. Ensemble method may not be 

suitable for the case where we only want selected microtubules to be redirected. The DNA-

particle based scheme should be used in this case given its ability to change microtubule 

gliding direction locally. To use this method, particles could be placed at designed positions 

where microtubules will move across to achieve the local direction change. 
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 The difference in gliding direction change angles by a crossflow and a particle are attributed 

to the time that relevant forces are exerted on microtubules. A crossflow could align 

microtubules completely is because the flow has continuous force applied on the microtubules 

which could easily be over 10 seconds level. On the contrary, a DNA-Particle could only 

interact with a microtubule in an extremely short time period. Based on another report, the 

time needed to dissociate a 20-bp-long duplex is only ~10 μs.175 So, this huge difference in 

magnitude of time contributes to the fact that crossflow has a stronger alignment effect 

compared to DNA-particle. 

 

Since the change of microtubule gliding direction through DNA-particle is highly dependent on 

the DNA pulling force and the interaction time between microtubules and the particle. The angle 

may be increased by using longer dsDNA strands or stronger bio-conjugates with a larger rupture 

force. One thing to notice is that the rupture force should not exceed overall kinesin forces on the 

microtubule otherwise the microtubule will be trapped as a similar situation shown earlier. 

5.6 Conclusion 

In summary, we take advantage of mechanical properties of DNA strands in this chapter and apply 

that in motor protein system. By using the dissociation force of dsDNA, a local scheme for 

redirecting microtubule gliding is created. A physical model is also developed to explain the 

function of DNA strands better in this system. Compared to conventional ensemble methods such 

as crossflow, DNA-particle shows distinct properties including local direction change, short 

interaction time and on average 10 changes in the microtubule direction. These makes DNA-

particle a unique method for microtubule direction change. In addition, the differences between an 

ensemble direction change method and a local direction change method are also highlighted from 

the study of physical models and experimental results together. It is possible that the DNA-particle-

based local approach may be incorporated with microfluidic architectures to provide a better and 

easier microtubule gliding control for various applications. Moreover, we expand and test the 

application of DNA strands/signals further in this chapter. With the manipulation of DNA strands 

based on its biological property, chemical property, and mechanical property, we can finally be 

comfortable introducing DNA as a tool into the complex artificial cell system to help us study and 

explore the potentials of it. 
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6 MONITORING LIPOSOMES REVERSIBLE CLUSTERING 

BEHAVIOR BY DNA SIGNALS 

6.1 Introduction 

Cell aggregation is an important phenomenon in cellular biology where cells bind and cluster 

together under a certain environment. Studying the cell-cell interactions during this process could 

contribute extensively to the understanding of cell differentiation, migration, and viability.189 

Furthermore, cell aggregation study also holds great potential in enhancing tissue engineering 

research as cell-cell interaction is an essential part of tissue building in real life. With this 

importance, plenty of research have been done on this topic, including cell reactions to certain 

chemicals, the kinetics and dynamics of cell aggregation, and the possible diseases related to cell 

aggregation. These works characterize cell aggregation behavior from all different aspects. 

However, given the complex inner cellular environment, to take full control of cellular aggregation 

and dissociation is difficult. Thus, the simplified artificial cell/liposome could be introduced to the 

system either for a deeper understanding of cell interactions or for better control of cell aggregation 

behavior. 

 

Since liposomes cannot interact with each other spontaneously like live cells, it is important to 

develop another signaling pathway for liposomes to achieve a similar effect as a living cell. Related 

research work has been done by using Ca2+ as a signal to trigger liposome clustering in order to 

study the membrane permeability change and its application.190,191 Even though an external signal 

is used to control liposome aggregation behavior, reversibility is achieved in these works. From 

the discussions we have in the previous three chapters, DNA could be used as perfect candidate 

for signaling molecules in artificial cell systems. As previous works indicate, DNA can interact 

with other DNA, protein, small molecule, and nanoparticles, which means all these components 

could be brought into the liposome system if DNA is present. In addition, the interaction between 

DNA signals and liposomes has also been studied extensively which provides a solid foundation 

for further improvement of this interaction. Either mixing DNA with liposomes for signal delivery, 

DNA mediated liposome fusion or constructing DNA structures as transmembrane pore, DNA 

contributes highly to the development of liposome. To take a step further on this connection, and 
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to use it as a tool for cell aggregation study, a DNA-based controlled reversible liposome clustering 

system is developed. 

 

The goal of the system is to emulate actual cell aggregation with controllable and reversible 

behavior. To take advantage of the specificity of DNA base pairing, it is used as the signaling 

molecule to trigger association and dissociation of liposomes in solution. In addition, DNA origami 

based transmembrane channel is incorporated with liposome to have inner cellular reaction 

involved in this signaling which makes the system behavior closer to cell aggregation. 

6.2 Scheme 

Figure 6.1 shows the experiment design for DNA mediated liposome reversible clustering behavior 

control. A DNA strand (green) coated giant liposome (~10 µm diameter) with DNA origami 

transmembrane pores (brown) inserted and Exonuclease III (yellow, Exo III) coated nanoparticle 

(red, 200 nm diameter) encapsulated. Because of origami pores, inner liposome shares the same 

buffer condition with outer liposome, and, materials smaller than the size of origami pore could 

also diffuse in and out through the DNA origami channel. This makes it possible for the control of 

aggregation and release around certain liposomes locally. In order to trigger liposome aggregation, 

a hairpin DNA signal (purple) is added into the solution. After it diffuses into the liposome and 

gets digested by Exo III molecules immobilized on the nanoparticle, the protected DNA sequence 

will be exposed and diffuse back outside the liposome. This new released signal will link DNA 

strands (green) coated on large liposomes and DNA strands coated on small liposomes (blue) 

because it has complementary parts to both strands. Thus, small liposomes will be linked onto 

large liposomes due to DNA hybridization. To release this aggregation, a release DNA signal (pink) 

will be added which is fully complementary to linking signal generated from last step. Because of 

strand replacement, liposomes linking will be released. 
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Figure 6.1. Controlled reversible liposome aggregation. DNA strand (green), DNA origami 

transmembrane channel (brown) and Exo III (yellow) coated nanoparticle (red) are incorporated 

into the same liposome. Upon addition of external DNA hairpin signal (purple), it will pass 

through origami pore and interact with Exo III. Once the hybridization part of the hairpin is 

digested by Exo III from 3’ end, the remaining segment of the signal will pass origami pore 

again and bind with the DNAs around the liposome. As part of the signal is complementary to 

DNA strands (blue) decorated on small liposomes, the small liposomes will then aggregate 

together with the large liposome. To release the aggregation, a DNA signal (pink) fully 

complementary to the purple strand will be added. This association and dissociation process can 

be reversible by repeatedly adding aggregation signal (hairpin) and releasing signal (pink). 

6.3 Experimental Methods 

6.3.1 Materials 

All the lipids used are purchased from Avanti Polar Inc. Anti GST antibody is purchased from 

Thermo Fisher Scientific Inc. 

 

6.3.2 DNA-lipid conjugation 

Amine group modified DNA sequence (5’ – /amine/ GGA CAG AGT GAC ATC – 3’) is used to 

prepare for lipid-DNA linking. First, 20 µL 1mM amine DNA was dissolved into a mixture 

containing 39 µL 60 mM azide-NHS (dissolved in dimethylformamide or DMF), 40 µL DMF and 

1 µL triethylamine (TEA) buffer. The mixture was incubated at room temperature for two hours 
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to let the NHS group react with the amine. Then 200 µL ethanol and 10 µL 3 mM NaCl solution 

were added into the solution. The mixture was incubated at 4 °C for 30 minutes before it was 

centrifuged at 20,000g for another 30 minutes for purification. Supernatant was removed and the 

precipitate was re-dissolved in 200 µL ethanol to centrifuge again to remove excess azide-NHS 

molecules. After centrifuge, precipitate was collected, dried in vacuum and resuspended in 1x PBS 

buffer. The concentration of synthesized DNA-azide was determined by the absorption of the 

sample at 260 nm by a spectrophotometer. 

 

Synthesized DNA-azide was then clicked with 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-

N-[dibenzocyclooctyl(PEG) -2000] (DSPE-PEG(2000)-DBCO). Azide groups can react with 

DBCO groups without using any catalyst, which is a very efficient method. The known 

concentration DNA-azide from last step was mixed with DSPE-PEG(2000)-DBCO at a molar ratio 

of 1:5. The mixture was left overnight in dark to complete the reaction. The sample was then 

purified by the same procedure discussed above, including ethanol precipitation, centrifugation, 

ethanol washing, and concentration determining. Then the synthesized DNA-lipid was ready to 

use. 

6.3.3 Coating polystyrene nanoparticles with Exo III 

Coating Exo III onto the polystyrene particle is almost the same as coating DNA strands onto the 

particle discussed in Chapter 2.2.2. DNA was replaced by Exo III molecules in this case while the 

amount of Exo III is less (5 µL 10 µM Exo III). In order to keep the activity of Exo III molecules, 

the incubation should be kept at 4 °C instead of room temperature and the incubation time should 

also be elongated to 3 hours for completed reaction. 

 

The measurement of the activity of Exo III after conjugating with nanoparticles was done by 

monitoring the PL intensity change of a dsDNA couple. One DNA strand was conjugated with 

FAM dye (5’ – ATC GGT CAG GCT T/iFluorT/T TTTTTT T – 3’) and another DNA strand (5’ 

– /5IABkFQ/ AAG CCT GAC CGA T – 3’) has a quencher on its 5’ end. When two strands are 

hybridized, the quencher could absorb all fluorescence emitted by FAM dye where no fluorescence 

will shine and if DNA strands are digested, fluorescence will get much stronger. To test Exo III 

activity, 1 µM of each DNA strand was dissolved in 100 µL 1x NEBuffer (B7001S, New England 
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Biolabs) first and measured fluorescence. Then, the measurement was paused, 1 µL conjugated 

Exo III particle was added into the solution and the measurement was resumed. Based on the 

increasing speed of PL intensity of FAM fluorescence, the activity of Exo III could be determined. 

6.3.4 Preparation of large liposomes with DNA strands, transmembrane origami pore, and 

encapsulated Exo III-particle  

Same DNA-lipid and Exo III-nanoparticle prepared in previous steps will be used for liposome 

preparation. DNA origami will be a little different compared to the synthesis discussed in Chapter 

3.3.4. Here the same rectangle origami was used, but it was connected on two sides to become a 

cylinder shape. Cholesterol modified DNA strands bind to the extension of staples at the middle 

of the cylinder to create an extra cholesterol ring outside DNA origami. 

 

With these samples prepared, liposome could be prepared in a similar way as described in Chapter 

2.6. To place DNA strands on the surface of the liposome, DNA-lipid was mixed with DMPC at a 

molar ratio of 1:1000 in a glass vial. The solution was then dried in vacuum for 20 minutes to 

evaporate all solvent and resuspended with 300 μL liquid paraffin. The new solution was sonicated 

at 50 °C for 3 hours. Lipids will disperse uniformly in the sonicated solution. Then 10 µL 10 nM 

DNA origami pore, 5 µL Exo III-particle, both in TAEM buffer were mixed and added with 

another 5 µL TAEM buffer. This 20 μL mixture was added into lipid solution and then vortexed 

for 25 s to make aqueous solution forming droplets inside lipid. After vortexing, the liposome 

solution became blurred. Then 150 µL solution was poured onto 300 μL TAEM buffer and 

centrifuged for 15 minutes at 8,000 g. The liposome containing DNA strands on surface, DNA 

origami transmembrane pore, and Exo III-nanoparticle inside was in the precipitates. Both aqueous 

phase and oil phase supernatants were discarded, and the precipitate was dissolved in TAEM buffer 

for future use. 

6.3.5 Preparation of small liposomes with DNA strands 

Different from large liposome preparation, the rehydration method is used for small liposome 

preparation. First cholesterol modified DNA (5’ – TAA CAA CCA AAC CAT TTT T /3CholTEG/ 

– 3’) was mixed with DMPC at a molar ratio of 1:1000 in glass vial. The solution was dried in 

vacuum for 20 minutes to let lipid form a dry thin film on the bottom of the vial. Then the glass 

vial was placed on a pre-heat hot plate at 90 °C and 1 mL TAEM buffer was poured into the vial. 
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The solution was stirred by a stirring bar at 500 rpm for 1 hour while it was kept heated all the 

time. After stirring, small liposome solution was purified by a 30 kDa molecular weight cut off 

spin column at 5,000 g for 5 minutes 6 times to remove free lipid molecules and free DNA 

molecules. The purified small liposomes were ready to use. 

6.3.6 Fluorescence imaging of liposomes 

Large liposomes were flowed into a hand-made microfluidic channel by a syringe. Once they were 

flowed, liposomes will non-specifically bind to microchannel surfaces via electrostatic interaction. 

After the liposomes were captured inside the channel, other samples and signals including 

fluorophores, DNA signals, and small liposomes could be flowed into the channel to interact with 

the large liposome. In addition, the buffer in the channel could also be replaced by flushing new 

buffer into the channel. Fluorescence images were taken by the fluorescence microscopy system 

as discussed in Chapter 2.7.4. 

6.4 Results and Discussion 

6.4.1 Characterization of liposome and DNA origami transmembrane pore 

A typical liposome is shown in Figure 6.2 with roughly 10 µm in diameter which is also the size 

of the liposomes we are studying later in this work. The liposome is composed of DMPC and 

rhodamine-labeled lipids at a molar ratio of 100:1. Rhodamine dye could be excited by 561 nm 

laser and has its emission around 580 nm. As Figure 6.2a-d show, the liposome shows a clear ring 

with brighter inner liposome compared to background under 561 nm excitation which indicates 

the rhodamine-labeled lipids are on the liposome surface. With 405 nm or 658 nm laser, nothing 

could be excited which indicates that the lipids itself will not intervene emission from other 

components with different excitation wavelengths such nanoparticles and DNA origamis for future 

experiments. 
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Figure 6.2. Liposome imaging under fluorescence microscopy. (a) Liposome image under 561 

nm excitation. (b) Liposome image under 658 nm excitation. (c) Merged image by (a) and (b), 

green color indicates (a) and red color indicates (b). (d) Bright-field image of a liposome. The 

scale bar is 5 μm. 

 

When DNA origami transmembrane pore is inserted into the liposome membrane, with the Cy-5 

dye modified with DNA origami staples, it is expected to see the similar liposome structure under 

fluorescence microscopy. By using 658 nm as excitation wavelength, we can find that a brighter 

fluorescent ring forms on the liposome only when DNA origami incorporated into the liposome 

(Figure 6.3ab). This indicates that DNA origamis are indeed immobilized onto the liposome 

membrane. 
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Figure 6.3. DNA origami inserting into the liposome membrane. Cholesterol modified DNA 

origami can be incorporated into liposome surface and show a fluorescent ring from Cy5 dye (a), 

while non-cholesterol modified DNA origami cannot and thus no ring can be found (b). Scale 

bars are 5 µm. 

6.4.2 Characterization of DNA transmembrane pore 

With the proof of DNA origami existing on liposome surface, it is then important to validate the 

function of the origami pore. The most basic function of cell pore is to serve as a channel for 

molecules to diffuse in and out. Thus, fluorescence dyes were used for this test. Green fluorescent 

protein (GFP) and Cy-5 modified DNA strands were selected as target molecules. Non-fluorescent 

DNA origami was inserted into the liposome, in this case, to prevent wrong fluorescence readings 

from DNA origami. As Figure 6.4a shows, when there is DNA origami pore existing on liposome, 

there is a connection between inside and outside the liposome. When GFP was added into the 

solution, because of the large pore size (~30 nm diameter) compared to GFP molecule size (~5 nm 

diameter), GFP could easily diffuse into the liposome. Thus, the fluorescence of GFP inside 

liposome and outside the liposome should be at a similar level. On the contrary, if no DNA origami 

is on the liposome membrane, then GFP would stay outside liposome, which led to the result in 

Figure 6.4b that GFP fluorescence only shined outside liposome instead of inside. Similarly, when 

DNA-Cy5 was used as a signal, the comparison between DNA origami decorated liposome and 

plain liposome was shown in Figure 6.4cd. These results indicate it is possible for signals outside 

the liposome to reach inner liposome for further reactions. One thing to notice is that the inflow 

speed seems to be extremely fast. Even the sample was placed under the microscope for imaging 

immediately after mixing liposomes with signals, the inflow effect still has completed already. 

That may be due to the size difference between signal molecules and origami pore which could 

possibly make the diffusion through the channel as free diffusion in solution. 
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Figure 6.4. Signal influx into liposome through origami pore. (a)-(b): GFP signal can penetrate 

through liposome surface with DNA origami pore (a), but cannot diffuse in without DNA 

origami (b). (c)-(d): DNA-Cy5 signal can get into liposome with DNA origami pore existing (c) 

and cannot get in if no origami pore on liposome surface (d). Scale bars are 5 µm. 

 

As a bidirectional channel, it is not enough for DNA origami pore to let signals diffuse into 

liposome from outer solution, signals diffusing out is also necessary. Same GFP and DNA-Cy5 

molecules were used as signals again for outflow characterization. Signal molecules were 

encapsulated inside liposome first when the liposome was prepared. Since molecules would diffuse 

inside and outside through the channel to balance the fluorescence intensity, liposomes were 

washed by column filter to remove the free dyes in solution. If no origami pore was on liposome, 

the signal molecules inside would be kept well and showed fluorescence. Conversely, these 

molecules would be lost if liposome had no origami on it. As Figure 6.5 shows, liposome samples 

were first filled with GFP or DNA-Cy5 dyes separately (left column). After column filter wash, 

liposome samples with origami pore would lose the dyes encapsulated and the whole sample had 

no fluorescence. Liposomes without DNA origami, instead, would keep dyes stored inside, and 

the sample would only show fluorescence from inner liposome as free dyes in solution have been 

washed away. 
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Figure 6.5. Signals outflow through DNA origami pore. GFP (green) and DNA-Cy5 (red) are 

encapsulated inside liposome first as the left column shows. Then the liposome sample is washed 

by a column filter to remove free dyes in solution. If there is DNA origami pore on liposome, 

dyes inside liposome will also be washed away and no fluorescence will show after wash. If 

there is no DNA origami pore, signals don’t have connections with the outside solution and thus 

won’t be washed away. So fluorescence will shine inside liposome only after washing in this 

case. Scale bars are 5 µm. 

 

Corresponding ensemble measurement was shown in Figure 6.6. Fluorescence intensity of GFP 

and DNA-Cy5 were measured first right after the liposome has been made. Then column filter 

purification would apply on liposomes to remove the free dyes in solution as well as dyes 

encapsulated inside liposomes. The time interval between each purification was 2 hours to make 

sure it is long enough for dyes to disperse uniformly in the liposome solution. The PL intensity 

drops each time as purification times increase which is because of the gradual loss of dyes from 

liposomes. Since there are free dyes in solution when liposomes were prepared, the intensity drop 

for the first wash is the biggest as most free dyes were washed away. Another thing to notice is 
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that GFP shows a better outflow effect compared to DNA since PL intensity drops more in GFP 

cases. This may be due to the interaction between DNA signal added and DNA origamis on 

liposomes. Since part of the DNA signals may be captured by DNA origami, they could not be 

washed away. This possibly makes worse inflow and outflow effect for DNA signals compared to 

protein signals. 

 

Figure 6.6. Statistical analysis of signal outflow through DNA origami pore. GFP (a) and DNA-

Cy5 (b) are encapsulated inside liposomes at the beginning with fluorescence intensity 

determined (black column). Then column filter wash is performed for each sample. As more 

times column wash is done, fluorescence intensity of the sample keeps decreasing, but become 

slower and slower. We can find that w/ pore cases have a stronger decrease compared to w/o 

pore cases. This is due to the fact that fluorescent signals inside liposome cannot be washed 

away if no DNA origami pores on liposome. So w/o pore, liposomes will have higher 

fluorescence intensity compared to w/ pore. 

6.4.3 Exo III activity inside a liposome 

The purpose of transporting DNA signals inside liposome is to digest the DNA signal and generate 

the new aggregating DNA signal. Thus, it is important to maintain the activity of Exo III even 

when it is inside a liposome. For a free Exo III enzyme, its activity was tested by a FAM-quencher 

DNA couple (check details in Chapter 6.3.3). It could be found that 0.1 unit/µL Exo III can digest 

oligonucleotides very fast (Figure 6.7a). Almost all digestion finished within a few seconds. Given 

the definition of 1 unit of Exo III can digest 1 nmole oligonucleotide at 37 °C for 30 minutes, and 

the fact that the proceed speed for an Exo III molecule is 500 bp/minute at 37 °C, the molar 

concentration of 0.1 unit/µL is estimated to be 1 nM. Once the Exo III molecules were coated onto 

polystyrene particles and purified, its digestion activity was measured again and shown in Figure 

6.7b. Theoretically, the Exo III concentration in solution is 0.1 nM based on the amount added for 
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conjugation with nanoparticle. However, its digestion speed is only ~1/20 of 1 nM Exo III. This 

indicates that the reaction yield of Exo III conjugation onto nanoparticle is around 50%. This could 

be due to the relatively low molar ratio of Exo III and nanoparticles (100:1), which could lower 

the interaction chance between these two materials and reduce the conjugation yield. 

 

With the particle-Exo III made, it was then encapsulated into liposomes with the same liposome 

preparation method used before. DNA origami pore was also included on liposome to serve as the 

channel for the FAM-quencher DNA couple to diffuse in. It could be found that when Exo-particles 

were encapsulated inside the liposome, Exo III could still show its activity (Figure 6.7cd). 

However, with the same amount of nanoparticle-Exo III added, fluorescence increase was only 

about 1/10 of nanoparticle-Exo III encapsulated inside liposome compared to free nanoparticle-

Exo III (Figure 6.7e). This difference may be created by the loss of nanoparticles in encapsulation 

and difficultness for DNA strands to diffuse into the liposome. Even though a significant amount 

of Exo III activity was lost during liposome preparation, the rest amount was still enough for 

digesting DNA signals. 
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Figure 6.7. (a) Exo III activity measurement with FAM-quencher DNA couple in 1xNEBuffer 

(NEB #7001S). The concentration of Exo III here is 0.1 unit/µL and DNA strands are 1 µM. 

Initially, PL intensity is high with only DNA-FAM in solution. The intensity quickly approaches 

0 after the addition of DNA-quencher (black arrow). This is because DNA double-strand is 

hybridizing well and most fluorescence emitted is absorbed by the quencher. Once Exo III is 

added into the solution as the red arrow indicates, the quencher attached DNA strand will be 

digested and DNA hybridization will be broken. Without proximity of quenchers, fluorescence 

from FAM will not be absorbed and thus the overall sample has a dramatic increase in its 

fluorescence. (b) The same measurement is done as (a), but Exo III coated nanoparticle is used 

instead of free Exo III. With the theoretical concentration of Exo III 0.01 unit/µL, it seems 50% 

of Exo III shows function on nanoparticle since PL intensity increase is about 1/20 compared to 

using 0.1 unit/µL Exo III. (c)-(e): Exo III activity measurement with nanoparticle-Exo III 

encapsulated inside the liposome. (d) and (e) are two enlarged portion from (c). Black arrow also 

indicates the addition of DNA-quencher. The liposome with Nanoparticle-Exo III is added into 

the solution at the blue arrow, where relative intensity increases ~0.003 as (d) shows. Compared 

to the addition of nanoparticle-Exo III in (e), there is 1/10 activity of Exo III kept which may be 

due to the loss of Exo III particle and more difficulties in DNA diffusing into a liposome. 

 

Because we need to encapsulate nanoparticle-Exo III into a liposome, these Exo III coated particles 

were mixed with DNA origami at the preparation step as the inner solution. To keep the structure 

of the origami, it is important to make sure that they were not digested by Exo III. So, the 
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fluorescence image of liposomes encapsulating Exo III coated nanoparticle was taken in Figure 

6.8a (due to lack of laser lines, we used the same laser line for nanoparticle and origami pore). We 

could find that both a large red dot (indicating the nanoparticle-Exo III) and a red ring (indicating 

the DNA origami pore) show on the image. Furthermore, DNA origami was also mixed with the 

same amount of Exo III as those encapsulated in liposomes to show whether maintaining DNA 

origami structure intact successful or not. It turned out that most DNA origamis would keep their 

structures because of the relatively low concentration of Exo III or possibly the steric hindrance 

between nanoparticle and DNA origami. In either way, DNA origami pores could maintain their 

structures and likely their functions after mixing with nanoparticle-Exo III. This leads us to the 

next step of testing local reversible liposome aggregation control. 

 

Figure 6.8. (a) With the addition of Exo III into liposome with origami pore, the ring of DNA 

origami pore still shows which indicates DNA origami is not digested by Exo III and could still 

serve as a transmembrane channel. Scale bar is 5 µm. (b) 10 nM DNA origami is mixed with 

0.01 unit/µL Exo III in 10 µL TAEM buffer and incubated for 15 minutes. Most origami keeps 

their structure after incubation. Same 0.01 unit/µL Exo III will be used in preparation of 

liposome, so this indicates that DNA origami pore will not be digested by Exo III during 

preparation step and the liposome sample can be used for interacting with outside liposome 

signals. 
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6.4.4 DNA programmable aggregation of liposomes 

Before combining DNA liposomes with nanoparticle-Exo III for local reversible clustering control, 

DNA signals were introduced into the system to confirm the function of DNA mediated liposome 

aggregation and release. Linker strand (5’ – ATG GTT TGG TTG TTA GAT GTC ACT CTG 

TCC GAA TCA – 3’) and release strand (5’ – TGA TTC GGA CAG AGT GAC ATC TAA CAA 

CCA AAC CAT – 3’, fully complementary to linker strand) were used to initiating liposome 

aggregation and releasing aggregated liposomes. The large liposomes were immobilized inside 

microfluidic channel first by non-specific binding. Excess amount of linker strands was added into 

the channel for incubation about 10 minutes and then washed away. With large liposomes 

decorated with linker strands through DNA hybridization, small liposomes were then introduced 

into the channel. Since DNA sequences on small liposomes were complementary to the remaining 

part of linker strands, small liposomes would be captured by large liposomes, and thus aggregation 

of liposomes formed just like Figure 6.9b. The PL intensity coming from small liposomes 

increased tremendously with the addition of the linker strand. Moreover, as expected, once release 

strands were flushed into the channel, small liposomes would dissociate from large liposomes and 

as a result, the PL intensity from small liposomes decreased a lot (Figure 6.9c). as a reversible 

clustering control, multiple cycles could be done by repeatedly adding the linker strand and release 

strand where the corresponding fluorescence change of small liposomes attached on large 

liposomes was shown in Figure 6.9. 
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Figure 6.9. Aggregation and release control of liposome without DNA pore by addition of DNA 

signals. (a)-(g): A large liposome is immobilized in a microfluidic channel. With the addition of 

linker DNA and small liposomes, small liposomes will bind to the large liposome through DNA 

hybridization and thus the fluorescence from small liposomes will increase ((b), (d), (f)). Once 

the release DNA strand is added into the solution, it is fully complementary to linker strand so 

the linking between large liposomes and small liposomes will break. The small liposome 

fluorescence will then drop as (c), (e), (g) show. (h) is the bright field image of the large 

liposome. Scale bars are 10 µm for all images. 

 

It is noted that the release of liposome aggregation is not as completed as expected while some 

small liposomes still attach on the large liposome and the PL intensity after releasing increases 

gradually as the experiment continues. One hypothesis is that some small liposomes bind to the 

surface instead of large liposomes. Since the majority of surface areas are not interacting with large 

liposomes, small liposomes can flow into the gap between large liposomes and glass surface and 

bind there non-specifically. When the overlaid images were prepared, these small liposomes would 

look like on the large liposome while they were indeed not. To further confirm the DNA 

dissociation release, DI water which could disrupt DNA hybridization, instead of release strand, 
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was used. As Figure 6.10 shows, the intensity difference between aggregation and release is larger 

compared to using the release strand, which could be due to a more completed dissociation of 

DNA strands. The remaining PL intensity after release may also come from the non-specific 

binding between small liposomes and glass surface. 

 

Figure 6.10. Aggregation and release control of liposomes without DNA pore, where releasing is 

done by addition of DI water. (a)-(g): A large liposome is immobilized in a microfluidic channel. 

With the addition of linker DNA and small liposomes, small liposomes will bind to the large 

liposome through DNA hybridization and thus the fluorescence from small liposomes will 

increase ((b), (d), (f)). Here instead of release strand, DI water is flushed into the channel. Since 

DNA hybridization needs cations in solution, with DI water only, DNA base pairing will break 

and small liposomes will be released from large liposomes. Thus, the fluorescence from small 

liposomes will drop as (c), (e), (g) show. (h) is the bright field image of the large liposome. Scale 

bar is 5 µm. 

 

The test with direct addition of DNA signals proves that liposomes could be aggregated and 

released under DNA signal control. This makes us confident to include the last component into 

our system, which is the Exo III coated nanoparticle. As Figure 6.11 shows, its pattern is quite 
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similar to previous control experiments with adding DNA signals to aggregate and release 

liposomes. Here the difference is that the DNA signal we used was a hairpin strand (5’ – ATG 

GTT TGG TTG TTA GAT GTC ACT CTG TCC GAA TCA ACA TCT AAC AAC CAA ACC 

AT – 3’) where the linker strand is protected inside it. Once this hairpin DNA signal has interacted 

with Exo III molecule, the protecting oligonucleotides would be cut off and the linker signal would 

be exposed. Similarly, after aggregation, DNA release signal could be introduced again, and the 

liposome aggregation would be released. Same aggregation and release cycle could be created by 

the addition of DNA signals. This indicates the effectiveness of DNA signals in locally controlling 

artificial cells aggregation and release behavior. 

 

Figure 6.11. Locally reversible liposome aggregate and release controlled by addition of DNA 

signals. (a)-(e): A large liposome with DNA origami pore inserted and Exo III coated 

nanoparticle encapsulated is immobilized in a microfluidic channel. With the addition of hairpin 

DNA signals and small liposomes, linker DNA will be generated through hybridization of 

hairpin strand by Exo III, and small liposomes will bind to the large liposome through DNA 

hybridization to increase fluorescence ((b), (d)). Once the release DNA strand is added into the 

solution, it is fully complementary to linker strand so the linking between large liposomes and 

small liposomes will break. The small liposome fluorescence will then drop as (c), (e) show.  (f) 

indicates the encapsulation of polystyrene particles inside the targeted liposome. (g) is the bright 

field image of the large liposome. Scale bar is 10 µm. 
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6.5 Conclusion 

In this chapter, we introduce DNA signals into the artificial cell system for reversible cell 

aggregation and release control. With the establishment of DNA signal ability from previous 

several chapters, DNA signals have been modified and optimized for interacting with liposome 

system. The interaction between DNA signals and liposomes indicates a possibly method for future 

artificial cell aggregation control and research. In addition, real cell studies may also benefit from 

this system. This system may further contribute to in vitro and in vivo study of cell behaviors. 

Building on that, additional functions could also be added into this system, including ON/OFF 

control and molecular screening by modifications on DNA origami pores and more possibilities.  
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7 CONCLUSION AND FUTURE WORK 

7.1 Conclusion 

In this thesis, DNA is deeply studied with its applications including DNA origami platform, cancer 

cell anti-proliferation, dynamic motor protein system, and artificial cell system. Mechanisms and 

kinetics of DNA interaction with these systems have been studied. With the help of DNA signals, 

it is possible to introduce a new type of control method into the systems.  

 

In DNA origami platform, DNA strands achieve molecular capture and release function by DNA 

signals from base-pairing properties. DNA logic gate is also created, analog as the electrical circuit 

logic gate, generating corresponding output with certain input added. The interactions between 

DNA and small molecules, proteins, and nanoparticles also indicates the possibility of 

manipulating other molecules with DNA strands. 

 

In cancer cell anti-proliferation, DNA signals are used as the anti-cancer drug for cancer therapy 

purpose based on their secondary structure. The AS1411 DNA drug has been proven to inhibit 

cancer cell growth. To have a controllable release of DNA drugs, a DNAzyme based DNA walker 

is also introduced into the system. By linking the AS1411 segment onto the fuel strands for DNA 

walking, DNA drug can be released while DNA walks. The drug release speed is proportional to 

magnesium concentration as it controls DNA walking speed. Thus, a cation concentration-

controlled drug release system is created. 

 

In motor protein system, DNA is used based on its mechanical property to pull microtubules in 

order to change their moving directions. With the help of immobilized polystyrene particle and 

biotin-streptavidin conjugate, DNA strands can attach microtubules and redirect them. As the 

major redirection force, double-stranded DNA dissociation force is analyzed along with the 

physical model of microtubule direction change in this study. 

 

In the artificial cell system, DNA signals are proven to trigger reversible liposome aggregation and 

release. DNA has been used for the combination of all its properties including liposome linking 



 

 

128 

 

and releasing, Exo III digestion and DNA origami pore construction. With the demonstration of 

using DNA signals to control the artificial cell systems, it may also be possible to use DNA strands 

to control real cells. 

 

Overall, DNA material has been explored as an engineering, far beyond its traditional genetic 

carrier function. In fact, building on the fundamental DNA base pairing property, DNA 

nanotechnology has evolved dramatically. Starting from the very simple DNA structure formed 

by several single-strands DNA, till now that complex 2-D or 3-D structures have been constructed 

from DNA and these structures could even achieve extraordinary functions by interacting with 

different systems. DNA nanotechnology has impacted a wide range of research area. As the 

research work keeps progressing forward, it will be closer and closer for using DNA signals, either 

synthesized or natural to interact with live systems for better understanding and control. 

7.2 Future Work 

Current research on DNA associated liposome research is quite limited. The majority is putting 

DNA strands on the surface of liposomes and perform functions like liposome linking or fusion. 

However, the complex DNA structure like DNA origami pore involved liposome research is not a 

lot. As the research projects of artificial cells improve further, they will certainly become more 

complex. A powerful DNA nanostructure will be needed for artificial cell study. Thus, improving 

the existing DNA origami pore system will be necessary. With the current DNA origami pore 

system, ON/OFF function can and should be added, with not only controlled by DNA signals but 

also involving other external signals including light, pH, heat and more. In addition, modifications 

can also be done on DNA origami. As the channel of artificial cell, molecules have to pass through 

origami pore to get in and out, so if one molecular screening moiety is attached inside DNA 

origami channel, artificial cell function can also be improved. Other improvements of DNA 

origami pore are also necessary including optimized pore size, mechanism of DNA origami pore 

integration into liposome membrane, and number of DNA origami pores per liposome. 

 

Furthermore, the actual application of DNA controlled liposome should also be explored. It is 

important to see if these DNA controlled liposomes could be integrated with cell systems. This 
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includes the study of liposome interaction with live cells, DNA signal-based liposome-cell 

interaction, and control of real cells with synthesized DNA signals. 

 



 

 

 

130 

 

REFERENCES 

1 Seeman, N. C. & Sleiman, H. F. DNA nanotechnology. Nature Reviews Materials 3, 17068 

(2017). 

2 Chen, Y.-J., Groves, B., Muscat, R. A. & Seelig, G. DNA nanotechnology from the test 

tube to the cell. Nature nanotechnology 10, 748-760 (2015). 

3 Kallenbach, N. R., Ma, R.-I. & Seeman, N. C. An immobile nucleic acid junction 

constructed from oligonucleotides. Nature 305, 829-831 (1983). 

4 Winfree, E., Liu, F., Wenzler, L. A. & Seeman, N. C. Design and self-assembly of two-

dimensional DNA crystals. Nature 394, 539-544 (1998). 

5 Seeman, N. C. DNA in a material world. Nature 421, 427-431 (2003). 

6 He, Y., Ye, T., Su, M., Zhang, C., Ribbe, A. E., Jiang, W. & Mao, C. Hierarchical self-

assembly of DNA into symmetric supramolecular polyhedra. Nature 452, 198-201 (2008). 

7 Rothemund, P. W. Folding DNA to create nanoscale shapes and patterns. Nature 440, 297-

302 (2006). 

8 Voigt, N. V., Tørring, T., Rotaru, A., Jacobsen, M. F., Ravnsbæk, J. B., Subramani, R., 

Mamdouh, W., Kjems, J., Mokhir, A. & Besenbacher, F. Single-molecule chemical 

reactions on DNA origami. Nature nanotechnology 5, 200-203 (2010). 

9 Ding, B., Deng, Z., Yan, H., Cabrini, S., Zuckermann, R. N. & Bokor, J. Gold nanoparticle 

self-similar chain structure organized by DNA origami. Journal of the American Chemical 

Society 132, 3248-3249 (2010). 

10 Helmig, S., Rotaru, A., Arian, D., Kovbasyuk, L., Arnbjerg, J., Ogilby, P. R., Kjems, J., 

Mokhir, A., Besenbacher, F. & Gothelf, K. V. Single molecule atomic force microscopy 

studies of photosensitized singlet oxygen behavior on a DNA origami template. ACS nano 

4, 7475-7480 (2010). 

11 Jin, Z., Sun, W., Ke, Y., Shih, C.-J., Paulus, G. L., Wang, Q. H., Mu, B., Yin, P. & Strano, 

M. S. Metallized DNA nanolithography for encoding and transferring spatial information 

for graphene patterning. Nature communications 4, 1663 (2013). 

12 Marras, A. E., Zhou, L., Su, H.-J. & Castro, C. E. Programmable motion of DNA origami 

mechanisms. Proceedings of the National Academy of Sciences 112, 713-718 (2015). 



 

 

 

131 
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