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ABSTRACT OF DISSERTATION 

 

Constructions of 2D-3D bio-mimetic DNA nanostructures 

by 

 

Sibai Xie 

 

Doctor of Philosophy in Materials Science and Engineering 

 

University of California San Diego, 2021 

 

Professor Yi Chen, Chair 

 

DNA nanotechnology as a versatile tool has been growing rapidly in the past three decades, 

with applications across different disciplines such as drug delivery, imaging, and even computing. 

Its versatility stems from the programmable nature of DNA and the ability to self-assemble through 

the A-T and C-G base pairing by hydrogen bonds. These features make DNA nanotechnology the 

ideal tool for mimicking and studying biological processes that are hard to otherwise model. In 

this work, the process we focus on is Clathrin-Mediated Endocytosis (CME). CME is one of the 

major mechanisms for cell entry. This pathway internalizes Influenza A, vesicular stomatitis virus, 



   

 

xiv 

 

and many others. Mimicking this process will help us further understand it, and also find ways to 

utilize it in the field of drug delivery. 

The process of CME can be described in 3 major steps. The first step is array formation. 

Clathrin can cluster on cell surface in the form of triskelion, to form small patches of an array. The 

second step involves the recruitment of adaptor proteins, that transforms the array into three-

dimensional lattices to encapsulate the foreign agent. The third step is the transportation of the 

vehicle inside the cell, along with the disassembly of the vehicle to release the agent.  

Specifically for each stage, we designed mimicking mechanisms using DNA nano-

structures. For the array stage, we designed a three-point-star motif to mimic the triskelion 

structure, and functionalized it with cholesterol to integrate the array to the cell membrane. 

Characterization through liquid atomic force microscopy (AFM) showed clear hexagonal pattern, 

and in vitro cell experiment also showed the integration of the arrays to cell membranes. For the 

transition stage, we designed a reversible 2D-3D transition mechanism that allowed the 2D arrays 

to transform into 3D particles with the addition of a particular stimuli, that is a DNA single strand. 

The transformability and reversibility were confirmed through polyacrylamide gel electrophoresis 

(PAGE), dynamic light scattering (DLS) and AFM. For the delivery stage, we designed several 

3D DNA structures for better drug delivery efficiency, and the designs were also characterized by 

PAGE and AFM.  

The successful designs for all three stages led us closer to understanding the structural 

transformation of clathrin triskelion during CME. The 2D-3D transition mechanism also has the 

potential to be used in other systems, such as stimuli-controlled drug release and DNA computing 

using single strand DNA. 
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CHAPTER 1: INTRODUCTION AND OBJECTIVES 

1.1 DNA nanotechnology 

Deoxyribonucleic acid, commonly abbreviated as DNA, is the genetic information carrier 

for most life forms on earth. Because of its ability to self-assemble, it has been used as a material 

to construct nanoscale structures for varies applications in the past three decades. In this chapter, 

we briefly review key developments of the field of DNA nanotechnology, and how they have led 

to our objectives of mimicking clathrin-mediated endocytosis in different stages. 

DNA nanotechnology as a versatile tool has grown rapidly in the past three decades, 

especially for its use for precise control over drug delivery1. The technology utilizes the 

programmable self-assembly of DNA to construct nanoscale features that can be easily modified 

and functionalized.  

The general procedure for the successful synthesis of a DNA nanostructure would include 

three phases: Design, hybridization, and characterization.  

For the design phase, a few basic principles were presented by Ned Seeman2. Some 

software has been used for the design purposes, such as caDNAno for DNA origami design3. 

Figure 1-1 shows the design interface. The software integrates the design principles, and gives 

suggestions to improve stabilities of the final structures. Aside from using software, the sequences 

of DNA strands are often presented in a 2D view, where each line represents a single strand (Figure 

1-2). A series of DNA sequences will be generated after the design process. The synthesis of these 

strands is usually done by companies that specialize in DNA synthesis for the sake of efficiency. 

The strands are purified after arrival for use in the next step – hybridization. 

In the hybridization phase, purified DNA strands are mixed together with precisely 

controlled stoichiometry in a buffer, usually with a certain concentration of free magnesium ion. 
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The solution then undergoes a gradual temperature decrease process that is called annealing. The 

temperature range is usually 95 °C to 4 °C, in a time period ranging from 48 hours [ref] to 30 

seconds4, depending on the design and size of the desired structure. For example, a larger structure 

such as array would require overnight annealing, while smaller structures like triangles or 

tetrahedrons would require only a few hours. The purpose of this process is to allow the structures 

to gradually settle into the minimal energy equilibrium states, which are the structures that are 

originally designed for, and avoid the formation of semi-stable intermediate states, especially in 

the case of larger structures. 

The characterization phase is critical for validation of the design. The design principles are 

nowhere near comprehensive, thus there is a significant chance that unaccounted interactions or 

secondary structures may occur. A major problem in the design is excess symmetry. This will be 

further discussed in chapter 5.3. Common characterization methods include denature/native 

PAGE, agarose gel electrophoresis, Atomic Force Microscopy (AFM) either in air or in liquid, 

optical/florescent microscope, Dynamic Light Scattering (DLS), Cryogenic electron microscope, 

etc. These methods are used to confirm the sizes or changes in sizes of the structures, the shape 

and the morphology, and specific characteristics such as fluorescence. It is important to use several 

of these methods to confirm the formation of the structure, as well as confirm the occurrence of 

purposed mechanism. Often, the characterizations don’t go as expected. A debugging process is 

required after that in order to refine the design for the purpose of the experiment, and go through 

the whole process again until the goal is met. 

The rest of Chapter 1.1 will focus on major fabrication principles and applications. 
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Figure 1-1 Interface of caDNAno, a software for designing DNA origami sequences. Left panel, 

A cross-sectional view of possible helices position within a honeycomb lattice. Middle panel, 2D 

schematic for the design of staple paths within the DNA scaffold. Right panel, Real-time 3D 

rendering of the design3. 

 

 

Figure 1-2 A sample figure for 2D view of a DNA nanostructure design. The arrow indicates the 

direction of the strand from 5’ end to 3’ end. The actual sequences of the strands are simplied to 

lines for simplicity when demontrating the shape of the design. 
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1.1.1 Tile Approach  

Since Ned Seeman proposed an immobile four-way junction in 19832, this particular 

mechanism has been used to construct DNA nanostructures. Tile approach is one of the earliest 

categories that are generally used as design principles. Tiles typically consist of a few short (up to 

150 nt) DNA single strands, and there are usually sticky-ends at the edges of the tiles in order for 

them to link to each other. A typical example would be a 3-point-star motif5. With as few as 3 

strands, a 3-arm motif is formed with sticky ends at the terminals of each strand. These ends can 

hybridize with other ends strongly enough to form different structures, such as tetrahedron, 

dodecahedron and buckyball, by fine-tuning the number of unpaired bases at the turning points of 

the central strands6 (Figure 1-3). The same group used a similar approach to create a 5-point-star 

motif, and they discovered that under optimal concentration, the tiles can form a truncated 

icosahedron structure7 (Figure 1-4). 

 

Figure 1-3 Different structures formed by the same three-point-star motif with different “loop” 

length and concentration.6  
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Figure 1-4 Icosahedral structure formed by flexible five-point-star motifs7.  

 

Another type of tile is described by Ke et al.  In 2012, they reported the construction of 

short “DNA bricks” that can be used to create many different types of structures without having 

to redesign staple strands and scaffolding routing as is necessary in creating varying origami 

structures (Figure 1-5)8. The authors reported essentially a lego-like modality in which each brick 

had a distinct shape and could bind to 4 neighbors just as a lego can fit into specific holes. These 

interactions are defined by the domains of the DNA bricks which have unique sequences. 

Therefore, each 32-nucleotide brick is distinctive and can be combined to create different 3D 

structures with both controllable surface features and precise cavities within the structure. 102 

different structures were created using this method merely by selecting the bricks needed which 

greatly simplifies the process of creating 3D DNA nanostructures8. 
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Figure 1-5 Single-stranded DNA bricks form 3D canvas, and the canvas can be carved into 

different shapes8.  

 

Some other designs don’t involve repeated tile structures, but they are similar in the sense 

that each motif is constructed by the same few DNA single strands.  

Goodman et al. reported a facile way of building DNA tetrahedra using four different 

strands, with the struts less than 10 nm in length4. Under the simple process of cooling from 95 °C 

to 4 °C in 30 s, tetrahedra form under a yield of 95% and can be characterized by a single band on 

a native gel. 
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DNA nanostructures can also be formed through a step-by-step process. Chen et al. 

demonstrated this method by constructing a nano-scale cube structure (Figure 1-6)9. In each step 

they hybridize two squares and in the last step the ends are connected to form a cube. 

 

Figure 1-6 Truncated cubic structure9.  

 

The above examples of various tile approaches indicate that this is a powerful and versatile 

method to construct DNA nanostructure, be it arrays, truncated particles, or more complicated 

structures. The major design principle used in this dissertation work is tile approach, for the design 

simplicity and versatility. The design details will be discussed in chapters 2-4.  
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1.1.2 Origami Approach 

Other strategies for synthesizing precision DNA nanotechnology are also extremely 

attractive for their shape control, control of flexibility and size, and ability to create larger, modular 

structures that can even be extended to include kinematic, movable joints10–13. This approach is 

normally called DNA origami. It was pioneered by Paul Rothemund in 2006 (Figure 1-7)10. DNA 

origami refers to the folding of a long-stranded bacteriophage (7240 nt) through the use of over 

200 complementary staple strands to fold the backbone. Paul Rothemund used the M13m18 

bacteriophage and his original structures were 2D. Each oligonucleotide is considered a 6 nm pixel 

to build any pattern of desire. By putting sticky ends on the connection part of each construct, an 

extended array can also be formed. Since then, the DNA origami motif has been extended to three 

dimensions3,11.  

 

Figure 1-7 Rothemund’s DNA origami shapes.  
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Because these structures are based on a long backbone structure and hundreds of staple 

strands, the design process can be time consuming. Thus, there are now several computer programs 

that facilitate the design of DNA origami structures such as caDNAno and SARSE14,15.  With DNA 

origami, structures such as smiley faces, tetrahedrons, DNA nanotubes, DNA barrels, DNA 

“dolphins” and many other shapes are possible10,12,16–18. Many groups have worked on extending 

this modality and facilitating its use for structural formation and drug delivery. 

 

Figure 1-8 DNA octahedron obtained by folding a 1.7 kilobase backbone14.  
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Shih et al. reported back in 2004 an idea similar to the later developed DNA approach, 

which is to fold a long backbone DNA chain by binding it at different points using staple strands 

(Figure 1-8)14. In this example a 1669-nucleotide single-stranded DNA is used as the backbone 

and five 40-nucleotide strands are used to fold the backbone. Double-crossover and paranemic-

crossover structures are designed to ensure the stiffness of the structure. It was proposed that the 

long backbone chain can be readily amplified. Douglas et al. reported that using the same DNA 

origami method, it is also possible to fabricate 3D structures11. They used honeycomb-pleat based 

strategy to bring the helices together at a certain angle to construct 3D structures (Figure 1.4 C). 

They also developed a software called caDNAno, an easy tool to design 3D structures and program 

the staple strands3. The whole design and synthesis process took 2 weeks as they reported. One of 

the largest challenges that faced DNA origami was the time it takes to fold and hybridize the 

structures. In 2012, Sobczak et al. determined that a long annealing process is not necessary to 

create these structures in a “one-pot” reaction scheme as there is a distinct range where DNA will 

fold and hybridize19. These experiments also reported that DNA folding and unfolding are non-

equilibrium processes as the temperature for unfolding is higher than the one at which the 

structures formed. This experiment allows DNA origami to be formed on a more feasible time 

scale. 

 

Figure 1-9 3D DNA origami structures using honeycomb-pleat based strategy11.  
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There is a desire within this field to create large structures that mimic viral capsids, which 

is a similar goal to the one in Chapter 4. Iinuma et al. reported the construction of polyhedra from 

million daltons (MD) monomers (Figure 1-10)20. These monomers created a 5-MD DNA origami 

three arm junction that was sixty times more massive than previously reported 3-arm motifs. These 

junctions have a “dynamic connector” design and Iinuma et al. created a DNA tetrahedron, a cube, 

a triangular prism, a pentagonal prism, and a hexagonal prism. All structures were on the order of 

20–60 MD and had compartments that are similar in size to those of bacterial microcompartments 

and could be used to carry therapeutic loads.  

 

 

Figure 1-10 Large 3D structures synthesized to carry therapeutic loads20. 
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Compared to tile approach, the origami strategy is more suitable for larger more 

complicated structure. It has the potential to expend our scope on the bio-mimetic process 

described in this work. 

1.2 Clathrin-Mediated Endocytosis and DNA nanotechnology 

Endocytosis is the process where the cells uptake extracellular materials. Thus, this process 

is vital to the survival of cells. There are different mechanisms where endocytosis could occur. 

clathrin-mediated endocytosis (CME) is one of them. 

 

Figure 1-11 Process of Clathrin mediated endocytosis21.  

 

Clathrin is a critical protein involved in the process of CMEC21. This process involves a 

number of proteins. To briefly summarize the process, a viral entry is used as an example in Figure 

1-11.  
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Before the virus engages with the receptor, clathrin coated-pits (CCPs) are formed on the 

surface of the cell membrane by FCHo complex, which contains a curvature inducing F-BAR 

dimer for the initial formation of the curvature22. The FCHo complex recruits Eps15 and Epsin 

which recruits AP-2 to the membrane23, and AP-2 is one of the critical adapter proteins that help 

form the clathrin lattice. The clathrin triskelia polymerize to form a lattice on the membrane, once 

the concentration of clathrin reaches a critical level24. 

Once a cargo (virus particle) is captured by a cross-membrane receptor, the receptor will 

bind to AP-2 as well. This cargo-receptor-AP-2 complex is then recruited to an adjacent site of 

nascent CCP. AP-2 continues to recruit clathrin onto the CCP, eventually increasing the clathrin 

concentration so that the triskelia polymerize and form a lattice on the membrane in a basket shape. 

A region of tubular neck will be formed that is uncovered by clathrin. 

This neck region will attract amphiphysin and endophilin. After binding with dynamin, 

amphyphysin polymerizes along the neck into a helical collar, and eventually scissor the vesicles 

off the membrane. The clathrin-coated vesicle is now in the cytoplasm. Auxillin and Hsc70 then 

come in to disassemble the clathrin coat. 

 Although the process of CME has been understood in detail as described above, there are 

still parts that require further understanding. One key part is whether the clathrin patches form 

large arrays on the surface of the cell membrane first and then fold into 3D vesicles, or the clathrin 

triskelion nuclearize based on a small clathrin patch and form curvature from there25. 

Understanding this process would help us find better ways to deliver agents into cells. 

 This process is hard to directly observe under microscope because this is a dynamic process 

that happens in live cells. It is also difficult to recreate the process using exactly the proteins 

involved, for that there are a number of proteins active in this process, and some of the protein 
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interactions involve ATP. Thus, we need to find another model materials to mimic this process, 

and DNA nanotechnology is an ideal candidate. 

 There are many similarities between the CME process and what a DNA nanostructure 

system can achieve. One thing is the size. The heavy chain on clathrin is about 160 Å long with an 

oval cross section of 24 × 28 Å26. With DNA, we can constructure tunable arm lengths, and DNA 

double helix has a diameter of 20 Å. Clathrin has a non-covalently trimerized structure, and DNA 

hybridization is based on hydrogen bonding, with intra-strand and inter-strand π–π stacking, and 

other non-covalent interactions. DNA can mimic the stimuli-responsive nature of CME, by 

introducing structural strand to trigger conformational change, in comparison to CME regulated 

by accessory proteins.  

 Because of these similarities, we wanted to explore using DNA nanotechnology to make a 

model system to mimic CME.  

  

1.3 Objectives 

In order to mimic the process of CME, we simplified it into three stages: array, 

transformation, and delivery. We designed mechanisms that are specific to each stage of CME.  

For the array stage, the goal is to create an array that is capable of self-assembly while 

being able to attach to the cell membrane. For these functionalities, we designed a 3-arm motif 

with stick ends and also an anchoring domain modified with cholesterol. The sticky ends ensure 

the self-assembly of the array and cholesterol in the anchoring domain attaches the array to cell 

membranes. The design and characterization will be discussed in detail in Chapter 2.  

For the transformation stage, the goal is to design a reversible 2D-3D transformation 

mechanism that is mediated by certain stimuli. To do this, we took a two-step approach. In the first 
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step, we tested the mechanisms of fuel-strand replacement and hairpin expansion on a single motif 

design. The single motifs can respond to the addition of certain single strand DNA, and switch 

between 2D and 3D conformation. In the second step, we expanded the application of the same 

mechanisms to transform arrays to 3D particles. The designs and characterizations of these two 

designs will be discussed in detail in Chapter 3.  

For the delivery stage, the goal is to design truncated DNA nanoparticles that can carry 

specific agents into the cell. We explored symmetric and non-symmetric design principles. This 

constitutes the major part of Chapter 4.  

Figure 1-12 depicts each stage of CME and the corresponding design of DNA 

nanostructures.  

 

Figure 1-12 The stages of CME that we are trying to mimic with the corresponding DNA 

nanostructure designs.  
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Chapter 1, in part, is a reprint of the material as it appears in “DNA Nanotechnology for 

Precise Control over Drug Delivery and Gene Therapy”, Small, 2016, 12(9), 1117-1132, with the 

coauthors of C. Angell, L. Zhang, Y. Chen. The dissertation author is the co-first author of this 

work.  
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CHAPTER 2: Clathrin-Mimic DNA Arrays  

2.1 Introduction 

Cells utilize membrane-bound vesicles to transfer macromolecules in the secretory and 

endocytic pathways. These vesicles are classified according to the containing proteins. One of the 

most common classes of protein is clathrin. Clathrin mediated endocytosis is one of the most 

common way for cell to uptake exterior chemicals used by all known eukaryotic cells. This process 

also regulates surface proteins, signaling pathway and turning over membrane components. 

Similar as many other cellular functions and events, it starts from the assembly of membrane 

associated protein, in this case, triskelion, clustering. During the formation, adaptor proteins recruit 

clathrin and connect receptor. Triskelion can self-assemble into regular three-dimensional lattices, 

consisting both hexagons and pentagons. Triskelion is a protein complex has three arms in a 

threefold symmetry. In clathrin-mediated endocytosis, the arm of triskelion connects to another, 

results form a hexagonal and pentagonal array. When all the lattices are hexagonal, it will resist 

bending and forms the planar patches on cell surface. When mixed with pentagons, the flexibility 

introduces a membrane curvature on cell surface and thus resulting a vesicle for endocytosis. 

Understanding and mimicking clathrin-mediated endocytosis could benefit many 

biomedical applications, such as nanoparticle-based drug delivery, which utilize such process to 

enter cell. However, satisfying such molecular precision requirement is challenging. Among all 

the available systems, DNA nanotechnology is the most promising platform because of the 

precisely controllable ability on nanometer scale. Fueled by base-pairing ability, DNA 

nanotechnology has enabled many strategies to form DNA nanostructures with well-defined 

structures. It has been proven to successfully construct one-dimensional nanowires, two-

dimensional array and three-dimensional objects with nanometer precision. Currently, this 
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technology was also applied to understanding the cell membrane process by investigating the 

interactions between the membrane-mimic lipid bilayer and DNA nanostructures. It has been 

proved the formation of membrane-spanning channel, and polymerization of DNA origami 

nanostructures. 

Here, we present an approach that uses DNA nanotechnology to mimic the clathrin patch 

self-assembly process on cell surface. We designed an array-forming 3-arm motif with sticky-

ends, synthesized it and characterized the motif and array using gel electrophoresis, atomic force 

microscopy in fluid, and florescence microscopy. 

 

2.2 Results and Discussion 

Inspired by the triskelion self-assembly, we used a DNA 3-arm motif to mimic the structure 

and mechanism (Figure 2-1, 2-2). Similar as triskelion, the 3-arm motif has threefold symmetry 

and could self-assemble. To achieve similar functionalities, we used a center strand that has one 

single anchor strand domain and three identical arm domains. Since DNA strands are highly 

negatively charged entities, in order to bring DNA arrays onto cell surface, an anchoring strategy 

is needed. This anchor domain in the center strand can hybridize with cholesterol labeled single 

strand DNA that allows the motif to insert into membrane bilayer. 
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Figure 2-1 Schematic drawing of the clathrin patch mimicking DNA motifs. (a): Left: schematic 

drawing of the design, indicating different strands as lipo-1, lipo-2, lipo-3. Right: 3D rendering of 

the motif. Bottom: 3D rendering of the cholesterol modified oligonucleotide used as anchoring 

recruiting agent. (b): demonstration of how connecting the termini of each arms of the motif could 

form a hexagonal array. 

 

The arm domains will bind with three arm strands and result in 3-arm motif. At termini of 

each arm, there are sticky-ends. Three linker strands, which will bind with arm strands and form 

the crossover structure with center strand, will provide the structure stability of the three-arm motif 

and act like the chains of triskelion that associate with each other to enable the further assembly 

process. This is shown in Figure 2-1 (b). The formation process of the array on the lipid memberane 

is shown in Figure 2-2. The cholesterol modified oligonugleotide is infused into the memberane 

coated on the mica surface first, and act as a recruiting agent to gather the pre-formed 3-arm motif 

onto the surface. The motifs then bind to each other by the sticky ends, and form a large array 

anchored into the lipid surface.  

  



   

 

20 

 

 

Figure 2-2 Schematic drawing of the clathrin patch mimicking DNA nanopatterns formation. 

(A)Cholesterol modified single DNA strands insert into lipid bilayer as anchor. (B) DNA single 

tile was first assembled in aqueous solution. This three-arm tile contains seven DNA strands: the 

center long single strand with three repetitive parts to form arms and with anchor part to hybridize 

the anchor strand on lipid bilayer, three identical arm strands that form two DNA duplexes with 

center strands, and three identical linker strands that form the crossover other duplex with two 

sticky ends parts to connect other tiles. (C) With the help of anchor strands diffusing, macro pattern 

DNA nanopatterns are formed on lipid bilayer. 
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 The formation of motif and the array was first confirmed by polyacrylamide 

electrophoresis (PAGE) in native condition. In Figure 2-3, the gel image clearly shows each step 

of the motif formation. In Lane 6, the DNA sample stuck in the well, indicating the formation of a 

larger structure.   

 

Figure 2-3 Native 8% PAGE gel for the characterization of the motif and the array. Lane 1-3: 

purified lipo-1, lipo-2, lipo-3 strands. Lane 4: 1:1 ratio of lipo-1 and lipo-2 combined. Because of 

the insufficient amount of lipo-2, different intermediate products were formed. Lane 5: 1:3 ratio 

of lipo-1 and lipo-2. Lane 6: 1:3:3 ratio of lipo-, lipo-2, lipo-3. The product stuck in the well.  
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We then tested our approach in a simplified cell membrane system, a supported lipid 

bilayer. Following tradition lipid bilayer formation, L-α-phosphatidylcholine from egg (Egg pc) 

was coated on mica surface. Then, the cholesterol labeled DNA single strands were mixed with 

lipid bilayer in buffer. Due to its hydrophobicity, the cholesterol inserted into bilayer and bring the 

linked DNA strands to lipid bilayer surface. The triskelion mimic DNA 3-arm motifs were formed 

by cooling down the single-stand-containing TAEMg buffer solution from 95°C to 60°C. At this 

relatively high temperature, the units could not readily associate with each other but instead would 

remain as individual motifs, but still strong enough to hybridize with the anchor strands. When 

these individual motifs were mixed with anchored lipid bilayer, the anchor strands would bind 

with individual single motifs, bring them to the membrane surface. Once these motifs were 

anchored onto the lipid surface, the sticky ends at each individual motif can start to self-assemble 

when temperature decrease. Due to the fluidity of lipid membrane, the anchor strand with 

cholesterol could move freely on it and facilitate the association of individual motifs and make 

them self-assemble into desired patterns. 

After the assembly on lipid bilayer surfaces, the DNA nanopatterns were imaged directly 

by AFM (Figure 2-4). Clathrin patch mimicking hexagonal patterns are clearly visible. Such 

patterns are consistent with the molecular designs and are essentially the same as the patterns 

observed as clathrin patch. In the hexagonal array, the size of each struct is around 15 nm, which 

is comparable with the real clathrin patch. 
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Figure 2-4 Atomic force microscopy (AFM) images of DNA 2D arrays on lipid bilayer with 

increased magnification. Anchor strands 10nt long. 

 

The real cell membrane surface is a complicated system, covered by membrane protein, 

nucleic acid and carbohydrates, which would require the assembled system on top to have more 

depth capacities to tolerate the rugged surface morphology. In order to achieve the assembly on 

real cell membranes, we tested the different lengths of anchor strands that control the space 

between the array and membrane surface. We increased the anchor strand to 20 nt and 30 nt, 

corresponding to 7 nm and 10 nm respectively. When the distance is about 7 nm between the array 

and the membrane surface, we could still find the hexagonal arrays (figure 2-5A). However, when 

it goes up to 10 nm, the tiles will still attempt to associate with each other because the kinetic 

barrier is too high; but the assembled array will lose its rigidity because the space between the 
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array and lipid membrane is too high. Consequently, the hexagonal arrays will cover the whole 

area with multiple empty holes where the motifs dissociate with each other due to excess flexibility 

(Figure 2-6). 

 

 

Figure 2-5 Atomic force microscopy (AFM) images of DNA 2D arrays on lipid bilayer with 

increased magnification. (A) anchor strands 20nt long (B) anchor strands 30 nt long. 

 

As one possible approach to overcome the flexibility issue, we improved the density of the 

array. In principle, when the whole area is covered with DNA arrays, there is no room for the array 

to twist. What we expected to see will be a rigid array the same as the small distance condition. In 

Figure 2-6, when the concentration of single motif with 30nt length anchor strand was increased 

to eight times, the whole lipid bilayer was covered with rigid hexagonal arrays, as expected. 
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Figure 2-6 Atomic force microscopy (AFM) images of DNA 2D arrays on lipid bilayer with 

increased magnification. Anchor strands 30nt long. 

 

We finally tested out approach in a real cell membrane system. Following the same 

protocol as lipid bilayer, cholesterol labeled DNA single strands are mixed with Hela cell in 

medium. The triskelion mimic DNA 3arm motifs are formed during cooling from 95° C to 60 ° C 

in TAE/Mg buffer. Then the sample was quickly cooling down to 37 ° C in about2 mins. During 

this short time, large array won’t form. When these individual tiles mixed with anchor strand 

modified cells, the anchor strand will bind with individual single motif, bring them to membrane 

surface. Here, we chose the 20nt length anchor strand because it can form rigid hexagonal array in 

a lower concentration, and at the same time, can provide enough space for the array to tolerate the 

biomolecular on cell membrane. To characterize the array formation, we used a cy5 florescence 

dye labeled linker strand. If no array formed, the signal of single dye molecular will be too weak 

to be detected by florescence microscope. It is only visible when the hexagonal array is formed, 

which means the large amount of dye molecule with the linker strand are embedded in the arrays 

and generate a uniform fluorescence signal (Figure 2-7A). To exclude the possible reason that the 

aggregate of dye molecule will also generate the signal, a control experiment using anchor strand 

with linker strand complimentary sequence is performed. The dye molecules aggregated under this 
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condition and the resulted sharp dots signal was different from the array condition, as indicated in 

Figure 2-7B. 

 

Figure 2-7 (A) Fluorescence image of clathrin patch mimicking DNA 2D arrays on cell surface 

(scale bar 400 um). (B) Fluorescence image of cy5 label single DNA strands mixed with cell. The 

sharp dots indicate the aggregate of dye (scale bar 400 um). 

 

2.3 Conclusion 

In conclusion, we successfully mimicked the clathrin patch formation using DNA 3arm 

motifs. In this study we explored clathrin patch mimicking using DNA single motifs on lipid 

bilayer membranes and on real cell surface. We found that DNA structures could be useful tools 

to mimic such biologic events. Furthermore, this lipid bilayer mediated DNA self-assembly not 

only can generate well-controlled nanopatterns on its surface, this large area regular patterns can 

also benefit many other fields. The short DNA strands used in this approach could be easily 

functionalized with other nanoparticles, including gold nanoparticles and quantum dots. And when 

those agents are organized in a micrometer pattern with nanometer scale defined geometry, they 

could exhibit many novel optical and electronic properties. 
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2.4 Methods 

DNA Purification: Crude DNA of desired sequences were purchased from IDT 

(Integrated Device Technology, San Jose, CA). The DNA was purified by running a denaturing 

20% polyacrylamide gel electrophoresis (PAGE) in TBE buffer (89mM Tris base, 89mM Boric 

acide, 2mM EDTA) at 55℃ at 600V. Purity of the purified samples was checked also by running 

PAGE. 

Formation of the array: The array for gel assessment was achieved by annealing the 

mixture solution with molar ratio of lipo-1:lipo-2:lipo-3 being 1:3:3 in 1x TAE-Mg2+ buffer 

(89mM Tris base, 89mM Acetic acid, 2mM EDTA, 10 mM Magnesium acetate), and cooling it as 

following: 90˚C /5 min., 65˚C/30 min., 50˚C/30 min., 37˚C/30 min., and hold for 22˚C. AFM 

samples were prepared on a lipid coated mica surface. 10μL of 10mM of egg PC (L-α-

phosphatidylcholine, Avanti Polar Lipids, Inc., Alabaster, AL) suspension were deposited on a 

9mm diameter fresh cleaved mica. The solution sat on the surface for 2 minutes and was then 

blown off by compressed air. 50μL f 1μM cholesterol modified anchor strand was then deposited 

on the surface and incubated under 50 ˚C for 2 hours. The solution on the surface was blown off, 

and the mixture solution with molar ratio of lipo-1:lipo-2:lipo-3 being 1:3:3 in TAE-Mg2+ buffer 

with a expected final motif concentration of 0.1μM was deposited on the surface. The mica with 

solution was then annealed at 50 ˚C for 3 hours. 

Native Polyacrylamide Gel Electrophoresis: The conjunction of the ssDNAs by 

hybridization was characterized by running a native 6% PAGE in in TAE-Mg2+ buffer at 100V in 

room temperature. Lane 6 of Figure 2-3 shows that the stoichiometry was accurate leaving the 

product stuck in the well and little of the component material get into the gel. 
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AFM Imaging: AFM imaging was performed under room temperature in a fluid chamber 

to avoid disruption of the structure. The sample was imaged in 1×TAE-Mg2+ buffer. SNL-10 tip 

(Bruker, Camarillo, CA) with a spring constant of 0.24N/m was used on a Multimode AFM (Vecco 

Metrology, Santa Barbara, CA). Amplitude setpoint was controlled at the lowest possible value to 

avoid scratching on the structure. 

In Vitro Formation of Arrays: Approximately, 7 × 103 cells were seeded in a well 

containing Corning cellar DMEM media with 4.5 g/L glucose, L- glutamine, and sodium pyruvate; 

10% Hylcone Bovine Growth Serum (FBS); and 1% penicillin streptomycin, and incubated at 37 

°C for 24 h. 50μL f 1μM cholesterol modified anchor strand was then added and incubated under 

37 °C for 30 mins. The mixture solution with molar ratio of lipo-1:lipo-2:lipo-3 being 1:3:3 in 

TAE-Mg2+ buffer with an expected final motif concentration of 0.1μM was added. The result was 

imaged using an EVOS fluorescent cell imaging system after a 2-hour incubation. All the 

experiments were carried out at room temperature. 

 

Chapter 2, in part, is in preparation for publication with coauthor Y. Chen. The dissertation 

author is the first author of this work. 
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CHAPTER 3: 2D-3D Transition of DNA Nanostructures  

3.1 Introduction  

Dynamic structure conformation change has played a crucial role in many biologic 

processes. For example, the cell uptake of foreign objects through clathrin-mediated endocytosis 

depends on the clathrin patch bending to form polyhedron vehicles27,28. DNA nanotechnology has 

enabled fabrication of a diverse range of sophisticated structures, including two-dimensional DNA 

arrays29,30, and three-dimensional DNA nanoobjects31,32 and DNA nanomachines33–41. Among 

these, dynamic DNA nanostructures shows a promising ability in nanometer scale control. Many 

approaches have been developed, including strand displacement33–36, DNA enzyme37,38, and 

reconfiguration of arrays from different DNA motifs39–41. These devices can sense a range of 

physical or chemical cues. However, these existing devices can only adopt simple dynamic 

behaviors that happened in a single unit and in a small range change. The different dimensional 

transformation is missing.  

Here we demonstrated a 2D-3D transformable DNA nanostructure. We showed that by 

fueling the DNA nanostructure with DNA strands, they can perform a cross-dimensional switch, 

which simulate some of the key aspects of biological processes, such as triskelion protein bending 

in clathrin patch formation. We further showed that the DNA array can possibly accumulate the 

curvature or energy in each individual unit conformation change to the extent that it could 

breakdown lipid bilayer, which simulate the cell membrane engulf.   
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3.2 Results and Discussion 

Design of transformable DNA nanostructures: We used short DNA strands as building 

block to construct the DNA nanostructures. As showing in Figure 3-1a, a DNA point-star motif is 

used. It consists of one center strand, three arm strands and three end strands with two linker 

strands on each. The linker strands can partially hybridize with the others linker strands on another 

end strand, and left a single strand with hairpin domain. A single block strand can hybridize with 

these single strand domains to form rigid double strand domain. The overall transformation is 

controlled by this linker strand. When there is block strand, the extended double strand domain is 

formed with length 12.2 nm. When a DNA fuel strand is introduced, it is fully complementary 

with the block strand. It will then hybridize with the block strand and extract it from the DNA 

nanostructures, with single strand domain remaining. This single strand will then form a hairpin 

structure. The overall length will decrease to 6.5 nm (Figure 3-2). Because the linker strand 

controls the arm distance, to overcome the tension, the DNA nanostructure will then bend, switch 

from a flat form to a convex form (Figure 3-1b). 
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Figure 3-1 Illustration and dimensions of 5-arm single motifs (a,b) and 3-arm array motifs (c,d). 

(a): Top-down view of 5-arm 2D (left) and 3D (right) motifs. (b): Side view of 5-arm 2D and 3D 

motifs. (c): Top-down view of 3-arm array 2D (left) and 3D (right) motifs. (d): Side view of 3-arm 

array 2D and 3D motifs. 

 

Figure 3-2 Demonstration of fuel-strand mediated transformation process in single motifs. The 

fuel strand takes away the extension strand, and the single-stranded domain that is left behind is 

deigned to form a hairpin structure, shortening the overall length of the linker.  
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One-pot assembly of DNA nanostructures:  The transformation of DNA nanostructures 

is expected to be dictated by the DNA fuel strands. To investigate the two stable states, we first 

studied the 2D and 3D structures with 5-arm design. We choose this design because 5-arm are 

more stable than 3-arm with more linker strands domains. Native gel electrophoresis of the 5-arm 

in 2D formation and 3D formation is overserved in Figure 3-3c Lane1 and Lane 2.  

In the same gel we tested the transformation process mediated by DNA fuel strand. We 

started with 2D flat form. After adding fuel strand, the DNA nanostructure lost the extension 

strand. The single strand domain left behind will then form the hairpin structure on the linker strand 

and force the flat form to switch to a convex form. As the molecular weight becomes smaller, so 

does the size of the cross-section. The structure thus will migrate faster in native gel electrophoresis 

(Figure 3-3c. Lane 1). To conform the result, we add extra fuel strands to exclude the possibility 

of random hybridization from happening (Figure 3-3c, Lane 5 and Lane 6). We then perform the 

transformation from 3D to 2D as well, and show a similar but reversed pattern (Figure 3-3c, Lane 

3,4).  

Transformation of single DNA unit with 5 arms: To directly monitor the transformation 

result, we performed the AFM measurement. Figure 3-3b left showed the 3D form of DNA 

nanostructures. Each nanostructure is 12 nm in diameter, while the 2D form in the middle panel 

showing each individual unit switched to 25 nm.  This observation was further confirmed through 

DLS measurement (Figure 3-3d). The hydro-dynamic size of the 5-arm motif in compact 3D form 

is around 25 nm. The flat 2D form is around 50 nm. This is because the flat form DNA 

nanostructures can’t be precisely measured under DLS because of its shape factor, compared with 

the 3D form which is closer to a sphere. 
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Figure 3-3 5-arm single motifs 2D<->3D transitions illustrations and characterizations.  

(a): Demonstration of 2D to 3D and back to 2D transitions. From left to middle: addition of Ex 

strands makes the hairpin strand expand into a double helix, in turn expanding the distance between 

the distance between the central 5-arm vertices. This makes the 3D structure flatten into a 2D 

structure. From middle to right: addition of the Fu strand extracts the Ex strands in the structure, 

turning the 2D structure back to 3D structure. (b): AFM images of respective steps in (a) 

confirming the formation of the two structures. (c): 5% native PAGE gel in TAEMg2+for the 

formation and transformation of single 3D and 2D motifs. Lane 1: 3D structure; Lane 2: 3D 

structure with 1:1 molar ratio of Ex strand added; Lane 3: 3D structure with 1:3 molar ratio of Ex 

strand added; Lane 4: 2D structure; Lane 5: 2D structure with 1:3 molar ratio of Fu strand added; 

Lane 6: 2D structure with 1:3 molar ratio of Fu strand added before anneal. Upper bands indicate 

the flat 2D structure, because of its rigidity. Lower bands at ~1k bp indicate 3D structure, because 

of its relatively compact structure. (d): DLS measurements for 5arm-2D and 5arm-3D. A shift from 

~20nm to ~70nm of the major peak was observed, indicating that the structure underwent 

transformation of shape and/or size. 
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Transformation of single DNA unit with 3, 4, 6 arms: Similar design and 

characterization were done for 3, 4, 6 arms motifs as well. A variation in numbers of arms gives 

the system flexibility in terms of tuning the heights and angles of the resulting 3D structures. The 

predicted change in height and angles for different arm numbers are shown in Figure 3-4. 

Interestingly, under AFM, we found out that the difference between the 3D and 2D states is more 

prominent in 5-arm and 6-arm than 3 and 4. This can be seen by comparing the 2 states of different 

arm designs in Figure Y. In order to find out the cause for this difference, we conducted molecular 

dynamics simulation on the structure. The simulation work was predominately contributed by 

Xiangyi Dong. From the simulation images of the structure in Figure Z, we can see that the 3-arm 

structure is strained and is not completely flat in the 2D state. When transformed to the 3D state, 

the change of angle is so sharp that the shape is actually similar to what it was in the supposed 2D 

state. This explained why the AFM of 3-arm 2D and 3D states looked similar. Contrarily, for the 

5-arm motif, its 2D motif can actually stretch and expand to a flat structure, and the 3D state is 

visibly more compact. This matches what we see in the AFM images. The sizes also match the 

simulation results and the AFM images. For the 2D to 3D transition, the circumradius in AFM 

changed from 12.9 nm to 11.9nm and for the simulation results from 11.9 nm to 9.9nm. For the 

2D 5-arm motif, the area of the motif is 1498 nm2 in AFM vs. 1556 nm2 in simulation results. This 

simulation result indicates that the linker length is not optimized for the 3-arm and 4-arm 

structures. It was likely the strain caused by the double cross-over that was not taken into 

consideration, that ultimately caused the shorter-than-expected linker domain length. To optimize 

the structure, the linker length needs to be reassessed. Nonetheless, the goal for this part of 

experiment was achieved, that is designing a reversible transformation mechanism with DNA 
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nanostructures. In the next section, we combined this mechanism with the DNA array formed on 

a lipid membrane, that is similar to the structure in Chapter 1.  

 

 

Figure 3-4 Designs of 3-arm, 4-arm, 5-arm, 6-arm motifs and their respective theoretical 2D-3D 

induced height and angle changes.  
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Figure 3-5 Simulation results of the shape of 3-arm and 5-arm motifs. (a): 3-arm motif 

transformation from 2D to 3D. (b): 5-arm motif transformation from 2D to intermediate state to 

3D. 
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Figure 3-6 (a,b,c): Mechanism of transition and 3D demonstration of 2D to 3D transition (a): The 

angle between two arms was 120° when the motif is in 2D configuration. Once Fu strand is added, 

it binds to the overhang on the side bridge connecting the two arms, ripping of the strand off the 

structure and forms a double helix by itself. (b) The bridge strand was designed so that it can form 

a hairpin structure when not in a hybridized condition. The result of the formation of the hairpin 

is that the bridge section was shortened from 12.2nm to 6.5nm, bringing two arms closer together. 

(c) Once the two arms were brought closer by the shortened bridge section, the angle was reduced 

to 46.2°. Because all three angles undergo the same change, with the flexibility induced by loop 

structure in the central strand, the structure was forced to deform in the z direction, resulting in the 

structure “standing up” and becoming a pyramid-like structure. (d): 5% native PAGE gel in 

TAEMg2+ for the formation and transformation of array-forming 2D and 3D particles. The samples 

were made according to the ratio for each lane. They were incubated in a PCR cycler, slowly 

cooled down from 90°C to room temperature. Lane 1: 2D structure; Lane 2: Lane 1 + 3x molar 

amount of Fu strand and incubate for 2 hrs; Lane 3: Lane 2 + 3x molar amount of HB strand and 

incubate for 2 hrs. Lane 4: 3D structure; Lane 5: Lane 4 + 3x molar amount of HB strand and 

incubate for 2 hrs; Lane 6: Lane 5 + 3x molar amount of Fu strand and incubate for 2 hrs. All 

transition incubation were under 37°C. (e):  In-air AFM images of array-3D and array-2D single 

motifs. Left: 3D single motifs. Size of each particle is about 10nm. Middle: 2D single motifs after 

transition. Size of each particle is about 20nm. 3-arm structures can be clearly observed from these 

AFM images. Right: 3D single motifs were achieved from transition from 2D motifs, completing 

one transition cycle.   
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Transformation of DNA arrays: One advantage of this platform is the structure 

conformation change can be accumulated. DNA three arm design was proven to be successfully 

to construct DNA arrays. First, we tested the stability of individual 3 arm motifs. Native gel 

electrophoresis showed this motif can perform multiple cycles switching between 2D flatform and 

3D convex form (Figure 3-6d).  AFM images also showed reversible morphology changes (Figure 

3-6e). 

We then tested out this platform in a simplified version of a cell membrane system, i.e., a 

supported lipid bilayer on mica. Following tradition lipid bilayer formation, Egg pc lipids 

molecular are coated on a mica surface. Then, the cholesterol labeled DNA single strands are 

mixed with lipid bilayer in buffer. Due to its hydrophobicity, the cholesterol will insert into bilayer 

and bring the linked DNA strands attached to lipid bilayer surface. The DNA 3-arm motifs are 

formed by cooling from 95°C to 60°C. At this temperature, the units could not stably associate 

with each other but instead remained as individual motifs and strong enough to hybridize anchor 

strand. When these individual motifs mixed with anchored lipid bilayer, the anchor strand will 

bind with individual single motif, bring them to membrane surface. Once these motifs are recuited 

onto the lipid surface, the sticky ends at each individual motif can start to self-assembly when 

temperature decrease. Due to the fluidity of lipid membrane, the anchor strand with cholesterol 

could move freely on it and facilitate the association of individual motifs and make them self-

assemble into desired patterns.  

After assembly on lipid bilayer surfaces, the DNA nanopatterns were examined directly by 

AFM (Figure 3-7c). Hexagonal patterns are clearly visible. Such patterns are consistent with the 

molecular designs and are essentially the same as the patterns observed as clathrin patch. In the 

hexagonal array, the size of the edge is around 15 nm, which is comparable with the real clathrin 



   

 

41 

 

patch. After adding the fuel strands, we observed that with the accumulation of each individual 

unit conformation change, the lipid bilayer is broken. 

Although theoretically, the sum of zipping force from the hairpin formations is about 33 

pN42. It is almost 700 times smaller than the puncture force for the membrane in the literature43. 

We suspect that the breakdown of the membrane was cause by the accumulation of the curvature 

change throughout the whole array network, since the force from the conformational change from 

individual motif is much too small to break the membrane.  
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Figure 3-7 (a,b) Demonstration of lipid-breaking mechanism of the 3-arm array system on a mica-

supported lipid bilayer. (a): 3-arm motif are connected to each other by base stacking interactions. 

The overhang from the central strand binds to a complimentary strand with one end connected to 

a cholesterol molecule, that is stuck in the lipid bilayer. (b): after adding the FU strands, the 

structure changes and tends to drag the cholesterol molecule out, deforming the lipid bilayer. Due 

to hydrophobic interaction between the tips of the 3D structure and the hydrophobic layer in the 

center of the lipid bilayer, the bilayer was broken into pieces. (c): In-liquid AFM images of array-

2D arrays on lipid and array-3D after transition. Top: Hexagonal arrays can be seen forming on 

the supported lipid bilayer. The size of each unit is about 20nm in diameter. Bottom: Broken pieces 

of supported lipid bilayer after the transition happens. The array shrank into small 3D pyramid-

like particles and the lipid layer was forced into small pieces in the process 
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3.3 Conclusion 

Our work has demonstrated a general strategy for the construction of transformable DNA 

nanostructures. A flatform nano-object can transfer to a convex form nano-object. Furthermore, 

the accumulation of each individual unit transformation can accumulate. Through the study of 

these DNA arrays, we have demonstrated controlled, multistep, long-range transformation of the 

DNA arrays. This dynamic behavior can be regulated by the shapes and sizes of arrays and by 

external factors.  

We expect that our new DNA dynamic arrays will provide clues on how to construct 

nanostructures with dimensional dynamic behaviors, and may enable a range of applications using 

dynamic DNA arrays. For example, the dramatic curvature change in the DNA nanostructure array 

resembles crucial features of cell membrane engulf that are observed in biological systems. 

Therefore, our artificial arrays may serve as model structures to investigate and validate underlying 

mechanisms of cell entry, or be used to design and construct delivery metamaterials. The DNA 

arrays may also be used as a platform to analyze biomolecular interactions at a single-molecule 

level, by controlling the single molecular interactions to conformational changes in the DNA 

nanostructures. The ability to construct dynamic DNA structures with controlled, dimensional 

change should improve the sophistication and functionality of such hybrid functional structures. 

3.4 Materials and Methods 

Purification of DNA: Sequence were sent to IDT (Integrated Device Technology, San 

Jose, CA) to manufacture crude strands. They were further purified by a denaturing 20% 

polyacrylamide gel electrophoresis (PAGE) in TBE buffer (89mM Tris base, 89mM Boric acid, 

2mM EDTA), 55℃, 600V. The purity of each strand used was verified by another denaturing 

PAGE gel under same conditions. 
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Formation of DNA 3-arm motifs: Under native conditions, the buffer used is 1x TAE-

Mg2+ buffer (89mM Tris base, 89mM Acetic acid, 2mM EDTA, 10 mM Magnesium acetate), 

unless specified otherwise. The DNA strands that form the individual 3-arm motifs were mixed in 

the molar ratio of 1:3:3:3:3:3 for strands L3:M:S:J1:J2:HB in native condition. The solution was 

then taken to a PCR cycler, heated up to 90˚C for 5 mins, and then slowly cooled down to room 

temperature. The annealing process was programmed as: 90˚C /5 min, then 85˚C to 10˚C in 0.1˚C 

interval every 2 mins. The resulting motif and pre-array were verified by running a 5% native 

PAGE gel. 

Native Polyacrylamide Gel Electrophoresis: The single strand DNA that consist the 

motif are combine in different ways in order to verify the exact formation of the motifs. The 

different combinations were characterized by running a native 5% PAGE in in TAE-Mg2+ buffer 

at 150V in room temperature for 60 mins.  The formation of the motifs can be confirmed by native 

gel. Lane Y indicates that while fuel strands (Fu) are present, different structures form and those 

could potentially be the 3D particles that were expected. Another 5% native PAGE gel was run to 

test the reversibility of the reaction. The 2D motifs were formed first and a portion of it was 

preserved for gel running. Then 3x molar amount of Fu strands were added. The sample was then 

incubated for 1 hr at room temperature. A portion of the resulting solution was preserved for 

another lane of the gel. 3x molar amount of HB strand were added after that and the solution was 

incubated for another hr under room temperature. This procedure was done in the same fashion 

with a starting structure of 3D motifs.  

Formation of hexagonal DNA arrays on supported lipid bilayer on a mica surface: 

Egg PC (L-α-phosphatidylcholine, Avanti Polar Lipids, Inc., Alabaster, AL) and cholesterol in a 

molar ratio of 9:1 was dissolved in chloroform and dried, then hydrolyzed using 1x TAE-Mg2+ 
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¬solution to make a 10mM solution of lipid vesicles. The solution was extruded using a 400nm 

size filter, in order to obtain uniform single-layered vesicles. 10μL of the extruded solution was 

deposited on a freshly cleave mica surface, and let sit for 10 mins. 5uL of pre-made 4μM 20T-

cholersterol was deposited on the mix afterwards and let sit for 30 mins. The solution was then 

blown away using compressed air, and a total amount of 20 nmol DNA 3-arm motif solution was 

added to the surface and let sit for 2 hrs. The amount of DNA motifs is determined so that the array 

formed would cover 150% of the mica surface area. The sample was then characterized by AFM. 

Transition of DNA arrays into 3D particles: Another identical array-on-lipid was 

prepared for the experimental group of transition using the procedure described above. 3x molar 

amount of Fu strands were added to the solution. The solution was incubated in a 37˚C oven for 

one hr. Extra caution was taken to avoid the drying of the solution on the mica. This sample was 

also characterized by AFM.  

AFM Imaging: Tapping mode in liquid is used for AFM imaging for the DNA structures. 

The sample was imaged in 1×TAE-Mg2+ buffer. SNL-10 tip (Bruker, Camarillo, CA) with a 

spring constant of 0.24N/m was used on a Multimode AFM (Vecco Metrology, Santa Barbara, 

CA). Amplitude setpoint was controlled at the lowest possible value to avoid scratching on the 

structure.  

DNA simulation: To look deep into the structures and study the morphology, we applied 

DNA simulation by oxDNA, a coarse-grained model which provide the possibility of molecular-

scale observation. Previously, oxDNA has shown an excellent representation of DNA structure, 

including DNA three-dimensional structures, DNA origami, toe-hold mediated strand placement 

(TMSD). We implement the MD simulation of our TMSD triggered conformation change to our 

design. The MD simulations were performed at room temperature (298 K) with a monovalent salt 



   

 

46 

 

concentration of 0.5 M Na+. The high salt concentration was widely used for DNA structure 

simulation to screen repulsive interactions. Because our design highly depended on the sequence, 

we used the sequence-dependent DNA interaction. Each structure was run at least 106 steps to 

reach a more realistic state. 

DNA strand sequences used in this chapter:  

3-arm central strand: 

5’-AGGCACCATCGTAGGTTTCTTGCCAGGCACCATCGTAGGTTTCTTGCCA 

GGCACCATCGTAGGTTTCTTGCC-3’ 

 

4-arm central strand: 

5’-

AGGCACCATCGTAGGTTTCTTGCCAGGCACCATCGTAGGTTTCTTGCCAGGCACCAT

CGTAGGTTTCTTGCCA GGCACCATCGTAGGTTTCTTGC-3’ 

CTTGCCAGGCACCATCGTAGGTTT 

 

5-arm central strand: 

5’-

AGGCACCATCGTAGGTTTCTTGCCAGGCACCATCGTAGGTTTCTTGCCAGGCACCAT

CGTAGGTTTCTTGCCAGGCACCATCGTAGGTTTCTTGCCA 

GGCACCATCGTAGGTTTCTTGC-3’ 

 

6-arm central strand: 

5’-

AGGCACCATCGTAGGTTTCTTGCCAGGCACCATCGTAGGTTTCTTGCCAGGCACCAT

CGTAGGTTTCTTGCCAGGCACCATCGTAGGTTTCTTGCCAGGCACCATCGTAGGTTTC

TTGCCA GGCACCATCGTAGGTTTCTTGC-3’ 

 

RM: 

5’-TAGTGTCATGCCTGGCAAGCCTACGATGGACAGAGTGCGTGG-3’   

 

RSY: 

5’-CACTCTGT TGACACTA CATGC-3’ 

 

BSG: 

5’-ATCCGACT CGAGCGAG CCACG -3’  

 

BL1: 

5’-GTACA CCAGTGAAGT TTTTT CGTTGCGATCA CCAACGGAGT TTTTT CGATCC 

TAGCA CCTCTGGAGT TTTTT TCTGCC-3’ 
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BM1: 

5’-CTCGCTCG TGATCGCAACG ACTTCACTGG ACACGGTAACGCC-3’ 

 

BM2: 

5’-TAGCAACC TGTACGGCAGA ACTCCAGAGG AACCACAGAGCAT-3’ 

 

BM3: 

5’- ACCGCACG TGCTAGGATCG ACTCCGTTGG AGTCGGAT GCATG-3’ 

 

BH1: 

5’- CGTGTGGTTGCTA AAA GAG AAC CTC TAG ACT AAG GTT CTC TTT ATGCTCTG 

-3’ 

 

BH2: 

5'- TGG TTC GTG CGG TTC TTG GAC AGA ATG GTT ACA GTG TCC AAG AGG CGT 

TAC -3' 

 

EX1: 

5'- CTC CTG TAT CTT GGA CAC TGT AAC CAT TCT GTC CAA GA -3' 

 

EX2: 

5'- ACG CAA TGA AAG AGA ACC ATA GTC TAG ACG TTC TCT TT -3' 

 

FU1: 

5'- TCT TGG AGA CAA TGG TTA CAG TGT CCA AGA TAC AGG AG -3’ 

 

FU2: 

5'- AAA GAG AAC GTC TAG ACT ATG GTT CTC TTT CAT TGC GT -3' 

 

L3:  

5’-

AGGCACCATCGTAGGTTTCTTGCCAGGCACCATCGTAGGTTTCTTGCCAGGCACCAT

CGTAGGTTTCTTGC-3’  

 

M:  

5’-

GCAACCTGATACCCTTAGTATGTAGCCTGCCTGGCAAGCCTACGATGGACAATCTAT

TATGCGATTCGGACACGG-3’ 

 

S:  

5’-CCGTGTGGTTGC-3’ 

 

J1:  
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5’- 

TATCACCGAATCGCATAATACCACCTGTGTCATTGGTAACACAGGTTGCGGTGGCG -

3’ 

 

J2:  

5’- ATTGTGGCTACATACTAAGGGCCGCCACCGCA -3’ 

 

HB: 

5’- ACCTGTGTTACCAATGACACAGGTGTCCAAGA -3’  

 

Fu:  

5’- TCTTGGACACCTGTGTCATTGGTAACACAGGT -3’ 

 

Chapter 3, in part, is in preparation for publication with coauthors M. Kai, X. Dong, Y. 

Chen. The dissertation author is the joint first author of this work.  The dissertation author is the 

first author of this work. 
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CHAPTER 4: DNA Nano-Delivery Systems 

4.1 Introduction 

4.1.1 Drug delivery and DNA nanostructures 

Naked therapeutic agents, which include small-molecule and bio-molecular drugs, have 

some intrinsic issues that prevent the full realization of their functions in the body. This includes 

poor solubility, poor stability against chemical and enzymatic degradation, inability to pass the 

biologic barriers, unwanted side effects and toxicity. To overcome these challenges, many different 

drug delivery systems have been developed in the past decades44,45. They can be classified into 

two categories: natural vector systems, such as virus46 and red blood cells47, and synthetic drug 

carrier systems, the majority of which are comprised of liposomes and polymer particles48,49. These 

cargos use natural or synthetic particles to capture drugs to bypass their physiochemical limitation 

and barriers to effective delivery. Through appropriate parameter design, these delivery systems 

effectively increase the drug loading efficacy, the circulation time in body, and the final therapeutic 

results50,51. Many of them have been proved for clinical use or clinical trials. 

Although these drug carriers are being actively developed, there is still a measurable gap 

that has to be surmounted to achieve the ultimate goal of drug delivery: the maximal therapeutic 

efficacy with minimal toxic effects. In spite of different rout of administration, oral, injection, 

transdermal or inhalation, all delivery systems can be traced to the cellular level. This stimulates 

the exponential development of nanomedicine which uses the nanotechnology tools for better drug 

targeting and less toxic therapeutic effects, as well as diagnostic properties52,53.  Among all of these 

newly developed delivery systems, DNA nanostructures show high promise. DNA is a biopolymer 

that can self-assemble into double helices through by Watson–Crick base pairing and is stabilized 

by hydrogen bonds, p–p stacking, and hydrophobic interactions. They have well-defined 
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structures: the helical turn is 3.4 nm and the diameter is ~ 2.2 nm for the B-form double-helical 

molecules. Fueled by this base-pairing ability, DNA nanotechnology developed many strategies 

to form DNA nanostructures with well-controlled size, shape, and surface chemistry. In 

nanomedicine, these properties strongly affect the delivery capacities54,55 and thus give DNA 

nanostructures a unique control ability to address some of the delivery challenges. 

4.1.2 Delivery process 

There are many methods that have been coupled to DNA nanotechnology to effectively 

deliver therapeutic modalities. It includes drug modalities, gene-silencing modalities, and the 

incorporation of cellular targeting into DNA nanostructures. Many DNA drug delivery systems 

include the incorporation of doxorubicin (Dox), an anti-cancer therapeutic17,56, as the proof of 

concept for small molecular drug delivery. Dox can intercalate into the DNA structure and allow 

it to form properly by relieving torsional stress, as showed in Figure 4-156–58. However, despite 

Doxs potency as an anti-cancer drug, it can have serious side effects when it accumulates off-target 

such as cardiomyopathy, which can lead to congestive heart failure59. Therefore, avoiding off-

target or premature delivery must be achieved. 
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Figure 4-1 Intercalation of Doxorubicin57  

 

Another popular therapeutic technique that many researchers have been taken advantage 

of is gene-silencing through RNA interference60. siRNA in particular has been utilized by many 

researchers for therapeutic gene silencing and can be modified to be target specific to avoid off 

target silencing effects61. RNA interference can usually be used without triggering the immune 

system, however introducing the artificial siRNA can monopolize the natural interference pathway 

of the RNA silencing complex, which is an important part of the cellular function62. One of the 

biggest challenges in RNA delivery is stability in vivo, but chemical modifications of the 

oligomers can increase the stability63. 

Targeting can be achieved through the use of DNA aptamer sequences and also through 

the use of functionalizing the DNA with targeting ligands and can help avoid many of the 

undesirable off target effects59,64,65. For example, Zhu et al. created synthetic DNA adducts to 

allow for targeted anti-cancer delivery. These take advantage of the overexpression of certain 

receptors during cancer66.  
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Once been uptake by cells, DNA nanostructure can incorporate environmental triggers to 

release loaded drugs, such as linkers that are responsible to changes in the pH56,58,67,68. This 

technique can also aid in mapping the pH changes inside the cells itself, as reported by Modi et 

al68.   

There are several possible pathways for these DNA nanostructures to enter the cell and 

these can be explored by using inhibitors to block certain pathways69,70. These pathways can be 

divided into two types: endocytotic pathways and non-endocytotic pathways71. The endocytotic 

pathways include phagocytosis, clathrin mediated endocytosis, caveolae mediated endocytosis, 

and macropinocytosis.  However, it is not well understood what mechanism is responsible for the 

successful uptake of DNA nanostructures. Preliminary data such as that demonstrated by Chen et 

al. suggested clathrin receptor mediated endocytosis70. They measured the mechanism of the 

uptake of their RCA nanoribbons through inhibitors such as chlorpromazine, a clathrin inhibitor, 

genistein, a caveolae mediated inhibitor, methyl-β-cyclodextrin, a lipid-raft endocytosis inhibitor, 

wortmannin, a macropinocytosis inhibitor, and NaN3, an energy dependent endocytosis inhibitor. 

Final results suggested that the uptake is clathrin mediated and lipid raft mediated endocytosis. 

Chen et al. also studied the mechanism of transfection of DNA nanoparticle (DNPs) and 

suggested that nucleolin is a good target for non-viral gene delivery with the presence of 

glucocorticoid receptor (GCR)72. Disruption of a raft protein, flotillin also decrease the transfection 

of DNPs, while inhibition of other endocytic pathways barely affects the process.  

The cell membrane carries a net negative charge and nucleic acids also carry a net negative 

charge73. As a result, Some DNA nanostructures, not containing targeting modalities, may need 

some kind of cationic transfection agent, such as Lipofectamine, to increase the cellular uptake 

and therapeutic efficacy73. Positively charged intercalators or positively charged proteins, such as 
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Dox, viral capsule proteins, or cationic polymers, may also help reduce the net negative charge 

thus reducing the electrostatic repulsion in the DNA structure itself and between the DNA 

nanotechnology and the cell membrane60,74–76. 

4.1.3 Delivery vehicles 

Due to the precise and predictable pairing nature of DNA chains, size and shape of the 

nanoscale DNA constructs can be designed to fit the needs. Moreover, overhangs can be 

introduced on to the structures to allow easy functionalization of fluorescent dyes, targeting agents 

or even drugs. 

The oligonucleotide strategy was reported first by Nadrian Seeman in 1983 and is widely 

considered the original basis of DNA nanotechnology. He synthesized a stable 4 arm junction with 

4 sixteen base pair strands by minimizing the strand symmetry2. The oligonucleotide strategy 

requires more design consideration as there are no viable programs for designing these structures. 

Oligonucleotides have been used to create many types of structures such as nanotubes77, 

tetrahedrons78,79, icosahedrons80, and many other polyhedral structures6,81.  

In 2010 Kim et al. reported a simple method of intercalating Dox into DNA tetrahedra as 

carriers to reverse drug resilience of cancer cells79. Cy5 was incorporated into the tetrahedron for 

characterization purpose (Figure 4-2B). Results show that even without any targeting agent, the 

DNA tetrahedra are able to enhance uptake and bypass the efflux process in multidrug resistant 

MCF-7 cancer cells. 
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Figure 4-2 Typical examples of drug-carrying DNA nanostructures. A: The original DNA 

tetrahedral structure proposed by Turberfield78. B: Modified DNA tetrahedral structure with Cy5 

dye and Dox intercalation79. C: Incorporation of siRNA onto the struts of the DNA 

nanotetrahedron82 D: Proposed drug delivery route of DNA nanotrain83 E: Multifunctional 

aptamer-based nanoparticles84 
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An example of DNA polyhedra assembled from oligonucleotides was reported by Chang 

et al. in 201185. They designed a six-point-star motif with five sticky ends that are self-

complementary and one end with targeting aptamer to assemble into icosahedra with diameter of 

around 28nm, while the ends with aptamer erect. Dox was intercalated into the structure without 

affecting the shape. The MUC-1 aptamer was used to target MUC 1+ MCF-7 cells. The dox-apt-

icosahedron complex shows great specificity and aptamer-mediated internalization for killing 

epithelial cancer cells. 

Lee et al. proposed a way to deliver siRNA using a tetrahedral DNA structure with a 

hydrodynamic size of 28.6 nm with narrow distribution (Figure 4-2C)82. Cy5-labelled such 

oligonucleotide particles (ONPs) with six folic acid ligands per particle were injected in nude mice 

with KB xenograft tumors. Results show that the ODNs accumulate primarily in the tumor and 

kidney. The circulation time of the ODNs is also a lot longer than the parent siRNA (blood half-

life t1/2≈24.2 min vs 6 min). 

A concept of nanotrain was reported by Zhu et al. in 201383. Two strands of ODNs 

alternatively bind to each other triggered by an aptamer trigger to form a longer chain train-like 

structure with a aptamer sgc8 on one end to target specific cells (Figure 4-2D). Dox is intercalated 

into the DNA double strand. The complex can specifically transport the drug to target cancer cells, 

initiate endocytosis and unload the drugs within the cells. The complex was tested in vivo in 

NOD.Cg-Prkdc (scid) IL2 mice and showed reduced side effects and stronger therapeutic potency. 

Wu et al. reported an modular aptamer based DNA nanoassembly (AptNA) approach 

(Figure 4-2E)84. Multifunctional DNA sequences are first assembled into Y shaped functional 

domains and then connect to X shaped connectors. The connector has a photopolymerizable arm 

so that the build unit with different functional domains can be polymerized into spherical structure 
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of diameter around 200nm. The aptamer sgc8 was used to target CCRF-CEM cancer cells. The 

cells shower increased viability compared to the treatment by free dox. The DNA nanoparticle also 

showed selectivity on CEM cells rather than the non-target Ramos cells. 

Li et al. developed a tetrahedron motif bearing unmethylated cytosine-phosphate-guanine 

(CpG) motifs which have immunostimulatory properties86. This is due to the fact that these motifs 

can bind to certain cellular receptors known as endosomal Toll-like receptor 9 and trigger an 

immunostimulatory response. After incubation with RAW264.7 cells, these structures were mostly 

localized in the cytoplasm as imaged by confocal microscopy. Degradation studies were also 

conducted by incubating the tetrahedrons in fetal bovine serum (FBS). These structures remained 

stable at 4 hours whilst simple DNA duplexes degraded in the span of 2. 

Sellner et al. reported in 2015 a in vivo study of gene delivery by DNA nanotubes. The 

nanotubes were assembled by the single stranded tile (SST) method, in which each tile consists of 

four 10-11 bases domains and a length of 42 bases77. Sticky ends of poly-As stick out of the tube 

side walls for functionalization. CpG and fluorescent dye ATTO488-dUTP or Cy3-dUTP are 

conjugated onto the structure. The in vivo study on anesthetized mice shows that while plain 

nanotubes do not induce an immune response, CpG conjugated nanotubes can target tissue-resident 

macrophages and reach intact muscle tissue almost immediately, and elevate immune response 

strongly. The DNA nanotubes also have some stability against DNAse I within muscle tissue. 

In this chapter, we will mainly focus on the design and assembly of truncated DNA 

nanocages as drug delivery vehicles. Truncated nanocages are formed by the same motif that we 

used in chapters 2 and 3, and have the potential to be the 3rd step of CME that we are trying to 

mimic and study. 
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4.2 Results and discussion 

We first used the 5-arm motif to form icosahedron. The design and sequences were the 

same as described in the paper by Zhang et al.7 This will be the basis for subsequent structure 

design.(Figure 4-3) The long 5-arm center strand acts as the vertices of an icosahedron. It is named 

as 5v, or L in this specific design. M strands bind with one of the arm domains of L. S stands act 

as stick-ends, bring each 5-arm motif together. As described in the paper, the concentration of the 

motive needed to be limited in order for the particular shape to be formed. We characterized this 

design under tapping-mode AFM in air. Figure 4-4 shows flattened versions of the icosahedrons. 

The diameter of the particles seen in the image is about 50nm, matches our expectation for 

flattened particles. We then expanded the design to have more anchor points on the structure. In 

current design, each face of the icosahedron is hollow. The basic design goal is to replace each 

face with more complicated flat structures.  

 

Figure 4-3 Geometric design for icosa-LMS series. 
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Figure 4-4 AFM results for icosa-LMS series. 

 

Our first attempts were icosa-2 and icosa-3 series (Figure 4-5). The design principle is that 

by using 6-arm strands as connecting points between different faces, the distance between the 5v 

strands will effectively be doubled or tripled, hence expanding each face to allow more anchoring 

points for more functionality. In the large version, icosa-3 series, another 6-arm strand is used to 

maintain structural integrity of the face structure. These structures are highly symmetrical, thus the 

number of distinct strands is minimal. 
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Figure 4-5 Geometric design for icosa-2 and icosa-3 series. 

 

The structures were then characterized under AFM. (Figure 4-6,) The image shows small 

discrete particles with diameters of about 50nm, which is quite a bit smaller than the expected 

structure. We also used agarose gel to characterize the formation of icosa-2 structure, shown in 

Figure 4-6, right. Lane 2 and Lane 3 are supposed to be the product lanes. The molecular weight 

shown for these lanes did not meet our expectations. The fact that the bands in lane 1 and 2 are 

smeared also showed that there were a range of different structures formed, instead of one distinct 

structure that we desired. We attributed this phenomenon to the long 6e strands, because the 

linkage between the face motifs may not have occurred in the way that we expected, and that would 

result in dimers, trimers or other multimers.  
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Figure 4-6 Left: AFM scan of icosa-2 series. Right: 0.5% agarose gel. 

 

  

Figure 4-7 Left: Geometric design for icosa-LT series. Right: 5% PAGE gel to show the formation 

of the face motif. Lane1-7 are individual component strands. Lane 8 is the product lane. 
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At this point in the experiment, we realized that too much symmetry may cause the 

formation of unwanted structures. Thus, we switched the design focus to constructing a face 

structure that is non-symmetric. The icosa-LT series is a product of this idea. Figure 4-7 left shows 

the design of the structure. It consists of 7 distinct DNA strands. PAGE gel also showed promising 

results. The product lane 8 showed a very sharp band, indicating the successful formation of the 

face motif. AFM images also showed uniform sizes of the particles formed. However, when put 

together with 5v strand, there were no large particle observed. Instead, the AFM image showed a 

morphology possibly formed by merely interconnecting each face motif. Further work is needed 

to finetune the conditions to facilitate the formation of icosahedron. 

 

4.3 Conclusion 

In this chapter we explored different designs of potential truncated icosahedron structures. 

The focus was on designing a face structure that is robust and can also form truncated structure 

with the 5v strand. We experimented with 5 different designs of structures, and found out that 

excessive symmetry may not be desirable under this circumstance. A non-symmetric face structure 

was successfully designed and synthetized, yet the combination of this motif to the 5v strands was 

not successful. This work explored possible avenues for expanding the size and functionality of 

truncated icosahedral structures. The icosa-LT structure can potentially be used to construct 

icosahedral structure if the conditions are finetuned.   

Chapter 4, in part, is a reprint of the material as it appears in “DNA Nanotechnology for 

Precise Control over Drug Delivery and Gene Therapy”, Small, 2016, 12(9), 1117-1132, with the 

coauthors of C. Angell, L. Zhang, Y. Chen. The dissertation author is the co-first author of this 

work.  
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CHAPTER 5: CONCLUSIONS 

In this dissertation, we established a path to mimicking clathrin-mediated endocytosis 

using DNA nanostructures. Using DNA as a highly programmable and functionalizable material, 

we were able to design effective mechanisms to mimic different stages of CME.  

In the first part we successfully designed a 3-arm motif that can self-assemble into arrays 

while anchored into a supported lipid bilayer. These arrays mimic the morphology and 

functionality of large-scale clathrin patches on cell surfaces. The structure is also tunable in the 

size of the repeat units, and can be integrated with other nanoparticles. The applications can thus 

be expanded to other fields. 

In the second part we designed a reversible transformation mechanism that utilizes fuel 

strand replacement and hairpin structure formation. We further applied this mechanism to an array-

forming 3-arm motif, to create an array-to-particle transformation that mimics the transformation 

stage of CME. This reversible transformation mechanism can also be used in many other DNA 

machines. 

In the third part we explored possible designs of creating truncated DNA nanoparticles.  

We found that symmetry may induce unwanted structures, and we designed a non-symmetric face 

motif that can potentially be integrated into drug delivery vehicle design using DNA 

nanotechnology.  

The work described in this dissertation led us closer to mimicking CME using DNA 

nanostructures, and understanding more about the process. The mechanisms and design principles 

utilized in this work also have wide implications for other fields.
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