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Abstract 

Hierarchical Self-assembly of Novel DNA Nanostructures  

for Biomedical and Biomimetic Research 

 

By Yunlong Zhang 

 

Structural DNA nanotechnology has been extensively utilized for the self-assembly of an 

unprecedented number of nanostructures in past decades. However, the pursuit of novel 

assembly mechanisms and scaling methods of DNA nanostructures has never ended. In this 

dissertation, we introduce our effort on several challenging projects focusing on this pursuit 

in structural DNA nanotechnology. Chapter 1 of this dissertation introduces the current state 

of structural DNA nanotechnology, the challenges that remain unsolved, and the significance 

of the contribution to solving these challenges. Chapter 2 describes a novel amphiphilic 

spherical micelle/nanorod assembly from cholesterol-DNA block copolymer. The 

hierarchical assembly mechanism from spherical micelles to nanorods provides brand new 

inspiration for future amphiphilic DNA block copolymer design. Chapter 3 describes a 

simple yet versatile method for the scaling of DNA nanotubes into micrometer-scale rigid 

DNA bundles. The constructed DNA bundles are reconfigurable and possess high 

programmability, which allows applications in nanofabrication and biomimetic research. 

Chapter 4 summarizes the work covered in this dissertation in detail, and also briefly 

introduces other selected projects that have been conducted during the graduate study.  
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Chapter 1. Introduction of structural DNA nanotechnology 

1.1 Structural DNA nanotechnology 

1.1.1 Introduction 

In nature, deoxyribonucleic acid (DNA) is the main genetic information carrier for most living 

organisms. However, at the end of last century, DNA was found to be more than just the secret 

of life: In the 1980s, researchers started to employ DNA as the basic material to build newly 

developed nano- to micro-scale structures (1). Since then, the era of structural DNA 

nanotechnology has begun. 

Structural DNA nanotechnology refers to the field where DNA is used as basic building blocks 

to construct artificial nanostructures through self-assembly pathways (2). The establishment of 

structural DNA nanotechnology lies in the unique characteristics of DNA. For example, the 

canonical binding pattern of the DNA biopolymers, known as Watson-Crick base pairing, is 

simple, predictable, and versatile among all kinds of DNA molecules (3). This simple rule 

indicates that DNA is a kind of biopolymer made of 4 kinds of deoxynucleotides, which are 

differentiated by four nucleobases: Cytosine (C), guanine (G), adenine (A), and thymine (T). 

In a normal Watson-Crick base pairing pattern, A mainly pairs to T through 2 hydrogen bonds, 

and C mainly pairs to G through 3 hydrogen bonds. This simple yet predictable constitution 

makes the interaction between DNA molecules highly programmable, which is a highly 

preferred characteristic compared with other materials such as peptides. Moreover, most DNA 

molecules employ a double helix conformation that is known as B-form DNA. B-form DNA 

double helix has a well-defined nanoscale morphology, with a diameter of 2 nm and a helical 

turn of 3.4nm in average. This uniformity of DNA molecular structure allows the versatile 

application of DNA as the building material towards various utilities. 
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The concept of structural DNA nanotechnology can be traced back to Nadrian Seeman’s 

hypothesis of using DNA to assist the crystallization of proteins and peptides (4). From then 

on, over decades of development, structural DNA nanotechnology has become a major research 

topic nowadays, and DNA has been proved to be a designer molecule for the construction of 

unprecedented numbers of nanostructures. These nanostructures can be both static or dynamic, 

constructed with unparallel complexity and unique properties. Besides, these DNA 

nanostructures are increasingly utilized on their own or with other materials for a variety of 

applications, including nanofabrication, nanomachine, and drug delivery (5-7). In the following 

sections, we will briefly introduce the designing and assembly methods of structural DNA 

nanotechnology. Representative examples will be covered to show the advantages and merits 

of DNA nanostructures. Further on, the application of DNA nanostructures related to the 

projects discussed in this thesis will be briefly introduced, along with the challenges and 

perspectives of these applications. 

1.1.2 Methods for DNA nanostructure construction 

Most strategies to construct DNA nanostructures can be categorized into two basic strategies: 

DNA tile and DNA origami. In this section, these two strategies will be briefly reviewed, and 

representative examples will be presented. 

DNA tiles are defined as a set of small artificial DNA structures consisting of several DNA 

single strands. These DNA single strands with uniquely designed sequences first assemble into 

DNA tiles, then hierarchically assemble into large DNA nanostructures. The first DNA tile 

structure, named immobile 4-way junction, was designed to resemble the naturally occurring 

Holiday junctions (Figure 1-1a) (1). Based on this first work, DNA tiles with other numbers of 

strands were successfully assembled (8-10). However, these DNA tiles failed to form higher-

order structures due to the high flexibility. The first DNA tile that was able to form large DNA 
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nanostructure was the DNA double crossover (DX) tile structure, which was assembled by a 

set of DNA single strands with a specific binding pattern to form two crossover motifs (11). 

Such 2-arm DX tile structure was able to assemble into two-dimensional (2D) DNA crystals 

through sticky-end mediated self-assembly (Figure 1-1b). Since then, other more complex 

DNA tiles have been developed and successfully self-assembled into 2D nanostructures (12-

15). Furthermore, in 2009, three-dimensional (3D) DNA crystals were finally achieved and up 

to now, these DNA tile-based structures are still being heavily investigated (16-19). 

However, these DNA tile designs could only produce periodic and symmetric structures, 

resulting in low programmability and versatility. Thus, DNA brick method was later introduced, 

where the single-strand DNA was treated as a tile/crick to interact with other tiles/bricks to 

form 2D or 3D objects through uniquely designed sequences (Figure 1-1c) (20-23). Due to its 

modularity, this method was able to fulfill the purpose of high-throughput DNA nanostructure 

building with arbitrary sizes and shapes. 

On the other hand, in 2006, DNA origami method was first introduced (24). Origami, originally 

a Japanese word, refers to the art of folding paper into arbitrarily shaped objects. Similarly, 

DNA origami is a process of folding DNA into arbitrarily shaped objects: a long single-strand 

DNA called scaffold strand is folded into prescribed objects with the help of hundreds of short 

DNA single strands called staple strands. This is made possible by specifically designing the 

staple strands’ sequence to be complementary to different parts of the scaffold strand, thus the 

staple strands are working as the staples to crosslink spatially far-away segments of the scaffold 

strand (Figure 1-1d). During the assembly of DNA origami, an appropriate concentration of 

cations (Mainly Na+ and Mg2+) is required to reduce the electrostatic repulsion caused by the 

high compactness of negatively charged DNA strand backbones. DNA origami was first 

reported by Paul Rothemund, where a set of 2D objects, including the famous smiley face 

origami, were constructed (24). Further on, 3D DNA origami objects were reported as a hollow 
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tetrahedron and a hollow cube structure (25, 26). However, these hollow 3D objects were based 

on the folding of flat 2D sheets, confining the complexity and arbitrability of 3D object design. 

Thus, in later reports, solid 3D objects and 3D origami objects with curvatures were 

successfully assembled to resolve this problem (27-30). As these objects were defined as 

lattice-based DNA origami, wireframe DNA origami was later introduced to produce soft and 

porous nanostructures (Figure 1-1e) (31, 32). The compactness of DNA strands in wireframe 

DNA origami was lower than in lattice-based DNA origami, resulting in a lower requirement 

of cation concentration and may find more potential in intracellular applications.  

One advantage of structural DNA nanotechnology is the accessibility of design software and 

algorithms to assist the DNA sequence design. Two of the most common software are Tiamat 

for the design of DNA tile structures, and caDNAno for the design of DNA origami structures 

(31, 33). Besides, other software and algorithms can also assist in the analysis of DNA 

nanostructures, such as Cando for DNA nanostructure computational feedback and 

visualization (34). With these tools, the design process of complex DNA nanostructures is 

largely facilitated. 
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Figure 1-1. Methods for DNA nanostructure construction. (a) Artificial immobile 4-way 

junction assembled from four DNA single strands. (b) An example of DNA double-crossover 

(DX) tile. Grey sequences are backbones, and colored sequences are sticky ends used for the 

connection of DX tiles. (c) DNA bricks for the assembly of 2D and 3D objects. Figures 

reprinted with permission from reference (22). (d) Basic design strategy and assembly 

mechanism of DNA origami. Figures reprinted with permission from reference (35). (e) An 

illustration of 3D wireframe origami structure. Figures reprinted with permission from 

reference (35). 
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1.2 Applications of structural DNA nanotechnology 

In past decades, DNA nanostructures have been utilized in various applications and 

investigations. Here, selected applications that are closely related to the projects in this thesis 

will be briefly reviewed. 

1.2.1 Dynamic DNA nanostructures 

The ability to design complex morphology precisely gives structural DNA nanotechnology the 

potential to construct nanodevices and nanomachines that may employ dynamic processes, 

such as motion or conformational change. Constructing dynamic DNA nanostructures relies on 

the integration of mechanical and chemical properties of DNA molecules, such as flexibility 

and biochemical addressability. Up to now, a wide range of dynamic DNA nanodevices, either 

2D or 3D, have been constructed. They are capable of various dynamic processes, including 

programmed motion, conformational change, and tunable distribution of molecular states. 

Representative examples of dynamic DNA nanostructures include DNA motors and walkers 

(36-38), containers with responsive lids (39), reconfigurable strand systems (40-42), and 

mechanical joints (43-46). Common triggers for the dynamic process include DNA or RNA 

strands (Figure 1-2a) (47), other molecules (48), solution condition change (49), and 

temperature and light change (50, 51). One ultimate goal for these DNA nanodevices is to serve 

as the biomimetic analogs to natural biological processes, such as the mimic of myosin and 

actin rotor (52, 53). We believe that with further development, these dynamic DNA 

nanostructures will largely contribute to the understanding of molecular processes and the 

establishment of artificial cells. 

1.2.2 Nanofabrication 
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Owing to the high specificity, addressability, and programmability of DNA nanostructures, 

they have been widely used as the breadboard to organize a variety of other molecules and 

materials for nanofabrication. DNA nanotructure has been utilized as template structures for 

the organization of both synthetic nanomaterial components and biomolecules, as molds for 

nanoparticle synthesis, as masks for nanolithography, and as scaffolds for artificial enzyme 

cascades, etc (35). The fabricated structures and devices have been further utilized for 

numerous other applications, including nanoplasmonics, biosensing, and drug delivery. 

To classify these works according to the nanomaterials fabricated, three main classifications 

are the fabrication of inorganic materials, synthetic molecules and polymers, and biomaterials. 

For inorganic material fabrication, silica, metal particles, and semiconductors are always hot 

topics in this area due to their close relationship to quantum science (Figure 1-2b) (54). The 

fabrication of molecular catalysts was also demonstrated to be capable of tuning the catalysis 

reaction for organic synthesis (55). Finally, the nanofabrication of nucleic acids, enzymes, and 

other biopolymers has led to complex spatial and temporal arrangement of biomolecules on 

DNA nanostructure base, which further led to enhanced biomedical activity and new biological 

functionality (56, 57). However, there are still some challenges in this field, such as the size 

limitation of the DNA nanostructure base. Further advances in DNA nanostructure construction 

method are also required for the actual application of these fabricated structures. 

1.2.3 Drug delivery 

Nowadays, advanced disease therapeutics usually require the targeted delivery of drugs to 

abnormal cells and tissues. This can increase therapeutic efficiency while also reducing side 

effects. To fulfill this requirement, various materials, including synthetic polymers, metal 

nanoparticles, and biopolymers, have been utilized for the construction of drug delivery agents. 

Among these materials, DNA nanostructure is one of the most promising options owing to its 
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high biocompatibility, high programmability, and the capability for targeted and controlled 

payload release. A number of studies have been conducted to construct various DNA 

nanostructures and fabrication schemes to load, deliver, and release molecular drugs for cancer 

treatment, gene silencing, and immune stimulation. Besides, the payloads loaded on the DNA 

nanostructures are also capable of the target location and responsive release to complete 

designated tasks.  

The most common application of DNA nanostructures in drug delivery is the delivery of 

anticancer drugs. This concept was first realized in 2012 by Bogberg and Ding groups, where 

doxorubicin was loaded onto DNA origami and internalized into breast cancer cells to induce 

cancer apoptosis (58). Further on, various therapeutic payloads, including small molecule drugs 

(59), quantum dots (60), antibodies (61), and therapeutic oligonucleotides (Figure 1-2c) (62), 

have all been successfully delivered and showed certain levels of improved therapeutic effects 

on cancer cells both in vitro and in vivo. However, certain drawbacks of using DNA 

nanostructures for drug delivery still remain to be resolved, such as the cost of preparation, 

requirement of high cation concentration, and biological barrier penetration (35). 
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Figure 1-2. Representative examples of DNA nanostructure applications from Ke lab. (a) An 

example of dynamic DNA nanostructure: Reconfiguration of DNA Molecular Arrays Driven 

by Information Relay. Figures reprinted with permission from reference (63). (b) An example 

of nanofabrication: Magnetic Plasmon Networks Programmed by Molecular Self‐Assembly. 

Figures reprinted with permission from reference (64). (c) An example of DNA nanostructure-

based drug delivery: Systemic Delivery of Bcl2-Targeting siRNA by DNA Nanoparticles 

Suppresses Cancer Cell Growth. Figures reprinted with permission from reference (62). 
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1.3 Challenges and perspectives of structural DNA nanotechnology 

Although structural DNA nanotechnology is already powerful in various applications, there are 

still many challenges and perspectives that remain to be solved. In this section, we will cover 

several challenges and perspectives that are closely related to the projects in this thesis. 

1.3.1 Scaling up DNA nanostructures 

Up to now, nearly all arbitrary morphology in nanometer scale can be realized by structural 

DNA nanotechnology. However, scaling up the assembled structure from nano-scale to micro-

scale or higher is still challenging. For example, in the assembly of DNA origami, a long DNA 

scaffold strand is folded into a 3D structure that is held in its desired shape by multitude of 

staple strands. However, the maximum size of a DNA origami object is limited by its scaffold 

strand length, which becomes prone to shearing beyond a certain length (54, 65). Researchers 

have tried to create larger structures by assembling single origamis together, but efficiently 

linking them to each other has been challenging (66, 67). Thus far, these roadblocks have 

prevented the creation of DNA nanostructures above the sub-micron range, which would 

significantly expand their usability in real-world applications. 

Along with the strategy to link the already assembled DNA nanostructures together, another 

strategy is to construct higher-scale DNA structures from the bottom. However, this is also not 

easy to realize, since higher-scale structures will require more DNA strands, and in order to 

guarantee the orthogonality of these strands, the workload on DNA strand sequence design 

would be near-exponentially growing. Several groups have successfully realized this strategy. 

For example, Yin and coworkers constructed a set of gigadalton-sized 3D nanostructures using 

DNA bricks, of which the assembly model closely resembles Lego blocks (23). These 

successful results are truly elegant and stunning, vividly reflecting the robustness of this 
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strategy. However, a module with simple constitution and low cost while retaining the potential 

to construct complex DNA macro-structures is still in demand. 

We envision that a method that could allow the assembly of DNA structures with the size above 

micrometer while also avoiding the drawbacks of previous methods would be extremely 

beneficial for potential applications in material science, biomedical science, and surface 

engineering. 

1.3.2 Optimization on drug delivery systems 

DNA nanostructures have some critical characteristics to be utilized as an effective delivery 

vehicle. For example, good biocompatibility, high addressability, and precise control of 

morphology and surface chemistry (65). However, certain drawbacks still exist that hinder the 

actual application of DNA nanostructures for drug delivery. First of all, for DNA origami, a 

fast, economical, and environment-friendly production method of scaffold and staple strands 

are still in urgent demand to reduce the overall cost of DNA nanostructure preparation. 

Secondly, the in vitro and in vivo stability of DNA nanostructures is another main issue due to 

the lack of high cation concentration (Na+ and Mg+) required by the assembly in physiological 

conditions. Finally, to effectively reach the spot of interest for targeted delivery and drug 

release, DNA nanostructures need to penetrate a set of biological barriers, such as the blood 

vessel barrier penetration after administration and evasion from the cleanse of immune systems. 

To solve these problems, extensive study is still highly demanded. 

Besides the hindrance, new discoveries also put forward higher demands for DNA 

nanostructure-based drug delivery systems. Historically, traditional drug delivery systems 

focused on simple shape construction, such as nanospheres and nanotubes (68). During the last 

decades, a number of research have revealed that delivery systems with prescribed shapes, like 

tetrahedrons, can lead to prolonged in vivo circulation time, enhanced biological barrier 
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penetration efficiency, well-controlled slow-release function, and reduced overall cytotoxicity 

(69, 70). Furthermore, these delivery systems usually possess higher drug loading capacity and 

enable the precise incorporation of an accurate number of payloads at the specified position. 

By forming a bridge between same or different targets, these delivery systems can increase the 

target local concentration and enhance the immune checkpoint activation (71, 72). As such 

geometry and multi-valency effect proved to largely contribute to the improvement of overall 

therapeutic effect, we envision that the enrollment of these knowledge to create next-generation 

drug delivery agents will be a promising direction to pursue. 

1.3.3 From multi-stranded to single-stranded, from DNA to RNA 

In addition to tile-based DNA nanostructure and DNA origami, single-stranded DNA 

nanostructures are another toolset that holds promising potential. As its name indicated, single-

stranded DNA nanostructures are assembled from one lone single strand DNA. Compared to 

conventional multi-stranded methods, single-stranded DNA nanostructures are more resistant 

to enzymatic degradation due to the decreased number of 5’ and 3’ ends on a single DNA strand. 

Besides, the modularity of single-stranded DNA nanostructures is higher, as a set of single 

strand DNA could serve as a canvas for building a large number of different higher-ordered 

objects. However, single-stranded DNA nanostructures also have their drawbacks, including 

the difficulty on sequence design, the low yield of correct nanostructures, and higher 

requirements on cation concentrations. Not many labs have successfully realized this kind of 

novel DNA nanostructures (73, 74); However, this method is certainly still a promising one. 

Nanostructures made from DNA are already potent platforms for various applications. 

However, in recent years, researchers have started to pay more attention on using RNA to self-

assemble into nanostructures. Compared to DNA self-assembly, RNA self-assembly has 

several advantages. For instance, RNA can be readily bulk-produced by transcription or 
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bacteria, which provides the potential to largely decrease the cost of DNA production. Besides, 

RNA nanostructures are believed to be more compatible with physiological environments with 

higher thermal stability in vivo (75). However, unlike the guidance by the simple Watson-crick 

base pairing rule, RNA’s conformation is largely influenced by noncanonical binding patterns, 

hence much more challenging to predict and design. Besides, RNA is known to be more 

vulnerable to nuclease degradation, which largely hinders the use of RNA nanostructures in 

physiological conditions. In recent years, both multi-stranded and single-stranded RNA 

origami have been successfully assembled, showing certain improved properties over their 

DNA counterparts (76-78). We believe that further investigation on RNA nanostructures will 

allow the settlement of the drawbacks and make them a valuable complementary toolset for 

structural DNA nanotechnology. 
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Figure 1-3. Challenges and perspectives of structural DNA nanotechnology. (a) An example of 

the scaling of DNA nanostructures: Meta-DNA structures. Figures reprinted with permission 

from reference (66). (b) An example of the optimization on drug delivery systems: 

Visualization of the Cellular Uptake and Trafficking of DNA Origami Nanostructures in 

Cancer Cells. Figures reprinted with permission from reference (70). (c) Single-stranded DNA 

and RNA origami. Figures reprinted with permission from reference (74). 
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1.4 Other nucleic acid-related backgrounds involved in this thesis 

One of the merits of structural DNA nanotechnology is its high versatility to combine with 

other techniques, especially other nucleic acid-related ones. In this section, several DNA or 

RNA-based techniques will be briefly introduced. 

1.4.1 DNA strand displacement 

Strand displacement process, where one intruder DNA single strand displaces another single 

strand from a DNA helix, was initially investigated for its relevance to genetic recombination. 

After the emergence of the concept of structural DNA nanotechnology, this process has been 

widely involved in constructing dynamic DNA nanomachines. Strand displacement can happen 

under various driving force, but the most commonly utilized one is the toehold-mediated strand 

displacement. Toehold-mediated strand displacement is based on the Watson-Crick 

hybridization of two complementary strands of DNA and makes use of a process called branch 

migration (79). It is an enzyme-free molecular tool to exchange one strand of DNA with another 

strand via the binding of toehold region (Figure 1-4a). The first use of toehold-mediated strand 

displacement in DNA nanotechnology was in 2000 by Yurke et al., where strand displacement 

process was employed as the driving force of a dynamic DNA nanomachine (80). Since then, 

toehold-mediated strand displacement has been utilized with increasing sophistication and 

towards unprecedented applications (81).  

One of the main applications of toehold-mediated strand displacement focuses on the 

construction of dynamic DNA nanomaterials, including DNA walker and switches, 

reconfigurable nanostructures and containers, reaction cascade, DNA computing, and 

patterning and lithography (82-86). Besides, toehold-mediated strand displacement can also 

find applications in biomedical areas, including biosensors, pathogen detection, and gene 

editing (87-89). In a word, strand displacement, especially toehold-mediated strand 
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displacement, is one of the most important foundations for the construction of dynamic DNA 

nanostructures. 

In this thesis, strand displacement process will be involved in the project described in chapter 

3. 

1.4.2 RNA transcription and Central dogma 

Ribonucleic acid (RNA) is one of the most essential biopolymers for most biological functions 

in nature. Unlike DNA, RNA is assembled as a chain of nucleotides, and the four nucleobases 

for RNA are cytosine (C), guanine (G), adenine (A), and uracil (U). According to the central 

dogma (Figure 1-4b), in most living organisms, RNA is mainly produced by the transcription 

process from DNA. RNA transcription is the process of transferring the information from a 

segment of DNA into RNA. This process is mainly happening in the cell nucleus, pseudo-

nucleus, and organelles containing genetic information. RNA polymerase and other helping 

enzymes are required to catalyze the reaction. Nowadays, cell-free reaction kits for RNA 

transcription are widely available and have become a routine method for research labs to obtain 

high-quality single-stranded RNA samples. This process is referred to as in-vitro transcription. 

However, when transcribing DNA templates with artificially designed sequences, the 

transcription yield may be largely compromised, especially when the transcribed RNA has 

large portions of secondary structures (90). 

The central dogma of molecular biology is an explanation of the flow of genetic information 

in a biological system. According to the central dogma, the transcribed RNA that can encode 

proteins is called messenger RNA (mRNA). In most living organisms, mRNA will be 

consumed after several rounds of translation into proteins, so that the relationship between 

template DNA and mRNA is a one-way process. However, some viruses may encode reverse 

transcriptase, which allows the reverse transcription from RNA back to DNA. Besides, some 
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virus, like alpha virus, possesses an RNA-to-RNA amplification process owing to the presence 

of a special replicase (91). These special routes that are not included in the original version of 

central dogma have found various novel applications, such as the establishment of cDNA 

library and the self-amplifying mRNA vaccine (92). 

In this thesis, RNA-related techniques are involved in one project described in chapter 4. 

1.4.3 Aptamer 

Over the past hundred years, antibodies, mainly as proteins, have demonstrated decent 

capability in target sensing, immune blockade, bioassay, etc. However, the response rate, the 

shelf life, and the development difficulty of antibodies are still far from satisfactory (93). In 

addition to antibodies, in recent years, synthetic antibodies, particularly DNA and RNA 

aptamers, started to rise as another family of promising molecules for effecting binding and 

blockade.  

Aptamers are single-stranded DNA or RNA oligonucleotides that bind with high affinity and 

specificity to target antigens such as small molecules, peptides, proteins, or cell (94). Most 

aptamers are based on a specific oligomer sequence of 20-100 base, some having chemical 

modifications for functional enhancements. They typically have complex secondary and 

tertiary structures as binding spots for the target (Figure 1-4c). The development of aptamers 

is based on an assay called Systematic evolution of ligands by exponential enrichment 

(SELEX), during which the best aptamers from the starting oligonucleotide library will be 

selected after several rounds of binding assay. This method is fast and versatile, thus allowing 

the selection of aptamers targeting arbitrary antigens to be finished in a short time (95).  

Compared to antibodies, DNA aptamers have a wider target range due to the ease of producing 

a large variety of strands with different lengths and sequences. Besides, due to the nature of the 

DNA and protein, DNA aptamers exhibit a much longer shelf life than antibodies under 
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preferred storage condition. According to previous research, aptamers also usually exhibit 

lower immunogenicity than antibodies (96). However, the actual use of these aptamers is still 

hindered by their limited in vivo stability and the lack of efficient in vivo delivery systems to 

overcome biological barriers. To solve these problems, several previous research has proved 

that structural DNA nanotechnology is a great candidate to deliver aptamers while protecting 

them from degradation (97, 98).  

In this thesis, aptamers will be involved in one project described in chapter 4. 
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Figure 1-4. Other nucleic acid-related backgrounds involved in this thesis. (a) A typical 

toehold-mediated strand displacement process. h is the toehold. h and h* have complementary 

sequence, while b and b* have complementary sequence. (b) The original version of the central 

dogma of molecular biology. Note that the reverse transcription and RNA self-amplification 

are not included in the original version. (c) An illustration of aptamer binding to its target 

molecule. 
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1.5 Aim and scope of this dissertation 

Structural DNA nanotechnology is the design and manufacture of artificial nucleic acid 

structures for technological uses. The use of structural DNA nanotechnology has dramatically 

improved the complexity, scalability, addressability, and versatility of self-assembled 

nanostructures. The methods for DNA self-assembly in structural DNA nanotechnology has 

led to numerous uses in various fields, including nano-electronics and nano-photonics, artificial 

reaction networks, biomedical research, and so forth. Up to now, structural DNA 

nanotechnology has become a powerful and indispensable solution in nanotechnology areas 

(2). However, certain drawbacks and potential improvements still exist for structural DNA 

nanotechnology. For example, the cost of DNA strand synthesis and the difficulty in design 

still hinder the scaling up of DNA nanostructures into micrometer or higher scales (35). Besides, 

newly developed assembly mechanisms and pathways of DNA nanostructures will never be 

enough for the actual applications of structural DNA nanotechnology. 

Thus, this thesis will mainly focus on the development of novel assembly pathways for 

structural DNA nanotechnology. Our ultimate goal is to fulfill the need for biomedical and 

biomimetic research with our developed methods and nanostructures. Two main questions are 

to be answered in this dissertation: Firstly, by tuning the reaction condition, can we use 

routinely used, most usual molecules to construct novel DNA nanostructures for biomedical 

research? Secondly, by employing simple model structures, can we develop a direct yet 

powerful method to scale up DNA self-assembly into micro-meter or even higher scale? To 

answer these questions, two main projects are introduced and discussed in this dissertation. 

In chapter 2, we reported a novel amphiphilic spherical micelle/nanorod assembly from 

cholesterol-DNA block copolymer. We discovered that under acidic conditions, chol-DNA 

with certain DNA sequences could form micellular nanostructures, including spherical 
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micelles and nanorods, through a hierarchical assembly pathway. Extensive study was carried 

out to confirm that the morphology of the assembly was mainly controlled by salt concentration, 

solution pH, and DNA sequence. Thinking of the popularity of using DBC to construct 

amphiphilic nano-vehicle for drug delivery recent years, we believe that our work can find 

valuable applications in future biomedical research.  

In chapter 3, we reported a simple yet versatile method for the scaling of DNA double-

crossover tiles into micrometer-scale rigid DNA bundles. The assembly mechanism of this 

system is a hierarchical pathway mainly enabled by the flanking cohesive linker design. Along 

with the buffer conditions, such cohesive linker provides capability to better control the major 

assembly parameters including width, compactness, constitution, and reconfigurability. 

Through the fabrication of model materials on DNA bundles, we envision that this project can 

provide strategies for future rational design on constructing macro-sized biomimetic functional 

materials. 

Besides these two main projects, during my Ph.D. study, I also participated in other projects 

towards the application of structural DNA nanotechnology in biomedical and biomimetic 

research. These projects were either unfinished, discontinued, or only partially contributed by 

me. Thus, they are only briefly discussed in chapter 4. However, we still believe that along 

with the two main projects, all these works will largely contribute to future development of 

DNA nanotechnology and provide valuable reference to the design of DNA-based building 

blocks for nanostructure self-assembly. Besides, the close relationship between these projects 

and the practical biomedical and biomimetic demands will largely benefit the investigation and 

verification of future therapeutics.  
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Chapter 2. Hierarchical Self-Assembly of Cholesterol-DNA Nanorods 

2.1 Abstract 

During recent decades, DNA has been extensively used as the basic building blocks for 

nanostructure construction. Most of the work in this area is focused on using pure DNA strands; 

However, there are certain researches aiming at the self-assembly of DNA conjugated with 

other molecules. Among these conjugated DNA strands, amphiphilic DNA block copolymer is 

one example that has been widely utilized in the preparation of self-assembled amphiphilic 

structures in water-based solutions. These amphiphilic DNA block copolymers usually consist 

of both hydrophilic DNA parts and specially designed hydrophobic regions. However, in 

previous work, these amphiphilic DNA block copolymers were mainly self-assembled under 

near-physiological conditions. In this work, we report a novel self-assembly of cholesterol-

DNA block copolymer, which can result in spherical micelles and nanorods under acidic 

conditions. Comprehensive study was carried out to demonstrate the factors influencing the 

morphology of the assembly, and the hierarchical assembly pathway from the micelles to 

nanorod structures was further revealed. We envision that our finding can provide new insights 

for future amphiphilic DNA block copolymer design, and the assembled structures may find 

useful in certain biomedical research areas. 

2.2 Background 

2.2.1 DNA block copolymers in DNA nanotechnology 

Structural DNA nanotechnology uses synthetic or biological DNA strands as basic building 

blocks for the self-assembly of artificially designed nanostructures. Most of the work in this 

field utilizes sole DNA strands for nanostructure construction. These nanostructures are 

founded on the specific yet simple interactions between nucleotide molecules, which is known 

as the Watson-Crick base pairing. This versatile binding rule of DNA strands allowed the 
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unprecedented blooming of artificial nanostructures with drastic complexity and 

programmability (1). On the other hand, by conjugating DNA strands to other molecules, 

polymers, or nanoparticles, these conjugated structures can endow the whole DNA strand with 

new interactions during assembly, such as hydrophobic, electrostatic, and π- π interactions (2). 

These conjugated DNA strands are usually referred to as DNA block copolymers (DBC). 

Introducing these new interactions onto DNA strands has been proven to demonstrate 

orthogonal bindings and long-range morphology control in DBS self-assembly. By utilizing 

DBC, a set of new generation of DNA nanostructures has been developed (3-6). Among these 

DBCs, one particular kind is the amphiphilic DNA copolymer. In amphiphilic DBCs, DNA 

strands are mainly serving as hydrophilic parts, while the conjugated molecules are mainly 

serving as hydrophobic parts. Some typical examples of these hydrophobic molecules include 

synthetic polymers, fluorescent dyes, and lipids (7, 8). In aqueous solutions, the hydrophilic 

DNA strands will wrap the hydrophobic molecules inside the shell to prevent the contact of 

water with hydrophobic core. In this condition, amphiphilic DBCs have been extensively 

utilized to assemble one-dimensional (1D), two-dimensional (2D), and three-dimensional (3D) 

nanostructures with highly tunable size and shape (9-11). Besides morphology properties, a lot 

of previous work has also demonstrated the occurrence of unique properties that are hard to 

realize in other systems. For example, Liu and co-workers employed thermal-responsive DBCs 

to construct dynamic nanostructures that possessed temperature-triggered morphology 

alteration properties (12, 13). Another example is the work by Wang and co-workers, where 

they constructed a DBC-based nanostructure that could undergo phase transitions during 

assembly (14). With all these unique properties, amphiphilic DBCs have been widely used in 

various applications, such as diagnostics, programmable nanoreactors, and, especially, drug 

delivery vehicle construction (15-18). 

2.2.2 DBC nanostructures as drug delivery agents 



33 

 

 

 

When used for drug delivery, similar to other amphiphilic molecules, DBC nanostructures also 

exhibit low toxicity and high reproducibility in payload containment. Thus, DBC 

nanostructures have been considered to be a potent candidate for next-generation targeted 

therapy (19). After the covid pandemic in recent years and the wide usage of mRNA vaccine, 

significant attention has been attracted to using DBCs to make micelle-like structures for 

mRNA delivery (20, 21). Among these researches, some researchers have suggested that 

certain DBCs, which were not directly being used for the micelle structure construction, may 

find certain potentials in untrodden routes.  

Cholesterol-conjugated DNA strand (chol-DNA) is certainly one example of these DBCs. 

Previously, chol-DNA was mainly used as the anchor in the process of dynamic motion and 

target detection, especially when the process involved cell membranes (22-25). In some other 

research, chol-DNA was also found to form micellular structures and single crystals with the 

help of other modifications (26-29). It is definite that chol-DNA has a promising potential in 

constructing well-performing micellular delivery agents. However, the formation of micellular 

structures with sole chol-DNA DBC is still unseen due to the rather small size of cholesterol 

being unable to form a stable hydrophobic core. 

2.2.3 Hypothesis and goal of this project 

In this project, we hypothesized that the chol-DNA DBC itself can form micellular structures 

under certain reaction conditions. Through extensive study, we discovered that under acidic 

conditions, chol-DNA with certain DNA sequences could form spherical micelles and nanorods. 

The factors that influence the morphology of the nanostructure include solution pH, salt 

concentration, DNA sequence, and the length of connecting spacers. Further study revealed 

that the assembly process of such micellular structures was a hierarchical process. We believe 

that this novel assembly principle of chol-DNA can provide new design principles for future 
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DBC assembly, and will be proven useful for the construction of new DBC micellular 

nanostructures for biomedical applications at a wider range of conditions. 

This work was published on the journal of Bioconjugate Chemistry (30). 

2.3 Results and discussion 

2.3.1 General design of chol-DNA DBCs and characterization of micellular 

nanostructures 

A typical chol-DNA DBC consists of 3 parts: Cholesterol, internal linker, and DNA strand 

(Figure 2-1). Figure 2-1a shows the structure of cholesterol molecules, and figure 2-1b and 2-

1c show the structure of chol-DNA DBC with or without extra internal linkers. In this project, 

a specific GA-rich DNA sequence was used as the hydrophilic part, and all sequences used in 

this project can be found in Table 2-1. 

Figure 2-2 shows the animated illustration of a typical chol-DNA DBC without extra internal 

linkers. By annealing the chol-DNA DBC with a certain protocol, we found that chol-DNA 

could form micelles and nanorods under acidic conditions (Figure 2-2D). Based on the 

constitution of DBC and the fact that the assembly took place in aqueous solution, we believe 

that the assembled structures should have a hydrophobic core of cholesterol in the center, and 

a hydrophilic shell of DNA outside the core. According to the reaction condition, assembly 

protocol, and the design of chol-DNA, the assembly product may vary among spherical 

micelles, short nanorods, and long nanorods. Thus, in the next step, we carried out 

comprehensive studies to investigate the factors influencing the morphology of assembled 

micellular structures. 
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Figure 2-1. Composition of DNA-cholesterol block copolymer. (a) The molecular structure of 

cholesterol. (b) The structure of DNA-cholesterol without internal spacer. (c) The structure of 

DNA-cholesterol with internal spacer. TEG linker is indicated between red square brackets, 

and hexa-ethyleneglycol internal spacer is indicated between green square brackets. 
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Table 2-1. All DBCs and DNA strands used in this paper. 

Name Sequence (5’ to 3’) 

18B GGT AGT AAT AGG AGA ATG-TEG linker-cholesterol 

12B AAT AGG AGA ATG-TEG linker-cholesterol 

24B AGT GAG GGT AGT AAT AGG AGA ATG-TEG linker-

cholesterol 

PolyT TTT TTT TTT TTT TTT TTT-TEG linker-cholesterol 

18B1S GGT AGT AAT AGG AGA ATG-Internal spacer-TEG 

linker-cholesterol 

18B2S GGT AGT AAT AGG AGA ATG-Internal spacer-Internal 

spacer-TEG linker-cholesterol 

Complementary 

strand for 18B’s 

DNA part 

CAT TCT CCT ATT ACT ACC 

18B’s DNA part GGT AGT AAT AGG AGA ATG 

12B’s DNA part AAT AGG AGA ATG 

24B’s DNA part AGT GAG GGT AGT AAT AGG AGA ATG 

PolyT’s DNA part TTT TTT TTT TTT TTT TTT 

Note: TEG linker = triethylene glycol linker. Internal spacer = hexa-ethyleneglycol spacer. 
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Figure 2-2. Micelles and nanorods self-assembled from chol-DNA. (A) Design of a chol-DNA 

DBC. (B) Schematic of spherical micelles formed by Cholesterol-DNA. (C) Schematic of a 

nanorod assembled from Cholesterol-DNA. (D) Representative TEM images of different types 

of products, including spherical micelles, short nanorods, and long nanorods. 
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2.3.2 Factors influencing the morphology of assembled structures 

The initial design of chol-DNA DBS consists of a single cholesterol molecule, a triethylene 

glycol linker (TEG), and an 18-base GA-rich DNA sequence (18B). For this chol-DNA DBC, 

micelle-like structures were assembled at pH 3.6 with 50mM Na+ and 1mM Mg2+ in the 

solution. Based on this initial observation, we started our investigation with the salt 

concentration at the same pH.  

Two ions were mainly tested during the investigation: Sodium cation and magnesium cation. 

Sodium cation concentrations were chosen according to the concentration of cations in typical 

1x PBS buffer. Magnesium cation was chosen because it plays a critical role in DNA 

nanostructure assembly by forming divalent bridge to mitigate the repulsion of negative 

charges on the DNA backbone (31, 32). It is also more widely used in actual structural DNA 

nanotechnology research compared to other divalent metal ions. Four varied groups of Na+ 

(from 0-200 mM) and Mg2+ (from 0-10mM) concentrations were tested, and representative 

TEM images for assembled structures under corresponding conditions are presented in figure 

2-3. Compared to Na+, Mg2+ seems to pose a more crucial effect on the assembly of nanorods, 

as all groups without Mg2+ only showed the formation of spherical micelles or random 

aggregation. As both cation’s concentration increased, more well-formed structures, including 

both spherical micelles and nanorods, were observed under TEM. This can be interpreted as 

these cations are necessary for the assembly of the relatively compact DNA strand shells, which 

is a similar situation in other DNA nanostructures. However, when both salt concentrations 

became too high, the number of well-formed structures under TEM drastically decreased. This 

can be interpreted as the high salt concentration posed the disruption of electrostatics balance 

of DNA parts, which is also a similar condition in other DNA nanostructures. 

We then investigated the influence of pH value of the solution. To enable the buffering at a low 
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pH, sodium acetate-acetic acid buffer was used and a set of different pH conditions from 3.1-

5.5 was maintained during annealing. With 15mM Na+ and 1mM Mg2+, 18B assembly under 

different pH was tested (Figure 2-4). Under the pH lower than 4.5, nanorods were always 

formed, while under the pH higher than 4.5, only spherical micelles were observed. This result 

confirms that pH is indeed an influential factor in determining the assembly result of chol-

DNA, and this can be interpreted that under different pH, the degree of protonation of DNA 

part is different, thus ultimately influencing the hybridization of DNA strands. 

As mentioned in previous investigations, the cation and pH may mainly influence the 

hybridization of DNA stands and the formation of hydrophilic DNA shells. Thus, the 

importance of cations on the chol-DNA DBC assembly also suggests that the sequence of DNA 

strands may play an important role during the assembly as well. To test this hypothesis, we 

further designed three additional chol-DNA DBCs with different DNA sequences: 12B with a 

12-base GA-rich sequence, 24B with a 24-base GA-rich sequence, and polyT with 18-base of 

T nucleotides. The Poly-T sequence can greatly hinder the DNA hybridization. The assembly 

was carried out with 15mM Na+ and 1mM Mg2+ at pH=3.1-5.5 (Figure 2-5). As expected, the 

Poly-T chol-DNA failed to assemble into any well-formed structures, while all other DBCs 

generated well-formed spherical micelles at specific pH. However, even though spherical 

micelles were observed for 12B and 24B assembly, no nanorod assembly was observed for 

these two DBCs. This result suggests that to form micellular structures, a hybridization strength 

among DNA strands is necessary, and to form nanorods, a specific sequence of DNA strands is 

required. 

To further confirm the importance of DNA hybridization interactions on micellular structure 

formation, we designed additional experiments where 18B was annealed together with its 

complementary DNA strand (Figure 2-6). The experiment was carried out with 15mM Na+ and 

1mM Mg2+. When the complementary DNA strand was added, only random aggregation was 
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assembled. This is because the hybridization between the DNA parts on 18B is disrupted by 

the complementary DNA strands, thus failing the formation of the hydrophilic DNA shell. This 

result successfully confirmed the critical role of DNA hybridization and the formation of 

hydrophilic DNA shell during micellular structure assembly. 

We also investigated whether the sequence of DNA part will influence micellular structure 

formation. The initial 18B DNA sequence contains 78% guanine and adenine. It is considered 

that a high content of guanine and adenine will induce the formation of special DNA secondary 

structures, such as G-quadraplex (33). Thus, in comparison, we further designed two different 

chol-DNA DBCs with DNA sequences having 100% GA content (18B-high GA) and 56% GA 

content (18B-low GA), and tested their assembly under 15mM Na+ and 1mM Mg2+ at pH=3.1-

5.0. As shown in Figure 2-7, for 18B-high GA, it has a higher tendency to form secondary 

structures, thus higher tendency to hybridize. However, it only formed structures without well-

defined edges, possibly due to the high hybridization tendency making the cross-talking too 

random. On the other hand, for 18B-low GA, the level of interaction between adjacent DNA 

strands should be lower, and indeed only a small number of spherical micelles were formed at 

pH 3.1. This result further demonstrates that the assembly of chol-DNA is dependent on the 

sequence of the DNA part, and the hybridization strength between DNA parts should fall into 

a stringent range. Besides, among all experimental setups, the assembly result of spherical 

micelles is more common than nanorods, indicating that the formation of nanorods may be 

more difficult than the formation of spherical micelles. 

Finally, we confirmed the influence of cholesterol hydrophobic core during the micellular 

structure formation. To test this, the assembly result of 12B, 18B, 24B, and PolyT without 

cholesterol and internal linkers was tested (Figure 2-8). For description, these strands are 

labeled as DBC-DNA-only. For the initial chol-DNA DBC 18B, a pH range of 3.1-5.5 was 

tested, and for all other DBC, only pH=3.6 was tested. For all groups, 15mM Na+ and 1mM 
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Mg2+ were used for testing. The TEM result showed that although no ordered micellular 

structure was produced for 12B-DNA-only, 18B-DNA-only, and 24B-DNA-only, they did 

assembled into random aggregation. On the other hand, nothing was observed for Poly-T-DNA-

only under TEM. This outcome is consistent with previous results that 12B, 18B, and 24B 

could form well-formed micellular nanostructures but Poly-T could not. It also confirmed that 

the hydrophobic interactions between cholesterol should be a key driving force for micellular 

nanostructure formation. 
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Figure 2-3. Representative TEM images of 18B chol-DNA DBC annealed with different salt 

concentration. The rationale for choosing Na+ and Mg2+ concentration can be found in the 

“Materials and methods” section. Large images are captured with the magnification of 25k 

times under TEM. They all share the same scale bar as shown in the lower left. Small images 

are focused ones captured with the magnification of 50k times under TEM. They also share the 

same scale bar as shown in the lower middle. Groups without well-defined product do not 

include a focused image. 
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Figure 2-4. TEM images of the annealing product of 18B under different pH. These groups are 

all tested in the solution with 1mM Na+ and 1mM Mg2+. The left column indicates the 

magnification rate of TEM setup when capturing the image. Images with the same 

magnification share the same scale bar. 
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Figure 2-5. TEM images of the assembly products of 12B, 24B and PolyT under different pH. 

These groups are all tested in the solution with 15mM Na+ and 1mM Mg2+. “25k” and “50k” 

indicate the magnification rates of TEM setup when capturing the image. Images with the same 

magnification share the same scale bar. 
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Figure 2-6. TEM images of the assembly result of 18B chol-DNA annealed in the presence of 

the complementary strand of its DNA part. All figures share the same scale bar. The scale bar 

is 40 nm. 
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Figure 2-7. TEM images of the assembly products of 18B with 100% GA and 18B with 56% 

GA, in comparison to the original 18B with 78% GA. The samples are all assembled in the 

buffer with 15mM Na+ and 1mM Mg2+. “25k” and “50k” indicate the magnification of TEM 

setup when capturing the images. Images with the same magnification share the same scale bar. 
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Figure 2-8. TEM images of the assemblies of sole DNA strands. The upper five groups showed 

assembly result of 18B-DNA-only at different pH, with 15mM Na+ and 1mM Mg2+. The lower 

three groups compare 12B-DNA-only, 24B-DNA-only and PolyT-DNA-only, annealed at 

pH=3.6, with 10mM Na+ and 1mM Mg2+. “25k” and “50k” indicate the magnification of the 

image. Images with the same magnification share the same scale bar. 
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2.3.3 Mechanism of the transition from spherical micelles to nanorods 

In all TEM images in previous sections, we constantly noticed an interesting feature on 

nanorods that they contained uniform units separated by small but visible gaps (Figure 2-9a). 

We came up with a hypothesis that the nanorods were hierarchically assembled from performed 

spherical micelles, and the gap was the result of incomplete merge of spherical micelles. 

To justify this hypothesis, we designed two more chol-DNA DBCs. They all have the same 

DNA part as 18B, but they have longer internal linkers: 18B1S has one more hexa-

ethyleneglycol internal linker, and 18B2S has two more. We tested their assembly with 15mM 

Na+ and 1mM Mg2+ under pH=3.1-5.5 (Figure 2-10, 2-11), and they all assembled into well-

formed micellular structures within appropriate pH range. The 18B1S nanorods could grow to 

several micrometers in length, and 18B2S nanorods could grow even longer (Figure 2-12). To 

compare with 18B nanorods, we took the assembly at pH=3.6 out for all three designs. It is 

obvious that the periodic gaps on 18B1S and 18B2S nanorods became more pronounced 

(Figure 2-9b, 2-9c). Besides, we measured the width of the nanorods and both 18B1S and 

18B2S nanorods showed higher average width than 18B nanorods (Figure 2-9d). We interpret 

these differences to be caused by the longer internal linker, and this difference infers the transfer 

mechanism we hypothesized. Because the 18B1S nanorods had a clear gap and clean 

background under TEM, we selected this design for further investigations unless specified. 

First, to rule out the possibility that the nanorods were formed due to the drying process when 

preparing samples for TEM imaging, we also imaged the assemblies in liquid-phase atomic 

force microscopy (AFM). 18B1S nanorods assembled with 15mM Na+ and 1mM Mg2+ under 

pH=4.25, and 18B2S nanorods assembled with 15mM Na2+ and 1mM Mg2+ under pH=3.75 

were imaged, and they all showed a complete nanorod morphology under AFM (Figure 2-13). 

This result confirmed that the nanorods were formed in the solution. Having this result as the 



49 

 

 

 

prerequisite, we further carried out a time-course study on the growth process of 18B1S 

nanorods. 18B1S chol-DNA was annealed with 15mM Na+ and 1mM Mg2+ under pH=4.25, 

and the sample was imaged using TEM at different time points during annealing (Figure 2-14). 

Spherical micelles started to form at 5 min, and the merging of the spherical micelles could be 

noticed from around 10 min. After 30 min, well-formed nanorods started to appear in the 

images and gradually became dominant over annealing. Besides, from the appearance of the 

nanorods, the gaps were always clearly visible until the final stage. From this time-course 

investigation, the hierarchical assembly pathway of such chol-DNA DBC is rather clear: The 

DBCs first form spherical micelles, and then the micelles further merge into nanorods. 

For the black gaps under TEM images, at current stage, we are confident in our initial 

hypothesis that it is caused by the merging of spherical micelles. However, we further 

hypothesize that the gaps might be a transitional state and would eventually disappear if given 

more time. Thus, we incubated the 18B1S nanorods under room temperature after annealing 

and monitored the sample’s morphology using TEM on different days (Figure 2-15). However, 

even after 15 days, the gaps were still visible on nanorods, and no obvious morphology change 

could be observed on nanorods. Then we further modified our hypothesis to interpret the 

occurrence of black gaps (Figure 2-16). The nanorods with gaps were hierarchically assembled 

from spherical micelles and were proven to be rather stable under room temperature. However, 

the black gap under TEM was the indication that the merge of the spherical micelles was not 

complete enough. Compared to other amphiphilic DBCs with larger hydrophobic molecules 

conjugated, our chol-DNA DBC’s hydrophobic molecule, which is cholesterol, is rather small 

in size. Therefore, the formed hydrophobic core in the middle of spherical micelles is much 

smaller than the outer hydrophilic DNA shell. In this case, during the merging process, the 

large DNA shell may hinder the interactions among centered cholesterols, resulting in a large 

energy penalty to form perfectly merged large micelles. In contrast, the formation of the 
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nanorod with gaps, which indicates that the hydrophobic cores are not completely merged with 

each other, maybe a response to reduce such energy penalty. We are still working on the 

investigation on this hypothesis. 

Besides aforementioned experiments, we also tested the critical micelle concentration for 

18B1S by imaging the assembled structures with different starting DBC concentrations using 

TEM (Figure 2-17). The spherical micelles started to appear at 1uM concentration, and the 

nanorods started to appear at 5uM concentration. 

  



51 

 

 

 

 

Figure 2-9. Assembly of 18B with longer internal linkers. All experiments are carried out with 

15mM Na+ and 1mM Mg2+ under pH=3.6. (a) Representative TEM images of 18B nanorods. 

(b) Representative TEM images of 18B1S nanorods. (c) Representative TEM images of 18B2S 

nanorods. (d) Measurement of nanorod widths. 20 data points were collected for each group 

and the average value and standard deviation were calculated and illustrated on the plot. With 

more internal spacers incorporated in the Cholesterol-DNA, the average width of nanorods 

grows larger with a nearly linear pattern. This result is consistent with our proposed assembly 

mechanism that cholesterol sits inside as the hydrophobic core while DNA parts point outwards.  
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Figure 2-10. TEM images of the product of 18B1S under different pH. These groups are all 

tested in the solution with 15mM Na+ and 1mM Mg2+. The left column indicates the 

magnification of TEM setup when capturing the images. Images with the same magnification 

share the same scale bar. 
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Figure 2-11. TEM images of the product of 18B2S under different pH. These groups are all 

tested in the solution with Na+ and 1mM Mg2+. The left column indicates the magnification of 

TEM setup when capturing the image. Images with the same magnification share the same 

scale bar. Note that for these groups, the nanorods are too long to be completely included in 

this grid.  
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Figure 2-12. TEM images showing the full size of 18B2S nanorods. The upper image shows 

the assembly under pH=3.6. The middle image shows the assembly under pH=3.75. The lower 

image shows the assembly under pH=4.25. These images are directly captured under TEM. 

Scale bars are presented at the lower right corner of each image. 
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Figure 2-13. Liquid-phase AFM images of 18B1S nanorod (pH=4.25, 15mM Na+ and 1mM 

Mg2+) and 18B2S nanorod (pH=3.75, 15mM Na+ and 1mM Mg2+). 

  

18B1S Nanorod 18B2S Nanorod

500nm 500nm



56 

 

 

 

 

Figure 2-14. TEM images of the assembly of 18B1S collected at different annealing time points. 

These groups are all tested in the solution with pH=4.25, 15mM Na+ and 1mM Mg2+. The left 

column indicates the magnification rate of TEM setup when capturing the image. Images with 

the same magnification share the same scale bar.  
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Figure 2-15. TEM images of preassembled 18B1S nanorods placed under room temperature 

for long periods of time. These groups are all tested in the solution with pH=4.25, 15mM Na+ 

and 1mM Mg2+. The left column indicates the magnification rate of TEM setup when capturing 

the image. Images with the same magnification share the same scale bar. After 15 days, the 

black gaps were still obvious on nanorods. 
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Figure 2-16. Proposed hierarchical assembly of micelles leads to the formation of the nanorods 

and the visible periodic gaps in the nanorods. 
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Figure 2-17. Assembly of 18B1S at different strand concentrations. For all groups, the reaction 

solution was incubated on the TEM grid overnight to ensure the complete adhesion. When 

strand concentration lowered to 1uM, no well-defined structures could be observed under TEM. 

All groups were assembled in the solution under pH=4.25 with 15 mM Na+ and 1mM Mg2+. 

“25k” and “50k” indicate the magnification of the images. Images with the same magnification 

share the same scale bar. 
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2.4 Conclusion 

In this project, we discovered that under acidic conditions, sole cholesterol-DNA block 

copolymer could form micellular structures, including spherical micelles and nanorods. The 

morphology of the formed micellular nanostructures was tuned by salt concentration, pH, and 

DNA sequence design. One main observation of the nanorod structures was the clearly visible 

black gaps. Further investigation confirmed that such black gaps were formed during the 

incomplete merging of spherical micelles into nanorods through a hierarchical pathway. We 

hypothesized that such incomplete merging is caused by the large difference in the 777size of 

the hydrophobic core and hydrophilic shell; However, this hypothesis still needs further 

confirmation. 

Using amphiphilic DBCs to construct nanostructures as drug delivery vehicles is a hot topic in 

recent research (20). A novel supplement to the toolbox of amphiphilic DBC nanostructure is 

largely desired nowadays. We believe that our work not only further proves the versatility of 

amphiphilic DBCs, but also provides insights on new design principles and assembly 

mechanisms for future investigations. For the follow-up study of this work, we will try to 

confirm the hypothesis about the incomplete merging of spherical micelles into nanorods. 

Besides, we will try other hydrophobic modifications on DNA strands to check if such novel 

assembly pathway can be applied to a wider range of DBC constitutions and reaction conditions. 

2.5 Material and Methods 

Cholesterol-DNA block copolymer and DNA strand preparation. All the DNA block 

copolymers (DBC) and DNA strands were directly purchased from Integrated DNA 

Technologies (IDT). For Cholesterol-DNA, cholesterol was conjugated to the 3’ end of DNA 

strand, and a triethylene glycol (TEG) linker was required between these 2 parts. The internal 

hexa-ethyleneglycol spacer was added between DNA part and TEG linker, and multiple sets of 
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internal spacers were able to be incorporated. The synthesis of Cholesterol-DNA required High 

Performance Liquid Chromatography (HPLC) purification, thus the influence of impurity 

could be excluded during assemblies. For DNA strands, they were ordered with the “DNA oligo” 

service and provided as single strands. Only standard desalting was ordered for single strand 

DNA. All DBCs and DNA strands were dissolved in Deionized water (DI water) with the final 

concentration of 100 μM according to IDT’s instruction. The DBCs and DNA strands’ 

concentration was all 20 μM in reaction solution unless specifically indicated. 

DNA sequence design. The initially tested DBC 18B has a DNA part with randomly assigned 

18 bases. When designing this sequence, all hairpin, self- and hetero-dimer structures under 

physiological conditions were avoided which was confirmed using OligoAnalyzer on IDT’s 

website. 12B’s DNA part was designed by deleting 6 bases from 18B’s DNA part’s 5’ end, and 

24B’s DNA part was designed by adding 6 bases to 18B’s DNA part’s 5’ end. Still, all potential 

secondary structures under physiological conditions were avoided for these two strands. PolyT 

was designed by switching all bases of 18B’s DNA part to thymine. It was used as a control 

group in this paper because it would not have any interactions between DNA strands. The sole 

DNA parts of all DBCs and the complementary strand of 18B’s DNA part were also designed 

and prepared. 

Annealing process. Many amphiphilic DBCs, including Cholesterol-DNA, need to undergo 

an annealing process for successful assembly. The annealing process for most trials in this 

paper was:  

 Step 1: Stay at 37 °C for 30 minutes; 

 Step 2: From 37 to 29 °C, decrease 0.1 °C for every 10 minutes; 

 Step 3: Stay at 29 °C forever. 
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This annealing process was adapted from previous research (11-13). We tested different initial 

annealing temperature and discovered that 37 °C was the most appropriate one for our system. 

We also tested the influence of the time of staying at the final 29 °C stage and found no 

noticeable difference between all groups. Unless specifically indicated, this annealing process 

was used by all trials in this paper. 

Tuning the salt concentration and pH. For salt concentration, sodium ion was chosen to tune 

the ion strength in the buffer for the ease of experiment. The 4 levels of sodium ion 

concentration were referred to the buffer constitution of phosphate-buffered saline (PBS). To 

be detailed, Low (Comparable to 0.1× PBS) had 15 mM Na+, Medium (Comparable to 1/3 1× 

PBS) had 50 mM Na+, High (Comparable to 2/3× PBS) had 100 mM Na+, and Very high 

(Comparable to 4/3× PBS) had 200 mM Na+. For both salt concentration and pH control, NaAc-

HAc buffers with different Na+ concentration and pH were prepared. As for magnesium 

concentration, the 4 levels chosen were referred to the general practice of DNA nanostructure 

assembly. MgCl2 solution with different concentration was prepared for controlling Mg2+ 

concentration in the reaction buffer. The reaction buffer constitution was tuned by mixing 

NaAc-HAc buffer, MgCl2 buffer and Cholesterol-DNA solution with a certain ratio that would 

produce the desired condition. 

Sodium Acetate was purchased from LabChem Inc. Glacial acetic acid was purchased from 

Macron Fine Chemicals. Magnesium chloride was purchased from EMD Millipore 

Corporation. 

Transmission electron microscopy (TEM) imaging. For the sample preparation for TEM 

imaging, 3 μL sample was deposited on the surface charged carbon film coated copper EM 

grids for 30 seconds, then a filter paper was used to remove the excess liquid on the grid. 8 μL 

1% uranyl formate (UF) solution was used for negative staining, and excess liquid was also 
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removed with a filter paper after 20 seconds. The samples were imaged using a Hitachi HT-

7700 120 kV W (Tungsten) TEM with AMT CCD camera. Note that the number of 

nanostructures shown on the images does not represent the actual yield of them, and the 

brightness of the figures solely depend on the staining and imaging technique. 

To prepare the 1% UF solution, 10mg UF powder was dissolved in 1 mL DI water and heated 

to the point when no changes further appeared. Then 1 μL of 5 M NaOH was added to the 

solution and mixed well. The solution was further filtered using a 0.2 μm syringe filter with 

cellulose acetate membrane and the filtrate was collected. Copper EM grids were charged using 

Pelco easiGlow Glow Discharge Cleaning System. UF powder was purchased from Electron 

Microscopy Sciences. 5 M NaOH was purchased from Fisher Scientific. EM grids were 

purchased from Electron Microscopy Sciences, and the model of grids was CF400-CU. 0.2 μm 

syringe filter was purchased from VWR International. 

Atomic force microscopy (AFM) imaging. Topographic AFM images were captured by peak 

force tapping mode (PFT) experiments on a Multimode VIII system (Bruker Corporation, Santa, 

Barbara, CA) in liquid. The samples were prepared by deposition of a 2 µL sample onto freshly 

cleaved mica. And then the liquid cell was filled with around 80 µL 1× buffer with. Commercial 

silicon nitride cantilevers with integrated sharpened tips (Bruker, SNL-10) were used.  

Testing the stability of nanorods. We used 18B1S in the buffer with pH=4.25, low salt 

concentration and 1 mM Mg2+ to do the annealing, then placed the product solution under room 

temperature for different time to see whether the black gaps would disappear. Samples were 

collected on day 0, 1, 3, 7 and 15, and imaged under TEM. 

Polyacrylamide gel electrophoresis (PAGE). Nondenaturing polyacrylamide gel was 

prepared according to the standard protocol provided by Thermo Scientific. A 20% native 

polyacrylamide gel was prepared with 1X TBE and 10mM Mg2+ for the separation of small 
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DNA fragments. 100ng sample was loaded in each well. 6 μL DNA ladder was loaded for 

reference. The electrophoresis was carried out with 120V for 180 minutes, and stained with 1× 

SYBR gold for 10 minutes, followed by washing with DI water. The gel was imaged using Bio-

Rad Gel Doc EZ Imager.  

The polyacrylamide solution, ammonium persulfate, TEMED and electrophoresis instruments 

were purchased from Bio-Rad Laboratories. The DNA ladder used was GeneRuler Ultra Low 

Range DNA Ladder purchased from Thermo Scientific. The 1× TBE was prepared by mixing 

27g tris, 13.75g boric acid, and 1.85g EDTA in 500mL DI water and diluted to the desired 

concentration. Tris was purchased from Sigma-Aldrich Co. Boric acid was purchased from 

Spectrum chemical MFG. Corp. EDTA was purchased from Avantor Performance Materials. 

The concentration of Mg2+ was controlled using 1M MgCl2 solution.  

Sample preparation for PAGE analysis. For the experimental group, 20 μM 18B’s DNA part 

was annealed in the solution with pH=3.1, low salt concentration and 1mM Mg2+. This was the 

lowest pH condition we employed in this paper. After annealing, the solution was diluted, 

adjusted to neutral pH with 5M NaOH, and mixed with equal amount of its complementary 

strand. The mixture was vortexed for 30 minutes under room temperature to ensure the 

complete hybridization. For the control group, 20 μM of 18B’s DNA part was directly diluted 

into the same concentration and mixed with equal amount of its complementary strand without 

annealing. The concentration of double strands was measured using Thermo Scientific 

Nanodrop 2000 Spectrophotometer. 

Annealing 18B with the complementary strand of its DNA part. 20 μM 18B and its DNA 

part’s complementary strand were mixed together to do the normal annealing in the solution 

with pH=3.6, low salt concentration and 1mM Mg2+. The assembly product of 20 μM 18B 

annealed under same condition without the complementary strand was chosen as the control 
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group.  

Collecting samples of 18B1S at different annealing point. 18B1S was used to do the normal 

annealing in the solution with pH=4.25, low salt concentration and 1mM Mg2+ because this 

group produced nanorods with clear black gaps under TEM. Samples at 0, 5, 10, 20, 30, 40, 

240, 440, 640 and 840 minutes after annealing starts were collected and imaged under TEM. 0 

to 40-minute groups were samples at 37°C. The 240-minute sample was collected at 35°C. The 

440-minute sample was collected at 33°C. The 640-minute sample was collected at 31°C. The 

840-minute sample was collected at 29°C. 

Using 18B1S to undergo annealing process with different total time. For all groups in this 

trial, 20 μM 18B1S and the solution with pH=4.25, low salt concentration and 1mM Mg2+ were 

used. The basic steps of the annealing process used by each group were the same as the original 

one aforementioned; However, the time length of each step was different, so the total annealing 

time varies: 0, 10, 20, 30, 40, 50, 60, 120, 360, and 720 minutes. The samples were collected 

after the annealing process was done and imaged under TEM. 

Measuring the size of nanostructures using ImageJ. The width of the nanorods was analyzed 

using ImageJ and plotted to exhibit the trend. Three experimental groups were used for 

comparison: 18B, 18B1S, and 18B2S annealed in the solution with pH=3.6, low salt 

concentration and 1mM Mg2+. 20 data points were selected for each group and their average 

width was calculated and plotted. Standard deviation of each group was also calculated and 

plotted as error bars.  

Measuring the CMC of DNA-cholesterol DBC. 18B1S was assembled at concentrations of 

10µM, 7.5µM, 5µM, 2.5µM, 1µM, 0.5µM and 0.1uM. Then the reaction solution was 

incubated on the TEM grid overnight to ensure the complete adhesion. The assembly of all 

groups was checked using TEM imaging. The strand concentration was considered below CMC 
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if no well-defined structure could be found. 
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Chapter 3. Building Large DNA Bundles via Controlled Hierarchical Assembly of DNA 

Tubes 

3.1 Abstract 

One of the major merits of structural DNA nanotechnology is the capability of building 

designer nanoscale artificial structures. During the last decades, various nanoscale artificial 

structures have been fabricated with unprecedented blooming of numbers. However, a simple 

but versatile constructing method to assemble large-scale DNA structures, for example, from 

nanoscale to microscale, is still remained challenging. In this project, we designed a molecular 

assembly system in which simple DNA DX tiles can assemble into nanotube structures, then 

nanotubes can further assemble into large one-dimensional bundle structures. Such an 

assembly pathway is a hierarchical assembly process, where different sequences, including 

sticky ends and cohesive linkers, are incorporated into DX tile structures to induce the 2-step 

formation of nanotubes and bundles. The resulting DNA bundles, with length of >10 

micrometers and width of hundreds of nanometers, were produced and imaged with various 

analytical instruments. The assembly of the bundle was also revealed to be co-determined by 

various features, like cationic strength in the assembly buffer and the linker design on the DX 

tiles. Furthermore, based on the system, multi-component DNA bundles with varied spatial and 

compositional features were assembled, illustrating this system’s high programmability and 

versatility. Finally, dynamic capability was also implemented into the system, demonstrated by 

the reversible reconfigurations of the assembly morphology through toehold-mediated strand 

displacement reactions. We believe that this assembly strategy can provide a new option for 

large-scale DNA structure rational design with designated features and properties. Besides, 

such strategy may find potential applications in a variety of fields in nanotechnology and 

material science, including the development of next-generation micron-sized materials, vectors, 

sensors, and machines. 
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3.2 Background 

3.2.1 Bundle fiber structures in nature 

Bundle fiber structures, which are commonly presented in natural organisms, can involve in 

numerous biological functions and processes, including cell migration, cell division, molecular 

transportation, etc (1). Besides, they also play important roles in various pathological processes, 

including cancer cell apoptosis, tumor progression and tumor metastasis (2, 3).  Among all the 

examples of natural bundle fiber structures, they are typically assembled from lower-order 

small monomers through hierarchically prescribed assembly pathway (4, 5). One most famous 

examples of this assembly pathway is the assembly of muscle fibers, where a bunch of different 

types of muscle cells are involved in the assembly of the whole bundler structure (6). Up to 

now, extensive efforts have been made to build artificial bundled fiber structures that can mimic 

their canonical opponents’ both functional and structural perspectives. Serving as robust 

biomimetic models, they are believed to deliver potential applications in biology and 

biomedical applications, such as physiological research and cell programming (7-9).  

3.2.2 The effort of using DNA nanotechnology in building bundle fiber structures 

One of the most dominating applications of DNA nanotechnology lies in structural DNA 

nanotechnology. Structural DNA nanotechnology represents the method of using DNA as the 

basic building blocks to realize precise fabrication of nanoscale designer structures with 

prescribed properties through self-assembly pathways. Nowadays, structural DNA 

nanotechnology is one of the most robust and versatile molecular assembly strategies in 

nanotechnology (10, 11).  On the other hand, as this strategy continues to develop, DNA 

nanostructures have been increasingly participating in the construction of higher-scale 

structures and more complex systems. Previous research has focused on the conjugation 

between DNA nanostructures and other molecules, such as inorganic particles, organic 
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polymers, and biological molecules (11, 12). However, creating macro-structures only using 

DNA is also intriguing. The homogenous constitution of these DNA macro-structures can avoid 

the sophisticated interactions between DNA and other molecules, enabling a more 

straightforward control on product’s size, shape, and function (13).  Thus, they are widely 

employed in the construction of meta-materials such as micro-electronics and artificial 

organelles, and new applications of these materials keep emerging in recent years (14-19).  

A regular strategy for constructing DNA macro-structures is to involve modular designs. For 

instance, Yin and coworkers constructed a set of gigadalton-sized 3D nanostructures using 

DNA bricks, of which the assembly model closely resembles to Lego blocks (20). Another 

example from Yan’s group is to use six-helix bundle DNA origami as the mimic of single-

strand DNA to construct architectures on a submicrometer-to-micrometer scale (21). These 

successful results are truly elegant and stunning, vividly reflecting the robustness of this 

strategy. However, a module with a simple constitution while retaining the potential to 

construct complex DNA macro-structures is still in demand. This module is expected to avoid 

several difficulties in previous methods, including the complexity of designing orthogonal 

interaction patterns within and among modules, and the labor-extensive situation while 

handling a massive number of DNA strands. Considering these demands and expectations, 

researchers have switched their attention to some heavily investigated simpler DNA 

nanostructures, and one example of them is the DNA double-crossover (DX) tile structure. 

3.2.3 DNA DX tile structure 

DX tile structure is one of the first DNA nanostructures being constructed (22). It is assembled 

by a set of DNA single strands with delicately designed binding patterns. DNA DX tile 

structures have certain advantages over other DNA nanostructures, such as the simplicity of 

design and the scalability to large structures. Therefore, although DX tile structures were first 
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developed two decades ago, they are still extensively used in DNA nanotechnology nowadays 

(23-28).  One of the major applications of the DX tile structure is constructing DNA DX 

nanotubes. Numerous nanotubes with different length and diameter were assembled, fulfilling 

various needs including drug delivery, nanomachine, and nanofabrication (29-31). One new 

application for DX tile nanotube, which recently attracted much interest, is to work as a basic 

module to further assemble into macro-structures. For example, Schulman group designed rigid 

DNA nano-junctions to connect nanotubes into micron-scale framework architectures (23). 

Another more recent example is that Burns utilized the bridging effect of high concentration 

Mg2+ on adjacent phosphate anions between two nanotubes to condense flexible nanotubes into 

rigid nanofibers (32).  

All these previous works inspire us that DNA DX nanotubes can become a potent candidate 

for constructing solely DNA-based macro-structure. However, certain problems are still 

pending to be resolved, such as the poor assembly pattern control between nanotubes and the 

confined application caused by the specific assembly condition. For example, in the before-

mentioned work by Burns, where sole cation-driven process of nanofiber assembly was 

employed, compared to DNA-sequence-driven assembly, such over-simplified process lacks 

control over bundle formation, including DNA tube’s registration and density, bundle width, 

bundle surface programmability, and dynamic capability (32). Furthermore, this cation-bridged 

DNA bundle assembly requires high cationic strength (~ 40-50mM of Mg2+), which is too high 

compared to physiological conditions and can limit its subsequent biomedical applications. 

Thus, a more robust and advanced strategy of using DNA nanotubes to further assemble into 

higher-order bundled fibers is still highly wanted. 

3.2.4 Hypothesis and goal of this project 

Considering the optimization of nanotube systems, herein we designed a system where DX 



74 

 

 

 

tiles first assemble into nanotubes, then nanotubes further assemble into micrometer-scale rigid 

DNA bundles. DX tile is flanked with a cohesive linker to introduce programmable binding 

process from DNA nanotubes to large DNA bundles cooperated with a moderate range of 

cationic strength. More importantly, such cohesive linker provides a chaperoning force to better 

control the major assembly parameters including width, compactness, constitution, and 

reconfigurability. Comprehensive studies were carried out to unveil the design principle of the 

cohesive linkers towards higher tunability on DNA bundle assembly. We envision that this 

project can provide strategies for future rational design on constructing macro-sized 

biomimetic functional materials, and the DNA bundle structure fabricated in this project can 

potentially find various applications in materials science, synthetic biology, and biomedical 

research. 

This project was published on ACS Nano (33). 

3.3 Results and discussion 

3.3.1 General design and characterization of DNA bundles 

The overall scheme of DNA bundle assembly is shown in Figure 3-1a. The assembly starts 

from the formation of DNA double-crossover tile (DX tile), which consists of 5 single-strand 

DNA labeled S1 to S5. The backbone of this DX tile (Grey) is 37bp long, and 5-nucleotide 

sticky ends on S2 and S4 strands (Labeled in cyan and purple) are flanking on both sides 

(Figure 3-1a). These sticky ends are capable of inducing the assembly of DX tiles into DNA 

nanotubes. In this project, to further promote the assembly of DNA nanotubes into DNA 

bundles, a 7-nucleotide linker sequence was introduced to this DX tile (Green strand). These 

linkers are designed to protrude on the outer surface of nanotubes after assembly. Hybridization 

between DNA linkers enables binding between DNA tubes that induces growth both along and 

perpendicular to the longitudinal direction of DNA tubes, leading to the formation of long and 
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wide DNA bundles. During the assembly, as indicated in previous literatures, certain divalent 

ions (i.e., Mg2+) can also participate in such process to help the hybridization of DNA 

nanotubes (32).  

In this project, multiple DX tiles are designed to fulfill various needs in the investigation 

process. Besides, to investigate the influence of the newly introduced linker sequence, a large 

set of linkers are designed and used in this project. All sequences of these DX tiles and linkers, 

their labeling, and a brief description of the usage of linker sequences are shown in Figure 3-2 

and Table 3-1. Please refer to this information during the result discussion in the following 

paragraphs. 

The assembly of DX tiles, nanotubes, and DNA bundles were first characterized by routine 

agarose gel electrophoresis analysis (Figure 3-1b). In this experiment, DX tiles were assembled 

using Tile C, in which the sticky ends are non-cohesive and can not further induce the nanotube 

formation (Figure 3-1c). DNA nanotubes were assembled using Tile A with cohesive sticky 

ends but without flanking linkers (Figure 3-1d). DNA bundles were assembled using Tile A 

with both cohesive sticky ends and flanking linkers, and the linker sequence was 5’-

CGCGTTT-3’. The DX tiles underwent the self-assembly process with a slow annealing 

protocol in an aqueous buffer containing 1x TE and 20mM MgCl2 (See Materials and Methods 

part for further reference). On the agarose gel analysis image, all assemblies showed anticipated 

migration: DX tiles showed the fastest mobility on the gel, because of its lowest molecular 

weight and size. However, both nanotubes and DNA bundles were retained in the wells, 

suggesting the successful formation of large structures.  

To further unambiguously visualize these structures, atomic force microscopy (AFM), confocal 

laser scanning microscopy (CLSM), and transmission electron microscopy (TEM) were used 

for high-resolution imaging. AFM was used to image the morphology of DX tiles, and the 
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nanoscale rectangular structures of DX tiles were revealed with the correct dimensions. Some 

loose connections of DX tiles into clusters were also observed, suggesting the assembly 

pathway of DX tiles into DNA nanotubes (Figure 3-1c). Furthermore, both CLSM and TEM 

were used to image nanotubes and DNA bundles (Figure 3-1d, 3-1f). Micrometer-long DNA 

tubes with an average width of 14-15 nm (7-8 tiles along the tube circumference) were observed 

if no linker was incorporated, which matches well with previous reports using similar DX tile 

designs to assemble DNA nanotubes (34). However, when the cohesive linker of 5’-

CGCGTTT-3’ was incorporated, the binding and bundling between DNA nanotubes were 

induced and long and wide DNA bundle structures were grown. The DNA bundles are ultra-

stiff, with a length of ~50um and a width of ~ 150nm. We also further imaged more DNA 

bundles and found that the size distribution of DNA bundles may be large, which enables the 

formation of ultra-wide and long DNA bundles (Figure 3-3). All these figures confirmed the 

successful assembly of the three states of DNA structures in such system. 

As mentioned before, a specific linker sequence was used in this experiment to induce the 

formation of DNA bundles. Indeed, the linker sequence is one of the major influential features 

in our system. To compare with the 5’-CGCGTTT-3’ sequence which can induce DNA bundle 

formation, we further tested the assembly of DX tiles with 5’-TTTTTTT-3’ linker sequence. 

This sequence is widely used in DNA nanotechnology to prevent the hybridization of DNA 

sequences. As shown in the agarose gel analysis image, such DX tile still assembled into 

higher-order structures, indicating that the sticky ends were still functioning. However, TEM 

and CLSM images revealed the morphology of the assembly to be DNA nanotubes, and no 

further assembled DNA bundles were found in the images (Figure 3-1e). This result confirms 

the importance of the linker in the DNA bundle assembly process, and points out the further 

investigation direction of this project. It is also necessary to point out that besides the linker, 

other factors can also influence the assembly of DNA bundles, including annealing temperature 
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and salt content in the buffer. Thus, in the next step, these factors will also be comprehensively 

investigated. 

In addition to the DX tiles, nanotubes, and DNA bundle morphology, in TEM images, clear, 

thin white stripes could also be observed to occur periodically on the DNA bundles (Figure 3-

1f). The white stripes crossed the bundles perpendicularly throughout the whole structure, and 

the intervals of the white stripes were measured to be ~15nm. The width of this interval 

corresponds well to the size of a single DX tile (42bp long), thus, the cause of these white 

stripes was hypothesized to be the linkers aligned on the surface of the DNA bundle. More 

investigations on these white stripes will be covered in the following parts of this thesis. 
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Figure 3-1. General design and characterization of DNA bundles. For all results, structures 

were assembled from Tile A unless indicated. (a) The proposed hierarchical assembly pathway 

of DNA bundles from DNA tiles and DNA tubes. DNA DX tiles first assemble into narrow 

tubes via sticky-end cohesions (cyan and purple strands), then further assemble into ultra-stiff, 

long and wide DNA bundles through DNA linkers (green strands) that protruding from the 

exterior surface of the tubes. (b) Agarose gel electrophoresis analysis of DNA tiles, tubes, and 

bundles. M: DNA Marker. Lane 1: DNA tiles assembled from Tile C. Lane 2: DNA tubes 

assembled from tiles without linkers. Lane 3: DNA tubes assembled from tiles with linker of 

TTTTTTT (7T). Lane 4: DNA bundles assembled from tiles with linker of CGCGTTT. (c) 

Atomic microscopy images of DNA tiles. (d) Confocal laser scanning microscopy (CLSM) (i) 

and TEM (ii) images of DNA tubes with no linkers. (e) CLSM (i) and TEM (ii) images of DNA 

tubes with linker of 7T. (f) CLSM (i) and TEM images (ii) of DNA bundles. The periodic white 

stripes with interval of ~15 nm observed on TEM images of DNA bundles (ii, inset) represent 

the existence of highly oriented DNA linkers after inter-tube binding. 
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Figure 3-2. Designs and sequence of all DNA tiles used in this project. Linker sequences are 

extended from the 5' end of S2 strand unless specified. 
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Figure 3-3. Representative extra CLSM and TEM images for DNA tubes and DNA bundles. (a) 

DNA tubes assembled from Tile A with no linker. (b) DNA tubes assembled from Tile A with 

a non-cohesive linker of TTTTTTT. (c) DNA bundles assembled from Tile A with a cohesive 

linker of CGCGTTT. In these figures, some ultra-long and wide DNA bundles could be 

observed. 
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Table 3-1. Sequences for DNA strands 

Tile Strand Name Strand Sequence 

A 

S1 CTCAGTGGACAGCCGTTCTGGAGCGTTGGACGAAACT 

S2 GTTAGATAGAGCACCACTGAGAGGTA 

S3 
CCAGAACGGCTGTGGCTAAACAGTAACCGAAGCACCA

ACGCT 

S4 to tile A CTAACAGTTTCGTGGTCATCGTACCT 

S5 CGATGACCTGCTTCGGTTACTGTTTAGCCTGCTCTAT 

S2 polyT linker TTTTTTT GTTAGATAGAGCACCACTGAGAGGTA 

S2 CGTTT linker CGTTT GTTAGATAGAGCACCACTGAGAGGTA 

S2 CGCGTTT linker CGCGTTT GTTAGATAGAGCACCACTGAGAGGTA 

S2CGCGCGTTT 

linker 
CGCGCGTTT GTTAGATAGAGCACCACTGAGAGGTA 

S2 Varied T linker CGCGTn GTTAGATAGAGCACCACTGAGAGGTA 

S2 ATCTGCA linker ATCTGCA GTTAGATAGAGCACCACTGAGAGGTA 

S2 CGCAGCA linker CGCAGCA GTTAGATAGAGCACCACTGAGAGGTA 

S2 TCGTCGT linker TCGTCGT GTTAGATAGAGCACCACTGAGAGGTA 

S2 TTTCGCG linker TTTCGCG GTTAGATAGAGCACCACTGAGAGGTA 

S2 GCTAACT linker GCTAACT GTTAGATAGAGCACCACTGAGAGGTA 

S2 ATCTACA linker ATCTACA GTTAGATAGAGCACCACTGAGAGGTA 

S2 TGGTATT linker TGGTATT GTTAGATAGAGCACCACTGAGAGGTA 

S2 TTTTTCG linker TTTTTCG GTTAGATAGAGCACCACTGAGAGGTA 

S2 CGTTTTT linker CGTTTTT GTTAGATAGAGCACCACTGAGAGGTA 

S2 ACGTACGT linker ACGTACGT GTTAGATAGAGCACCACTGAGAGGTA 

S2 CGCGCGT linker CGCGCGT GTTAGATAGAGCACCACTGAGAGGTA 

S2 CCGACGAT linker CCGACGAT GTTAGATAGAGCACCACTGAGAGGTA 

S2 inner linker GTCTGAAATACTACGGGAATATCTAA TTTGCGC 

S3 CGCGTTT linker 

CGCGTTT 

CCAGAACGGCTGTGGCTAAACAGTAACCGAAGCACCA

ACGCT 

S4 to tile B CAGACAGTTTCGTGGTCATCGTTAGA 

B 

S1 TATTCCCGACCGCTTGCCTATGAATCCTTACCATGCC 

S2 GTCTGAAATACTACGGGAATATCTAA 

S3 
ATAGGCAAGCGGTGCTCGTTGAGTCATCTGCTTCAAGG

ATTC 

S4 to tile B CAGACGGCATGGTGTAGGGAGTTAGA 

S5 CTCCCTACGAAGCAGATGACTCAACGAGCTAGTATTT 

S2 polyA linker AAAAAAA GTCTGAAATACTACGGGAATATCTAA 

S4 to tile C CGTGCGGCATGGTGTAGGGAGTCATA 

C 

S1 CTCAGTGGACAGCCGTTCTGGAGCGTTGGACGAAACT 

S2 GTTAGATAGAGCACCACTGAGAGGTA 

S3 
CCAGAACGGCTGTGGCTAAACAGTAACCGAAGCACCA

ACGCT 

S4 to tile C CTAACAGTTTCGTGGTCATCGTACCT 

S5 CGATGACCTGCTTCGGTTACTGTTTAGCCTGCTCTAT 
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S4 to tile D CAGACAGTTTCGTGGTCATCGTTAGA 

S2 CCGACGAT linker CCGACGAT GTTAGATAGAGCACCACTGAGAGGTA 

D 

S1 TATTCCCGACCGCTTGCCTATGAATCCTTACCATGCC 

S2 GTCTGAAATACTACGGGAATATCTAA 

S3 
ATAGGCAAGCGGTGCTCGTTGAGTCATCTGCTTCAAGG

ATTC 

S4 to tile D CAGACGGCATGGTGTAGGGAGTTAGA 

S5 CTCCCTACGAAGCAGATGACTCAACGAGCTAGTATTT 

S2 ATCTGCAA linker ATCTGCAA GTCTGAAATACTACGGGAATATCTAA 

S4 to tile E CGTGCGGCATGGTGTAGGGAGTCATA 

E 

S1 GAATAAATCTTAGTAACCAACTGACCGACATGCCATC 

S2 GCACGAGTGGAAGATTTATTCTATGA 

S3 
GTTGGTTACTAAGGCGGATACCGCGTCCCTGCTTGTCG

GTCA 

S4 to tile E CTAACGATGGCATTGAGACTTTACCT 

S5 AAGTCTCAAAGCAGGGACGCGGTATCCGCCTTCCACT 

S2 ACATGATC linker ACATGATC GCACGAGTGGAAGATTTATTCTATGA 

S4 to tile C CTAACGATGGCATTGAGACTTTACCT 

F 

S1 CTCAGTGGACAGCCGTTCTGGAGCGTTGGACGAAACT 

S2 GTTAGATAGAGCACCACTGAGAGGTA 

S3 
CCAGAACGGCTGTGGCTAAACAGTAACCGAAGCACCA

ACGCT 

S4 to tile F CTAACAGTTTCGTGGTCATCGTACCT 

S5 CGATGACCTGCTTCGGTTACTGTTTAGCCTGCTCTAT 

S4 to tile G CAGACAGTTTCGTGGTCATCGTTAGA 

S2 ATCTGCA linker ATCTGCA GTTAGATAGAGCACCACTGAGAGGTA 

G 

S1 TATTCCCGACCGCTTGCCTATGAATCCTTACCATGCC 

S2 GTCTGAAATACTACGGGAATATCTAA 

S3 
ATAGGCAAGCGGTGCTCGTTGAGTCATCTGCTTCAAGG

ATTC 

S4 to tile G CAGACGGCATGGTGTAGGGAGTTAGA 

S5 CTCCCTACGAAGCAGATGACTCAACGAGCTAGTATTT 

S4 to tile F CTAACGGCATGGTGTAGGGAGTACCT 

S2 GTCAACT linker GTCAACT GTCTGAAATACTACGGGAATATCTAA 

H 

S1 GAATAAATCTTAGTAACCAACTGACCGACATGCCATC 

S2 GCACGAGTGGAAGATTTATTCTATGA 

S3 
GTTGGTTACTAAGGCGGATACCGCGTCCCTGCTTGTCG

GTCA 

S4 to tile H CTAACGATGGCATTGAGACTTTACCT 

S5 AAGTCTCAAAGCAGGGACGCGGTATCCGCCTTCCACT 

S2 AATACCA linker AATACCA GCACGAGTGGAAGATTTATTCTATGA 

S4 to tile I GATGAGATGGCATTGAGACTTCACGG 

I 

S1 CAGATTATCGGTGTCCGCACTAAATACCTGTTACTGA 

S2 TCATCCTCTATGGATAATCTGCCGTG 

S3 
AGTGCGGACACCGACAACGACACCACATTGGGCTAGG

TATTT 
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S4 to tile I GATGATCAGTAACTTGAGCGTCACGG 

S5 ACGCTCAAAGCCCAATGTGGTGTCGTTGTCCATAGAG 

S2 AGTTGAC linker AGTTGAC TCATCCTCTATGG ATAATCTGCCGTG 

S4 to tile H CGTGCTCAGTAACTTGAGCGTTCATA 

J 

S1 CTCAGTGGACAGCCGTTCTGGAGCGTTGGACGAAACT 

S2 GTTAGATAGAGCACCACTGAGAGGTA 

S3 
CCAGAACGGCTGTGGCTAAACAGTAACCGAAGCACCA

ACGCT 

S4 to tile J CTAACAGTTTCGTGGTCATCGTACCT 

S5 CGATGACCTGCTTCGGTTACTGTTTAGCCTGCTCTAT 

S4 to tile K CAGACAGTTTCGTGGTCATCGTTAGA 

S2 CGCGTTT linker CGCGTTT GTTAGATAGAGCACCACTGAGAGGTA 

K 

S1 TATTCCCGACCGCTTGCCTATGAATCCTTACCATGCC 

S2 GTCTGAAATACTACGGGAATATCTAA 

S3 
ATAGGCAAGCGGTGCTCGTTGAGTCATCTGCTTCAAGG

ATTC 

S4 to tile K CAGACGGCATGGTGTAGGGAGTTAGA 

S5 CTCCCTACGAAGCAGATGACTCAACGAGCTAGTATTT 

S4 to tile L GATGAGGCATGGTGTAGGGAGCACGG 

S2 GNP handle GTCAACTCGTA GTTAGATAGAGCACCACTGAGAGGTA 

S2 STV handle 5'Biotin-TTTT GTTAGATAGAGCACCACTGAGAGGTA 

L 

S1 CAGATTATCGGTGTCCGCACTAAATACCTGTTACTGA 

S2 TCATCCTCTATGGATAATCTGCCGTG 

S3 
AGTGCGGACACCGACAACGACACCACATTGGGCTAGG

TATTT 

S4 to tile L GATGATCAGTAACTTGAGCGTCACGG 

S5 ACGCTCAAAGCCCAATGTGGTGTCGTTGTCCATAGAG 

S4 to tile M CAAAGTCAGTAACTTGAGCGTCGTCG 

S2 CGTTTCG linker CGTTTCG TCATCCTCTATGGATAATCTGCCGTG 

M 

S1 GATGCGATATCAGGAAGTTACTCACAGCAGTGGAGCG 

S2 CTTTGGCCTCCAGATCGCATCCGACG 

S3 
GTAACTTCCTGATTCATAATAGCCGTAGGTGTCTTGCT

GTGA 

S4 to tile M CAAAGCGCTCCACTAGAGCGTCGTCG 

S5 ACGCTCTAAGACACCTACGGCTATTATGACTGGAGGC 

S4 to tile J CTAACCGCTCCACTAGAGCGTTACCT 

S2 GNP handle ATCTACAGGCACTTTGGCCTCCAGATCGCATCCGACG 

S2 STV handle 5'Biotin-TTTTCTTTGGCCTCCAGATCGCATCCGACG 

 

 

  



84 

 

 

 

3.3.2 Inserted cohesive linker’s influence on DNA bundle assembly 

First, we investigated the influence of the inserted linker’s influence on DNA nanotube and 

bundle assembly. Several factors were tested, including insertion position, binding strength of 

cohesive linkers, and the poly-T spacer length of linkers. 

The influence of the insertion position of cohesive linkers was first investigated. Based on 

previous papers’ results, sequences inserted to the DX tiles can protrude out to different 

directions after the formation of nanotubes depending on their insertion position. On several 

specific positions, the linkers can protrude to either outer or inner surface of the nanotube 

perpendicularly, while other positions, at which the linkers will point more parallel to the 

nanotube surface, will cause the nanotube less stable (25). Thus, we tested the insertion of 5’-

CGCGTTT-3’ linker on both 5’ end and 3’ end of S2 strand of Tile A. The linker will protrude 

out on the outer surface of nanotubes if inserted on the 5’ end of S2 strand, while inner surface 

if inserted on the 3’ end. The assembly was carried out using normal annealing protocol. As 

shown in figure 4a, compared to the result in figure 1f which has all linkers on the outer surface, 

when linkers are presented on the inner surface of nanotubes, only nanotubes could be observed 

after assembly and no DNA bundles could be observed. This can be interpreted that if the 

linkers are pointing inwards, their accessibility is largely decreased, thus preventing the further 

bundling of nanotubes. This result confirms the design principle of our system that the inserted 

cohesive linkers should be presented on the outwards of the nanotube in order to induce the 

bundling process of nanotubes to further assemble into DNA bundles. 

Insertion of cohesive linkers on different strands was also tested. Considering the insertion 

positions that will cause the linkers to point outwards, there are many positions that will meet 

this criterion. Thus, we further investigated the insertion on S3 strand that will also cause the 

linker to point outwards, and imaged the assembly product using TEM. As shown in figure 3-
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4b, compared to the result in figure 3-1f, the assembly of S3 insertion showed minimal 

differences in morphology. Thus, we concluded that as long as linkers are on the outer surface 

of nanotubes, their position only induced subtle influence on assembly. For future experiments 

in this project, we will insert the cohesive linkers on the 5’ end of S2 strands unless specified 

otherwise. 

The factors about the linker designs were then investigated. First, the binding strength of DNA 

linkers was thoroughly tested. As demonstrated in previous results, the linker of 5’-CGCGTTT-

3’ exhibited potent capability to induce the bundle assembly from DX tiles and DNA nanotubes. 

As the main binding force coming from the 2 pairs of CG, in comparison, we further designed 

a linker with lower binding strength (5’-CGTTT-3’) and higher binding strength (5’-

CGCGCGTTT-3’). The binding strength of these two linkers was tuned by varying the pairs of 

CG while keeping the length of the poly-T linker the same. Under the same annealing protocol, 

the linker of 5’-CGTTT-3’ failed to induce the bundling of nanotubes, while in contrast, the 

specific assembly of DX tiles with the linker of 5’-CGCGCGTTT-3’ was interrupted and only 

random aggregations could be observed under TEM (Figure 3-5a). This result infers that an 

appropriate binding strength is critical to result in the successful assembly of DNA bundles 

(Figure 3-5b). To confirm this hypothesis, we further designed several cohesive linkers, 

including both rationally and randomly designed ones, and tested their influence on DNA 

bundle assembly (Table 3-1). Figure 3-6 shows the assembly results of DX tile A with these 

further designed linkers under TEM, and they did demonstrate varied results on the assembly 

product. To quantitively investigate these linkers’ influence, OligoAnalyzer and NUPACK 

were used to simulate their self-binding strength (35). The result showed that under such 

reaction condition, linkers with self-complementary binding ΔG between -7 to -10 kcal/mol 

can promote the assembly into DNA bundles, no matter how many base pairs are formed 

between linkers (Figure 3-7). Thus, we conclude that there is indeed an appropriate window of 
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binding strength of cohesive linkers for DNA bundle assembly. However, we also need to point 

out that as the binding ΔG can be varied when reaction condition changes, this appropriate 

window is not set for all conditions. 

Finally, as we kept the poly-T spacer the same in previous investigations, it is natural to wonder 

whether the poly-T spacer length will pose influence on DNA bundle assembly. We designed a 

set of linker sequences, 5’-CGCGTn-3’, by keeping 2 pairs of CG and varying the number of 

T nucleotides. In this case, the contributing factor for binding strength is set, and only the length 

of the poly-T spacer is varied. The assembly of DX tiles with n=0 to 21 linkers was tested using 

the same assembly protocol and their assembly results were imaged using TEM (Figure 3-8a). 

It is revealed that DNA bundles started to form from n=2, and with n increasing, the bundles 

generally demonstrated an increasing width (Figure 3-8b). This may possibly be because of the 

increased inter-tube spacing caused by the increased length of the poly-T spacer. When n went 

up to more than 12, defects started to appear on DNA bundles, and from n=18, no well-

assembled DNA bundles could be observed. When n>20, only aggregations could be observed. 

Thus, we conclude that with certain binding affinity, the linker length should also be in an 

appropriate range to enable well-formed DNA bundle assembly. The linkers which are too long 

may disturb the orderliness of nanotube alignment, rendering loose and defect areas on DNA 

bundles. 
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Figure 3-4. Linker position affects DNA bundle assembly. (a) DNA tubes were formed if linker 

is positioned on the 3' end of S2 strand that protruding inward towards the tube tunnel. (b) DNA 

bundles were formed if linker is positioned on the 5' end of S3 strand that protruding outward 

from tube outer surface. 
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Figure 3-5. Effect of linker binding strength on DNA bundle assembly. (a) TEM images of 

assembled structures with linkers of CGTTT or CGCGTTT at 20 mM of Mg2+. For these linker 

designs, the binding strength was varied by tuning the number of CG on the binding domain 

while keeping the same spacer length. Scale bars: 200nm. (b) The influence pattern of binding 

strength CG pair binding on DNA bundle assembly.  Appropriate binding strength of the linker 

is critical to bundle formation. Weak linker leads to little inter-tube binding, while too strong 

linker disrupts tube assembly. 
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Figure 3-6. TEM images of assembly results for some linker designs in Figure 3-7. The designs 

included in other figures are not presented here, and the designs that does not yield DNA tubes 

or bundles are not included. All images share the same scale bar of 200 nm. 
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Figure 3-7. All linker sequences designed and studied for further investigation. Simulations are 

done under the condition with 100 mM of Na+ and 20 mM of Mg2+. By comparing the 

NUPACK simulation result, the conclusion can be drawn that the self-binding strength (delta 

G) of a linker should be in a certain range to enable the assembly of DNA bundle structure with 

certain Mg2+ concentration. 
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Figure 3-8. The spacer length on linkers also influences DNA bundle assembly. (a) 

Representative TEM images illustrating the assembly product of DX tiles with designed set of 

linkers. The linker sequences used here are 5’-CGCG(T)n-3’, where n varies from 0-21. All 

groups are assembled with 20 mM of Mg2+. All figures share the same scale bar. (b) Measured 

width of bundles with varied spacer length when n=3-12. 
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3.3.3 Reaction condition’s influence on DNA bundle assembly 

We next sought to verify the influence of reaction conditions on DNA bundle assembly. In this 

part, we investigated the annealing temperature’s influence and the divalent ion concentration 

in reaction buffer’s influence. 

First, we investigated the influence of annealing temperature. As we hypothesized in Figure 3-

1, if the assembly pathway is indeed a hierarchical pathway, we should be able to observe 

different inter-state of assembly products under TEM during different annealing stages. DX tile 

A with 5’-CGCGTTT-3’ was used for this investigation. As the annealing process is designed 

to be a gradual cooling process from 65 °C to room temperature, we intentionally stopped the 

assembly process at a series of temperature points during the annealing process at 60, 50, 45, 

35, 30, and 25 °C. The reaction tube was quickly taken out from the thermal cycler and 

subjected to TEM imaging (Figure 3-9). As revealed, no large assemblies were observed at 

60 °C. However, individual tubes began to show up at 50 °C exhibiting minimal inter-tube 

interactions. This result corresponds to previous literature’s result well, where only DNA 

nanotubes are constructed (34). At 45 °C, tubes showed enhanced interactions as they began to 

bind and align with others. At 35 °C, loosely linked bundles of tubes were observed. And finally 

at 25 °C, long, wide, and compact DNA bundles with expected spatial features were formed. 

This experimental result not only supports our hypothesis of the hierarchical nature of the DNA 

bundle assembly process, but also indicates that the bundling process of nanotubes generally 

occurs when the annealing temperature is rather low. This may be interpreted by the low Tm of 

the linker sequences, as the self-complementary binding of linkers is the main driving force of 

nanotube bundling. 

Next, a comprehensive examination of how cationic strength affects the assembly of DNA 

bundles was conducted. In DNA nanotechnology, although all cations in the assembly buffer 
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may play a role in the assembly process, divalent ions, however, are usually the more important 

ones. Thus, we mainly focused on the influence of divalent ions on DNA bundle assembly, and 

Mg2+ was selected for investigation as it is commonly used in DNA nanotechnology. As shown 

in previous results in DNA nanotechnology, Mg2+ plays pivotal roles in DNA self-assembly by 

shielding the negative charge of DNA backbones to facilitate DNA hybridization and self-

assembly of complex DNA structures, while also promoting nonspecific or unwanted 

interactions between DNA strands (e.g., causing random aggregation of DNA structures). Thus, 

we hypothesized that only an appropriate range of Mg2+ is capable of promoting the formation 

of DNA bundles. To test this hypothesis, we systematically investigated a series of Mg2+ 

concentrations from 5 to 200 mM using DX tile A with the linker of 5’-CGCGTTT-3’ (Figure 

3-10). Nanotubes were unable to bundle at 5 mM of Mg2+, possibly due to the low binding 

strength of linkers under this condition. From 10mM of Mg2+, nanotubes started to bundle with 

defects, and well-formed DNA bundles started to appear from 20mM Mg2+. While the 

concentration of Mg2+ increased, a general trend that higher cationic strength led to DNA 

bundles of larger width was observed and statistically measured (Figure 3-10b). However, 

specific DNA self-assembly was severely impaired at 200 mM of Mg2+ where neither tubes nor 

bundles were formed. 

This result confirmed our hypothesis that for DX tiles with 5’-CGCGTTT-3’ sequence, 20-

150mM concentration of Mg2+ is an appropriate range for DNA bundle formation. However, it 

is also important to mention that for different cohesive linkers, such appropriate Mg2+ 

concentration range may vary. For example, we went on to test the minimal Mg2+ concentration 

that allows the DX tiles with 5’-CGTTT-3’ and 5’-CGCGCGTTT-3’ linkers to form DNA 

bundles (Figure 3-11a). These two linkers were used in previous investigations as linkers with 

lower and higher binding strength. As experimentally revealed, DX tiles with 5’-CGTTT-3’ 

linker were able to form DNA bundles at an elevated Mg2+ concentration of 50 mM. On the 
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other hand, DX tiles with 5’-CGCGCGTTT-3’ linker were only found to be capable of forming 

bundles at 5 mM concentration of Mg2+. Both of them were unable to induce bundle assembly 

at 20mM Mg2+ concentration used by previous routinely used annealing protocol. We also 

further tested the assembly result of DX tiles without cohesive linkers and with pure poly-T 

linkers (Figure 3-11b, 3-11c). DX tiles without cohesive linkers, which will normally form 

DNA nanotubes without linkers protruding on the surface, were also found to be able to align 

and bundle together at a high Mg2+ concentration. In contrast, DX tiles with poly-T linkers 

were not able to induce inter-tube bundling even at high cationic strength. Therefore, as the 

linkers used in the investigation are different, their required Mg2+ concentration to induce 

successful bundling varies a lot. Generally speaking, a linker of relatively weak binding 

strength is required in high cationic strength conditions, and vice versa, in order to promote 

DNA bundle assembly of high quality. 

It is also worth noting that in a similar report by Burns (32), DNA nanotubes are bundled solely 

by divalent ion Mg2+. However, in this report, a rather high concentration of Mg2+ was required 

(>40mM), which may hinder the future application of this bundle system in biomedical and 

nanofabrication areas. In our method, a Mg2+ concentration as low as 10mM is enough for the 

formation of DNA bundle structure, thus bypassing the hindrance of the application of such 

system. This is truly one of the merits of our method compared to previous reports. 
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Figure 3-9. DNA bundles are hierarchically assembled. Representative TEM images show the 

assembly product of DX tiles at different temperature point. The DNA tiles are heated to 85°C, 

then gradually cooled down to designated temperatures for characterization. All images share 

the same scale bar. 
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Figure 3-10. The influence of divalent ion concentration on DNA bundle assembly. DX tile A 

with 5’-CGCGTTT-3’ linker was used for this investigation. (a) Representative TEM images 

illustrated the assembly results of DX tiles with different Mg2+ concentration. (b) Measured 

width of DNA bundles assembled at different Mg2+ concentrations. The measurements were 

conducted and averaged based on multiple bundles on TEM images. The decrease of average 

bundle width at 150 mM Mg2+, compared to 100 mM Mg2+, is likely due to aggregation of 

wider bundles at this high concentration of Mg2+. 
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Figure 3-11. Cationic concentration needed for DNA bundle assembly is highly dependent on 

the binding strength of linkers. (a) Higher cationic strength is needed for weaker linkers, while 

lower cationic concentration is demanded by stronger linkers. (b) DNA tile with no linker can 

even form DNA bundles at sufficiently high concentrations of Mg2+. (c) DNA tile with a non-

cohesive linker of TTTTTTT is unable to form DNA bundles even at 100 mM of Mg2+. All 

figures share the same scale bar of 200 nm. 
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3.3.4 DNA bundles of prescribed features assembled from multiple components 

In above experiments, all DNA bundles were assembled with a single kind of DX tile (Tile A) 

with homogenous constitution. As one of the most stunning merits of DNA technology being 

the high programmability, here we aim to construct DNA bundles using different kinds of DX 

tiles with heterogeneous constitution. This will largely enlarge the versatility and functionality 

of our system. 

First of all, we realized the heterogenous assembly of two different types of tubes with tunable 

bundle width and composition (Figure 3-12). Tube A, colored in blue, was assembled from Tile 

B with the linker 5’-AAAAAAA-3’, and tube T, colored in grey, was assembled from Tile A 

with the linker 5’-TTTTTTT-3’. All the 5 strands (S1-S5) used to construct these DX tiles are 

unique and were simulated to have minimal unwanted cross-talking. As indicated in previous 

result, neither tube A nor tube T are self-cohesive to form DNA bundles. However, if both tubes 

present in the solution, the heterogeneous bundling between tube A and tube T will allow the 

formation of DNA bundles. We hypothesized that for this system, by adjusting the 

stoichiometric ratio between two tubes, which can be realized by adjusting the concentration 

of both DX tiles, the resulting bundle width and composition may be rationally modulated. To 

test this hypothesis, the one-pot reaction, where all strands for both DX tiles are annealed 

together directly from the beginning, was first carried out (Figure 3-12b). Different tube A: 

tube T ratios were tested, and at the ratio of 1:1, the resulting DNA bundle is the widest and 

most compact condition. A general trend of DNA bundle width can also be observed when 

statistically measured and plotted (Figure 3-12c). Besides one-pot reaction, a stepwise 

assembly protocol was also employed by separately assembling different tubes first, and then 

mixing them together with varied ratios at room temperature (Figure 3-12d). By using this 

assembly protocol, DNA bundles at all ratios showed similar morphology compared to the ones 

assembled from the one-pot protocol. Furthermore, similar general trend of DNA bundle width 
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was also observed for stepwise assembly protocol (Figure 3-12e). Thus, we conclude that this 

method is capable of the assembly of multicomponent DNA bundles with different properties 

with distinct types of tubes. 

The abovementioned DNA bundle is assembled from two types of nanotubes, while each 

nanotube consists of one type of DX tile. On the other hand, we also wanted to construct a 

DNA bundle that is assembled from a single type of nanotube, but such nanotube consists of 

multiple types of DX tiles. Thus, we further fabricated a multi-tile DNA bundle homogenously 

assembled from Tile C, D, and E (Figure 3-13). All strands on these tiles are specifically 

designed to enable the sequential assembly of C-D-E multi-tile DNA nanotubes. Furthermore, 

each type of tile has its own unique cohesive linker that only allows homogeneous binding to 

linkers on the same type of tile. For example, the linker on Tile C can only bind to the linker 

on another Tile C, and the same for the linker on Tile D and E. In this case, the binding pattern 

of the nanotubes can be tuned, and multi-tile DNA bundles were then assembled after inter-

tube binding was completed. With different sets of linkers being present or missing on the 

bundle, different white stripe features on the bundle surface with 1x, 2x, and 3x distance 

between adjacent stripes could be observed (Figure 3-13a). This result not only demonstrates 

the high programmability of our system, but also confirms the identity of white stripes to be 

the rendering of surface linker strands under TEM. It is also worth mentioning that when the 

number of remaining linkers was decreased, certain defects started to show up in the resulting 

DNA bundle (Figure 3-13b), possibly due to the bundling force being unable to counter the 

flexibility of nanotubes.  

Finally, we also realized the multicomponent DNA bundles assembled by simultaneously using 

the above two strategies, as illustrated in Figure 3-14. Two types of tubes consisting of distinct 

tiles F, G, H and I heterogeneously bind to form DNA bundles. Linkers on tiles were designed 

specifically to enable the binding between Tile F and Tile H, and Tile G and Tile I. Similar to 
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abovementioned results, by independently modulating the presence of the linkers, the 

fabricated DNA bundles could result in various width and white stripe patterns (Figure 3-14d). 

This ultimately complex constitution of DNA bundles clearly demonstrates the inheritance of 

high programmability and versatility from structural DNA nanotechnology of our system. 

In structural DNA nanotechnology, versatility and programmability usually come along with 

functionality. The white stripe patterns on the DNA bundle surface inspired the nanofabrication 

application of our system. To further verify the spatial features of DNA bundles and to 

demonstrate their utility in assembling other materials, large assemblies of gold nanoparticles 

(AuNPs) and streptavidin (STV) with prescribed patterns were fabricated by using DNA bundle 

templates. In order to realize this, a DNA bundle assembled from a single multi-tile DNA 

nanotube was designed. Such DNA nanotube consists of four distinct tiles with all strands’ 

sequence different (Tile J in blue, tile K in orange, tile L in green, and tile M in grey. Figure 3-

15). The linkers on tile J and L are designated to work as handles for docking guest materials, 

while the linkers on tile K and M are serving as normal cohesive linkers for nanotube bundling. 

Two different kinds of materials are used as guest materials: Inorganic nanoparticle 10nm gold 

nanoparticle (AuNP. Figure 3-15a), and small protein streptavidin (STV. Figure 3-15b). For the 

binding of AuNP, -HS group was added to the 5’ end of linkers on tile j and L, and AuNP was 

added after DNA bundle assembly under room temperature. For the binding of STV, linkers on 

tile J and L were biotinylated at 5’ end, and STV was added after DNA bundle assembly under 

room temperature. These two payloads were designed to produce two kinds of patterns by 

including or omitting the handles on designated tiles, and TEM images revealed the successful 

assembly of AuNPs and STV with prescribed patterns and band distance. This result further 

confirmed the spatial feature of DNA bundles and showed its versatility in assembling guest 

materials into large structures of defined patterns. 
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Figure 3-12. Heterogenous assembly of two different types of nanotubes. (a) Design of DNA 

bundles assembled from two distinct types of tubes. Tube-A was assembled from Tile B with a 

linker of AAAAAAA, while Tube-T was assembled from Tile A with a linker of TTTTTTT. 

DNA bundles are formed via heterogenous binding between Tube-A and Tube-T. The bundle 

width and composition can be modulated by adjusting the ratio between Tube-A and Tube-T. 
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(b) Representative TEM images of DNA bundles assembled at various A: T ratios in one-pot 

reaction. Scale bars: 200 nm. (c) Measured width of DNA bundles assembled in one-pot 

reaction. (d) Representative TEM images of DNA bundles assembled at various A: T ratios in 

stepwise assembly reaction. All figures share the same scale bar: 200nm. (e) Measured width 

of DNA bundles assembled in stepwise assembly reaction. 
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Figure 3-13. Multi-tile DNA bundle fabrication. (a) Multi-tile DNA bundles of prescribed 

features assembled from three distinct tiles. Three types of tiles (blue, Tile C; orange, Tile D; 

green, Tile E) alternatively assemble into tubes first, while the homogeneous assembly of tubes 

led to the formation of multi-tile DNA bundles. Each tile contains a unique linker that can only 

bind to another linker from the same type of tile. The white stripes on bundles were controlled 

by including or omitting the linkers of designated tiles. Scale bars: 100 nm. (b) DNA bundles 

cannot be well formed at 20 mM of Mg2+ if only Tile C having the linker given the binding 

strength may not be sufficient at this low cationic strength. Scale bar: 100nm. 
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Figure 3-14. Multicomponent DNA bundles assembled from distinct tubes consisting of 

distinct tiles. (a-c) Assembling schemes and TEM images for DNA bundles. Scale bars: 100 

nm. (d) Morphology data of DNA bundles in three experimental groups. Lower number of 

linkers led to DNA bundles of smaller width. Besides, the white stripe features agree well to 

the designs. 
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Figure 3-15. Assembly of guest materials on DNA bundles. (a) Assembly of 10nm gold 

nanoparticles on DNA bundles. Tile J (blue) and Tile L (green) are designed to hold the capture 

handles for AuNP docking. Tile K (orange) and Tile M (grey) are designed to hold the cohesive 

linkers for DNA tube bundling. (b) Assembly of STV on DNA bundles. The capture handles 

are functionalized with biotins for streptavidin (STV) binding. Note that the dimmer white 

stripes between the bright STV stripes shall attribute to cohesive linkers. Scale bars: 100 nm. 
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3.3.5 Reconfiguration of DNA bundles 

In nature, dynamic reconfiguration of fiber or bundle structures, like muscle fibers, is critical 

to perform cell or organ function. To mimic such processes, dynamic reconfiguration of 

artificial tubular nanostructures has been realized to fulfill various applications in previous 

work (36, 37). As our DNA bundle system may find certain applications in biomedical areas, 

herein we also want to integrate dynamic reconfigurability into our DNA bundle structures. We 

envision that by incorporating this reconfigurability, our system may further enrich the toolbox 

of dynamic DNA systems for future structural DNA nanotechnology research. 

In our work, reconfigurability was implemented by using toehold-mediated strand 

displacement reactions to inhibit/activate binding between linkers and/or between sticky-ends. 

Tuning the binding between linkers can further tune the bundle assembly, and tuning the 

binding between sticky-ends can further tune the nanotube assembly. Figure 3-16 shows the 

basic scheme of this strategy. With the help of three sets of inhibitors (I) and anti-inhibitors 

(AI), three types of reversible transformations were demonstrated, which are between tube and 

tile, bundle and tube, or bundle and tile. All the transformations were carried out by first 

assembling the starting structure, then adding the corresponding I or AI strands to the reaction 

under room temperature. Agarose gel electrophoresis was first used to verify the transformation 

reactions, as the mobility change of corresponding bands is able to suggest the successful 

reconfigurations between DNA structures (Figure 3-16d). TEM was then used to directly 

visualize the structures before and after reconfigurations (Figure 3-17). Representative TEM 

images were chosen to reveal that all three types of reconfigurations were executed in a 

reversible manner. However, it is necessary to point out that the restored bundles had an average 

width of 91.3 nm (Restored from nanotubes. Figure 3-17b) or 80.2 nm (Restored from DX tiles. 

Figure 3-17c), both being slightly narrower than normally assembled bundles with an average 

width of 112.0 nm. We hypothesize that this difference is because the reconfiguration and 
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restoration process of DNA bundles was carried out under room temperature, which was less 

efficient than the normal thermal annealing process for DNA bundle assembly. Nevertheless, 

this result still demonstrates the successful incorporation of dynamic process into our DNA 

bundle system. 

Furthermore, we combined this dynamic system with multi-component DNA bundle design to 

demonstrate the reconfiguration process’ potency. Similar to the multi-component DNA bundle 

design previously, we designed distinct invader/anti-invader systems for each DX tile (Figure 

3-18). Compared to the single-component DNA bundle system in the last paragraph, here the 

invader only blocked the linker, so the dynamic assembly process occurred between nanotube 

and DNA bundle stage in a stepwise manner. All three distinct cohesive linkers on DNA tiles 

(Tile C in blue, Tile D in orange, and Tile E in green) were initially inhibited by inhibitors, so 

only tubes were produced in the first place. When only the blue linker was activated by adding 

one anti-invader, due to the low bundling strength, only loose DNA bundles with defects were 

formed. Further activation of the orange and green linkers induced stronger inter-tube binding 

forces, and generally DNA bundles yielded after each activation became wider and more 

compact. TEM imaging was used to confirm the successful transformation, and an obvious 

difference between each stage was observed.  These results demonstrate the potential of 

involving dynamic process in aforementioned applications on multi-component DNA bundle 

systems, including dynamic nanofabrication and nano-device. 
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Figure 3-16. Schematics and gel electrophoresis for DNA bundle reconfigurations. (a, d) 

Reversible reconfigurations between DNA tubes and DNA tiles. An inhibitor strand (I1) is 

designed to disrupt sticky-end cohesion between tiles, which can be dislocated from the tile by 

the anti-inhibitor strand (AI1) via strand displacement reaction. (b, e) Reversible 

reconfigurations between DNA bundles and DNA tubes. An inhibitor strand (I2) is designed to 

disrupt linker binding between tubes, whose disruptive effect can be reversed by the anti-

inhibitor strand (AI2). (c, f) Reversible reconfigurations between DNA bundles and DNA tiles. 

An inhibitor strand (I3) is designed to disrupt both sticky-end cohesion and linker binding, 

whose deconstructive effect can be neutralized by the anti-inhibitor strand (AI3). All gels share 

the same sample setup among all 5 lanes. M: DNA marker. Lane 1: Original assembly. Lane 2: 

Pre-annealed original assembly mixed with inhibitors and incubated under RT. Lane 3: original 

assembly annealed together with inhibitors. Lane 4: Lane 3’s product mixed with anti-inhibitors 

and incubated under RT. 
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Figure 3-17. Representative TEM images showing the successful reconfiguration of DX tiles, 

nanotubes and bundles. (a) Reversible reconfiguration between tubes and tiles. (b) Reversible 

reconfiguration between bundles and tubes. (c) Reversible reconfiguration between bundles 

and tiles. Note: Tile A was used for these above experiments. 
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Figure 3-18. Sequentially activation of linkers for the transformation from DNA tubes to DNA 

bundles with prescribed features. (a) Schematics for linker inhibition and activation on various 

DNA tiles. (b) Representative TEM images showing the transformation result at each stage. 

Note that the assembly stage, the bundle compactness, and width are different among all figures. 

All figures share the same scale bar of 50 nm. 
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3.4 Conclusion 

In this project, we developed a novel method for the self-assembly of DNA macro-structures 

that can be used to mimic naturally occurring fiber structures. The basic building block of this 

self-assembly process is the DX tile with a linker sequence. The assembly from DX tile to 

nanotube is tuned by sticky ends, and the assembly from nanotube to bundle is tuned by both 

linkers and Mg2+ concentration. The influence of linker’s position, poly-T spacer length, and 

self-binding affinity on bundle assembly was investigated. Divalent metal ions, like Mg2+, and 

annealing temperature were also tested to show synergistic influence on bundle assembly. 

Furthermore, several DX tiles with different backbone and linker sequence were designed to 

form multi-component bundles with higher complexity. Using such multi-component DNA 

bundle system, we confirmed that the white line crossing the bundle under TEM was rendered 

by linkers. These multicomponent DNA bundles were also employed in the fabrication of large 

AuNP and STV structures with prescribed patterns as determined by the bundle templates. 

Finally, we designed a reaction pathway where inhibitor and anti-inhibitor strands were used 

to dynamically control the assembly process from DX tile to bundle. Such dynamic 

reconfiguration process was also able to combine with the multi-component bundle design. 

Recent research has shown the diverse applications of DNA nanotubes, including drug delivery , 

nanomachine , and nanofabrication (26, 29, 31). However, the use of DNA nanotubes is still 

confined by their low radial size and high flexibility (13). The self-assembled DNA bundle in 

this paper can serve as an alternative scaffold for such applications due to its several advantages. 

First of all, our strategy is simple and cost-effective, given that only five short DNA strands are 

needed for DNA bundle assembly. Previously reported large one-dimensional structures of 

comparable dimensions and controllability were mostly assembled from DNA origami or DNA 

brick units that are complex and expensive (21, 38). Secondly, DNA bundles with prescribed 

features constructed in this project may be readily achieved by inducing slight changes into 
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DNA tile designs owing to our strategy’s high robustness and versatility. Thirdly, our DNA 

bundles exhibit versatile dynamic capability that can readily reconfigure among various 

conformations by using beforementioned novel molecular triggers. To our best knowledge, this 

might represent the first example of DNA tubular structures with such large dimensions that 

are capable of executing reversible transformations. Alongside the applications we 

demonstrated in this project, the DNA bundles still hold enormous application potential in 

various other fields. For example, the linkers on the bundle surface can serve as tracks for DNA 

walkers to simulate 3D walking process on the substrate. The high rigidity of the bundle also 

makes it an ideal scaffold for payloads when distance and relative position among them need 

precise control. We believe that our work not only develops a novel method to construct large-

scale DNA macro-structure, but also provides inspiration for further research to produce next-

generation micrometer-sized materials and machines. 

3.5 Material and Methods 

DNA strand preparation. All DNA strands involved in this paper were directly purchased 

either from Integrated DNA Technologies (IDT) or from Sangon Biotech (Shanghai) Co., Ltd. 

Strands ordered from these two companies were tested to show minimal difference in tests. For 

strands longer than 60nt, PAGE purification was ordered from the company. All strands were 

dissolved in deionized water to a final concentration of 100 uM for later use.  

DNA sequence design. There are 3 parts in one DX tile: Backbone, sticky ends and linker. For 

Backbones, they are designed using a free software called DNA-Uniquimer, following the 

publisher’s guideline (39). For sticky ends, they are generated as random sequences and 

ensured to be able to connect to the next tile. For linkers, they are designed according to the 

result of the investigation of linkers’ length and binding affinity in the paper. Their 

orthogonality was tested using an online software called NUPACK (35). 



113 

 

 

 

NUPACK and oligoanalyzer simulation. The simulation on NUPACK was performed using 

the analysis tool on the website. Parameters were chosen to meet the actual reaction condition. 

This simulation is used to check the binding pattern of linkers and the orthogonality of DX tile 

strands. The simulation on oligoanalyzer was performed referencing to the guidance posted on 

IDT website. Parameters were chosen to meet the actual reaction condition. This simulation is 

used to check the binding pattern of linkers and their binding delta G value. 

Annealing process. The assembly for all trials was carried out in 1× TE buffer with 

corresponding concentration of MgCl2. The annealing process to assemble DX tiles, nanotubes 

and bundles for most trials in this paper was: 

 Step 1: Stay at 85°C for 10min. 

 Step 2: From 65°C to 25°C, decrease 0.1°C for every 10 min. 

For specific trials, like the investigation of nanotube and bundle formation under different 

temperature, modifications were made accordingly. The annealing was carried out using Bio 

Rad C1000 Touch Thermal Cyclers.  

One-pot and 2-step assembly of A-T bundles. For one-pot assembly, both DX tiles for A-

tube and T-tube were mixed together in one tube and underwent the annealing process above-

mentioned. For 2-step assembly, DX tiles for A-tube and T-tube were annealed in different 

tubes respectively. After annealing, the products were mixed into one tube and shaken under 

room temperature overnight. 

Gold nanoparticle (AuNP) and Streptavidin (STV) conjugation on DNA bundles. The 

DNA bundle consisting of Tile J, K, L and M with corresponding cohesive linker and handle 

sequence was first annealed with normal annealing protocol. Then the annealed DNA bundle 

was then mixed with payloads and shaken under room temperature for 2 hours. For AuNP 
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conjugation, the functionalization of AuNP with Thiol-labeled single-strand DNA was carried 

out as in the previous reference (40). The thiol-DNA was first reduced with enough TCEP, then 

mixed with 10nm AuNP in 300:1 ratio. The mixture was frozen in -20 °C overnight, then 

thawed under room temperature for 1 hour. The solution was then centrifuged under 12000xg 

for 20min, then the supernatant was removed. The AuNP pallet was washed with water twice 

and additional centrifuge steps were used to remove water after each washing. The recovered 

AuNP was dissolved in 1xTE 20mM Mg2+ buffer and used at the ratio of 1:10 to DX tiles. For 

STV conjugation, STV was diluted into 1xTE 20mM Mg2+ buffer and used at the ratio of 1:5 

to DX tiles. 

10nm AuNP was ordered from Ted Pella. STV was ordered from New England Biolabs. 

Dynamic control of the assembly process. For all inhibitor and anti-inhibitor reactions, two 

kinds of methods were tested. The first method was to mix the DX tile and the inhibitor/anti-

inhibitor together, then underwent the annealing process. The second method was to anneal the 

starting structure (Tile, Tube or Bundle) first. Then inhibitor/anti-inhibitor was added and the 

tube was shaken under room or corresponding temperature overnight. The concentration of 

inhibitor added was 2 times of DX tile’s, and the concentration of anti-inhibitor added was 2 

times of invader’s.  

Transmission electron microscopy (TEM) imaging. For the sample preparation for TEM 

imaging, 3 μL sample was deposited on the surface charged carbon film coated copper EM 

grids for 30 seconds, then a filter paper was used to remove the excess liquid on the grid. 8 μL 

1% uranyl formate (UF) solution was used for negative staining, and excess liquid was also 

removed with a filter paper after 20 seconds. The samples were imaged using a Hitachi HT-

7700 120 kV W (Tungsten) TEM with AMT CCD camera. Note that the number of 

nanostructures shown on the images does not represent the actual yield of them, and the 



115 

 

 

 

brightness of the figures solely depend on the staining and imaging technique. To prepare the 

1% UF solution, 10mg UF powder was dissolved in 1 mL DI water and heated to the point 

when no changes further appeared. Then 1 μL of 5 M NaOH was added to the solution and 

mixed well. The solution was further filtered using a 0.2 μm syringe filter with cellulose acetate 

membrane and the filtrate was collected. Copper EM grids were charged using Pelco easiGlow 

Glow Discharge Cleaning System. UF powder was purchased from Electron Microscopy 

Sciences. 5 M NaOH was purchased from Fisher Scientific. EM grids were purchased from 

Electron Microscopy Sciences, and the model of grids was CF400-CU. 0.2 μm syringe filter 

was purchased from VWR International. 

Agarose gel electrophoresis. Nondenaturing agarose gel was prepared according to the 

standard protocol provided by Thermo Scientific. An 1% agarose gel was prepared with 0.5× 

TBE and 10mM Mg2+ for the separation of DX tiles and assembled nanotubes and bundles. 

100ng sample was loaded in each well. The electrophoresis was carried out at 60V for 90 

minutes and used ethidium bromide for staining. The gel was imaged using Bio-Rad Gel Doc 

EZ Imager.  

Confocal microscopy imaging. Confocal images were obtained by confocal microscopy 

(Leica TCS SP8) with 63×/1.40 NA oil immersion objectives. For sample preparation, a 5 μL 

droplet (200 nM for bundles and 20nM for tubes) of sample were pipetted onto a glass slide 

and then covered by a coverslip. Tubes with fluorophores were imaged using corresponding 

laser exciter and filter. 

Measuring the size of nanostructures using ImageJ. The size of the structures in TEM 

images was analyzed using ImageJ and plotted to exhibit the trend. A TEM image is evenly 

divided into 9 squares (3 by 3), and width of the bundle near the center of each square is 

measured. At least 25 data points were randomly selected for each group and their average 
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value was calculated and plotted. See Figure 3-19 for more details. 

 

Figure 3-19. Measurement of bundle width using ImageJ. The original TEM image is evenly 

divided into 9 segments (Indicated by red lines). The center of each segment is labeled using 

red dots. In each segment, the bundle segment which is nearest to the center red dot (Indicated 

by grey dashed lines) is selected, and the width of selected bundle segment is measured 

(Indicated by blue lines). For each experimental group, at least 25 data points are collected 

through out multiple TEM images. 
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Chapter 4. Summary and perspectives 

4.1 Summary for the thesis 

Structural DNA nanotechnology is the art of using synthetic or biological DNA strands as basic 

building blocks for the construction of artificial nanostructures through self-assembly. After 

tens of years of development, structural DNA nanotechnology has demonstrated unprecedented 

capability in constructing nanostructures with high complexity, versatility, and 

programmability. Besides, the capability to endow environment-responsive properties on 

nanostructures has highlighted structural DNA nanotechnology upon other construction 

methods (1, 2). These self-assembled DNA nanostructures have been extensively utilized in 

various research areas, including nanomachine, nanofabrication, and biomedical research (3). 

However, despite the extraordinary strength of structural DNA nanotechnology, there are still 

several directions that require further improvement, and such improvement sometimes could 

be challenging. In this thesis, we focused on the following challenges: Novel DNA 

nanostructure construction and DNA nanostructure scaling. 

In chapter 2, we focused on the novel DNA nanostructure construction. In a large number of 

previously assembled DNA nanostructures, the main body of the structure is built by sole DNA 

or oligonucleotides. On the other hand, by conjugating DNA strands to other molecules or 

particles to become DNA block copolymers (DBCs), new interactions can be introduced to 

DNA strands, which may result in novel assembly mechanisms. In this project, we extensively 

investigated the assembly of cholesterol-DNA (chol-DNA) block copolymer. We discovered 

that under acidic conditions, chol-DNA with certain DNA sequences could form micellular 

nanostructures, including spherical micelles and nanorods. Extensive study was carried out to 

confirm that the morphology of the assembly was mainly controlled by salt concentration, 

solution pH, and DNA sequence. The assembly process of chol-DNA DBC was revealed to be 
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a hierarchical pathway, where nanorods were the result of incomplete merging of spherical 

micelles. To our best knowledge, this is the first report to show the assembly of sole chol-DNA 

DBC and the novel hierarchical merging pathway. Thinking of the popularity of using DBC to 

construct amphiphilic nano-vehicle for drug delivery in recent years, we believe that our work 

can provide valuable reference on new design principles and assembly mechanisms for future 

DBC investigations. This project was published on Bioconjugate Chemistry (4). 

In chapter 3, we focused on DNA nanostructure scaling. One of the major merits of structural 

DNA nanotechnology is the unrivaled capability of building nanoscale artificial structures. 

However, a simple but versatile constructing method to assemble large-scale DNA structures, 

for example, from nanoscale to microscale, is still challenging. In this work, we designed a 

simple yet straightforward nanostructure scaling system where double-crossover (DX) tiles 

first assemble into nanotubes, then nanotubes further assemble into micrometer-scale rigid 

DNA bundles. The assembly mechanism of this system is a hierarchical pathway mainly 

enabled by the flanking cohesive linker design. Along with the buffer conditions, such cohesive 

linkers provide the capability to better control the major assembly parameters including width, 

compactness, constitution, and reconfigurability. DNA bundles with high complexity on 

constitution and reversible assembly process were also presented, and these two properties 

were able to be further combined into one design. We also included one illustration of this 

system’s application by fabricating gold nanoparticles and streptavidin on DNA bundles with 

prescribed patterns. We envision that this project can provide strategies for future rational 

design on constructing macro-sized biomimetic functional materials, and the DNA bundle 

structure fabricated in this project can potentially find various applications in materials science, 

synthetic biology, and biomedical research. This project was published on ACS Nano (5). 

4.2 Future perspectives of the thesis 
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4.2.1 Hierarchical Self-Assembly of Cholesterol-DNA Nanorods 

In chapter 2, we reported a novel self-assembly of micelles and nanorods from Cholesterol-

DNA block co-polymers under acidic conditions. During the investigation, the identity of the 

black gaps periodically appeared on the nanorods was extensively researched, and it was 

believed to be caused by incomplete merge of the spherical micelles. We hypothesized that the 

relatively small volume of the cholesterol hydrophobic cores and the interactions between 

DNA strands led to this incomplete merge. However, this hypothesis still requires further 

investigation.  

In the future, based on the same system, we will design experiments to confirm this hypothesis. 

However, currently, we don’t have other candidates that can show the same assembly pathway 

as cholesterol-DNA block copolymer. Thus, we will firstly try other hydrophobic 

modifications on DNA strands to check if such novel assembly pathway can be applied to a 

wider range of DBC constitutions and reaction conditions. After this, the comparison of the 

size difference between hydrophobic core and hydrophilic DNA shell among all candidates 

will possibly demonstrate a trend for the black gap appearance, which will ultimately validate 

our hypothesis. 

We envision that our current work not only further proves the versatility of amphiphilic DBCs, 

but also provides insights on new design principles and assembly mechanisms for future 

investigations. If the previously proposed experiment works in the follow-up investigations, 

we believe that such design principle could even become a widely used standard in structural 

DNA nanotechnology towards biomedical research. 

4.2.2 Building Large DNA Bundles via Controlled Hierarchical Assembly of DNA Tubes 

In chapter 3, we developed a simple yet versatile molecular assembling strategy for the rational 

fabrication of long and wide DNA bundle structures of defined spatial features and dynamic 
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capabilities. The current assembling system exhibits several noteworthy advantages in terms 

of fabricating DNA bundle structures with such large dimensions and versatile functionalities. 

First, it is simple and cost-effective, given that only five short DNA strands are needed for 

DNA bundle assembly. Previously reported large one-dimensional structures of comparable 

dimensions and controllability were mostly assembled from DNA origami or DNA brick units 

that is complex and expensive (6). The work by Burns employed high concentrations of cations 

to condense tubes into bundles, which lacks rational control over bundle features, and a high 

cationic strength may limit the subsequent applications of bundles (7). Second, DNA bundles 

of prescribed features may be readily achieved via inducing slight changes into DNA tile 

designs, which is simple, robust, and versatile. Third, our DNA bundles exhibit a versatile 

dynamic capability that can readily reconfigure among various conformations by using specific 

molecular triggers (5). 

During the investigation, we also found that by substituting the inserted cohesive linkers with 

other moieties, interesting phenomena will occur on the final assembled structures. For 

example, by substituting the cohesive linkers with poly-T hairpins, and move the insertion spots 

to strand 5, although the bundling process is interrupted due to the low binding strength 

between poly-T hairpins, the assembly of DNA nanotubes are significantly changed. Compared 

to normal assembly pattern of DX tiles on DNA nanotubes, where DX tiles are aligned 

parallelly to the longitude of DNA nanotubes, in the situation where poly-T hairpins are 

inserted, the assembly pattern of DX tiles rotate 90 degrees to become perpendicular to the 

longitude of DNA nanotubes. This change on the assembly pattern results in a much wider 

DNA nanotube product, with white stripes on nanotube surface rendered by the alignment of 

poly-T hairpins (Figure 4-1). To our best knowledge, this is the first time that such novel 

assembly pattern is reported. Currently, we are still putting much effort into the investigation 

of this phenomenon. 
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With their large sizes and capability of reversible transformations, the DNA bundles and wide 

DNA nanotubes reported hold great application potential in various fields. For example, they 

may serve as biomimetic cellular skeletons for constructing artificial cells or organelles for 

synthetic biology studies. Or they may be used as templates to direct the assembly of functional 

materials forming macroscopic materials with emerging properties. They may also find utility 

in building artificial tissues such as muscle fibers (5). We believe that our work not only 

develops a novel method to construct large-scale DNA macro-structure, but also provides 

inspirations for further research to produce next generation micrometer sized materials and 

machines.  
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Figure 4-1. Assembly of wide nanotube from DX tiles with poly-T hairpin insertion. (a) 

Normal nanotube assembly pattern. The grey rectangles are DX tile backbones. The blue 

lines are sticky ends. The DX tiles are aligned parallelly to the longitude of nanotubes. (b) 

Representative TEM images of normal nanotubes. (c) Wide nanotube assembly pattern. The 

grey rectangles are DX tile backbones. The blue lines are sticky ends. The yellow lines are 

inserted poly-T hairpins. The DX tiles are aligned perpendicularly to the longitude of 

nanotubes. (d) Representative TEM images of wide nanotubes. All TEM images share the 

same scale bar: 100nm. 
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4.3 Other projects related to the application of structural DNA nanotechnology in 

biomedical research 

Besides these two works, during my graduate study, we also conducted other research focusing 

on other challenges, including the optimization of drug delivery and cancer targeting of DNA 

nanostructures, the combination of structural DNA nanotechnology with other enzyme-based 

molecular biology techniques, and the transfer from DNA nanostructure to RNA nanostructure. 

These projects were either unfinished, discontinued, or only partially contributed by me. Thus, 

they are not discussed in this thesis in detail. In the following sections, some of these projects 

will be briefly introduced.  

4.3.1 Development of novel dual-targeting immune checkpoint inhibitors for cancer 

therapy using DNA nanotechnology 

Cancer immunotherapy is a powerful treatment that stimulates immune system to attack tumors 

(8). One recent development of promising strategies to activate antitumor immunity is the 

blockade of immune checkpoints by DNA aptamers (9). Although the antibody-based 

checkpoint inhibitors have shown reasonable antitumor effects in several types of cancers, the 

therapeutic efficacy of these antibodies is still suboptimal and needs new research to more 

potential novel strategies. Compared to antibodies, DNA aptamers have a wider target range 

due to the ease of producing a large variety of strands with different lengths and sequences. 

However, the therapeutic efficacy of these aptamers was hindered by their limited in vivo 

stability, sometimes low affinity, and the lack of efficient in vivo delivery systems to overcome 

biological barriers (i.e., entering circulation or target tissue) (10, 11). 

To address these challenges, this project will use DNA-aptamer nanoparticles (DANPs) 

formulated via DNA nanotechnology to deliver DNA aptamers blocking PD-L1 and PD-1 

interaction for potential immunotherapy (Figure 4-2). We have two long-term goals for this 
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project: One is to develop a DANP system with more effective immunotherapy with low or 

minimal cytotoxicity, and another one is to employ the newly exploited geometry and multi-

valency effect on the formulation of DANP system to enhance the overall therapeutic effect 

(12-15). 

This is currently an ongoing project. At the current stage, we have selected PD-1/PD-L1 

aptamers as payloads, and the binding affinity to their corresponding targets has been 

extensively tested. Besides, we have formulated a library of DNA nanoparticles to conjugate 

with aptamers to form DANPs. These DNA nanoparticles and resulting DANPs were 

characterized using various analytical techniques. In our future plan, we will start testing these 

DANP’s binding affinity to T cells and CD11b+ myeloid cells. We envisage the project to have 

a transformative impact beyond the project, because such a system can not only be utilized in 

the treatment of certain cancer types in clinical trials, but also be promoted to investigate other 

drug delivery-related goals and provide valuable feedback for future DNA nanostructure design 

with complex morphology and function. 
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Figure 4-2. Development of dual-targeting immune checkpoint inhibitors based on DNA-

aptamer nanoparticles for cancer therapy. 
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4.3.2 Programmable site-specific functionalization of DNA origami with polynucleotide 

brushes 

DNA nanostructures, including DNA origami, have been extensively utilized in various 

biomedical applications (2). However, the utilization of DNA nanostructures in real biological 

environments, such as cells and mouse models, is usually compromised by the tendency of 

denaturation caused by unfavorable buffer conditions, nuclease degradation, and innate 

immune response (16). A potential strategy to walk around this challenge is by coating the 

DNA nanostructure with other shielding reagents, including lipid bilayers, proteins, and 

synthetic polymers (17-19). However, the shielding capability of these reagents is still limiting 

confronting the changing and disrupting of biological environments. Furthermore, the tunable 

and site-specific functionalization of these shielding reagents on DNA nanostructures is still 

challenging.  

In this project, we realized the site-specific functionalization and shielding of DNA 

nanostructures by employing a novel enzyme-based method: Terminal deoxynucleotidyl 

polymerase (Tdt) catalyzed enzymatic polymerization of nucleotides and nucleotide analogues 

(Figure 4-3). By employing this method, the patterned “polynucleotide brush” grown under the 

catalysis of Tdt was precisely controlled over multiple parameters, resulting in a set of shielded 

DNA nanostructures. These shielded nanostructures demonstrated substantially higher 

enzymatic degradation resistance compared to their unshielded counterparts. We envision that 

this work can provide valuable references for future design of DNA nanostructure-based drug 

delivery systems. Furthermore, this Tdt-based system may find interesting applications in the 

construction of next-generation biosensors and microreactors. 

This work was published on Angewandte Chemie (20). In this project, I contributed to the 

design of DNA origami core structures and the test of Tdt polymerizations on DNA origami. 
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Figure 4-3. Programmable site-specific functionalization of DNA origami with polynucleotide 

brushes. Reprinted with permission. 
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4.3.3 Systemic delivery of Bcl2-targeting shRNA by single-stranded RNA nanoparticles 

RNA interference (RNAi) is a promising cancer therapy process in which short RNA molecules 

are utilized to suppress target gene expression by forming sequence-specific double-stranded 

RNA (21). One of the most commonly used RNAi agents is the short interfering RNA (siRNA); 

However, limited success has been achieved in the systemic administration of siRNA due to a 

set of biological barriers, such as kidney filtration and nuclease degradation (22). In one of the 

previous projects in Ke lab, DNA nano-vehicles bearing Bcl2-targeting siRNA were designed 

and demonstrated successful uptake and target gene silencing in cancer cells (23). Owing to 

the homogeneous and versatile nature of DNA nanostructures, this work offered great potential 

for future systemic delivery of RNAi agents. 

Based on this work, we further came up with a new strategy using single-stranded RNA 

nanoparticles (ssRNPs) as the delivery vehicle for small hairpin RNA (shRNA) (Figure 4-4a). 

An shRNA can be treated as a siRNA linked with a tight hairpin turn that can still be used to 

silence target gene expression while possessing higher stability (24). When delivering shRNA, 

compared to conventional DNA-based vehicles, ssRNPs’ constitution is more homogeneous 

and seamless, thus increasing the resistance of RNA interference agents to degradation (25). 

Furthermore, the single RNA strand used for the self-folding into tetrahedron was produced by 

one-step in vitro transcription from DNA templates. Thus, compared to multi-stranded DNA 

nanostructures, the cost for strands and the workload for assembly preparation may be 

decreased. 

For this project, we have successfully transcribed the single-stranded RNA for self-folding. We 

did preliminary characterization of the folded RNA nanostructure and western blotting to show 

the silencing effect of shRNA-bearing RNA nanostructure. However, this project was 
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discontinued due to the difficulty of solving the low enzymatic resistance issue of RNA 

nanostructure.  

During the investigation, we also noticed that sometimes the transcription efficiency of RNA 

single strand is not satisfying due to the high complicity of the template sequence. Inspired by 

alphavirus genome-based self-amplifying mRNA vaccine, we proposed a method to fast 

produce RNA single strands for ssRNP construction (Figure 4-4b). Owing to its unique 

replicase, alphavirus possesses an RNA-to-RNA amplification process, which has been 

realized in both mammalian and bacterial cells (26, 27). We anticipate that by substituting the 

capsid protein gene with the ssRNP sequence of interest, we can gain improved efficiency in 

producing complex RNA single strands. Up to now, we have successfully constructed the 

plasmid with alphavirus replicase gene and the RNA tetrahedron sequence. We have also 

successfully transfected reconstructed plasmids into bacterial cells. However, due to the 

discontinuation of single-stranded RNA nanostructure project, this project was also 

discontinued. 
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Figure 4-4. From DNA nanostructure to RNA nanostructure. (a) Development of single-

stranded RNA nanostructure through in vitro transcription for shRNA hairpin delivery. (b) Fast 

production of RNA nanostructure inspired by alphavirus genome-based self-amplifying 

mRNA vaccine. 
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