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ABSTRACT 
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Committee Chair: Chengde Mao 

 

In recent years, DNA nanotechnology has emerged as one of the most powerful strategies 

for bottom-up construction of nanomaterials. Due to the high programmability of DNA molecules, 

their self-assembly can be rationally designed. Engineered 3D DNA crystals, as critical products 

from the design of DNA self-assembly, have been proposed as the structural scaffolds for 

organizing nano-objects into three-dimensional, macroscopic devices. However, for such 

applications, many obstacles need to be overcome, including the crystal stability, the 

characterization methodology, the revision of crystal designs as well as the modulation of 

crystallization kinetics. My PhD research focuses on solving these problems for engineered 3D 

DNA crystals to pave the way for their downstream applications. 

In this thesis, I started by enhancing the stability of engineered 3D DNA crystals. I 

developed a highly efficient post-assembly modification approach to stabilize DNA crystals. 

Enzymatic ligation was performed inside the crystal lattice, which was designed to covalently link 

the sticky ends at the crystal contacts. After ligation, the crystal became a covalently bonded 3D 

network of DNA motifs. I investigated the stability of ligated DNA crystals under a wide range of 

solution conditions. Experimental data revealed that ligated DNA crystals had significantly 

increased stability. With these highly stabilized DNA crystals, we then demonstrated their 

applications in biocatalysis and protein encapsulation as examples. 

I also established electron microscope imaging characterization methods for engineered 

3D DNA crystals. For crystals from large-size DNA motifs, they are difficult to study by X-ray 

crystallography because of their limited diffraction resolutions to no better than 10 Å. Therefore, 

a direct imaging method by TEM was set up. DNA crystals were either crushed or controlled to 

grow into microcrystals for TEM imaging. To validate the imaging results, we compared the TEM 

images with predicted models of the crystal lattice. With the advance in crystal characterization, 
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DNA crystals of varying pore size between 5~20 nm were designed, assembled, and validated by 

TEM imaging. 

The post-assembly ligation was further developed to prepare a series of new materials 

derived from engineered 3D DNA crystals, which were inaccessible otherwise. With the 

directional and spatial control of ligation in DNA crystal, I prepared new DNA-based materials 

including DNA microtubes, complex-architecture crystals, and an unprecedented reversibly 

expandable, self-healing DNA crystal. The integration of weak and strong interactions in crystals 

enabled a lot of new opportunities for DNA crystal engineering. 

In the final chapter, I investigated the effect of 5’-phosphorylation on DNA crystallization 

kinetics. I found that phosphorylation significantly enhanced the crystallization kinetics, possibly 

by strengthening the sticky-ended cohesion. Therefore, DNA crystals can be obtained at much 

lower ionic strength after phosphorylation. I also applied the result to controling the morphology 

of DNA crystals by tuning the crystallization kinetics along different crystallographic axes. 

Together with previously methods to slow down DNA crystallization, the ability to tune DNA 

crystallization kinetics in both ways is essential for DNA crystal engineering. 
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 INTRODUCTION 

1.1 Structural DNA Nanotechnology 

In biology, DNA molecules are often associated with heredity. They are known as the 

generic information that organisms pass down from one generation to the next generation. 

However, in structural DNA nanotechnology, we viewed the same molecule from a very different 

perspective. Here, DNA molecules are used as a building block for engineering materials. Because 

of the highly programmable specificity of DNA molecules, their self-assembly can be precisely 

designed and used to construct a large variety of nanomaterials. These materials have shown great 

potential in analytical, biomedical, electronic and computational applications1.  

Up to the present, structural DNA nanotechnology is a mature bottom-up strategy for 

constructing nanostructures of almost any artificial shapes and sizes. In this section, I will 

introduce the basic design principles of DNA self-assembly, which will be essentially helpful for 

us to better understand the design of engineered 3D DNA crystals in later chapters. 

 

1.1.1 Design Principles of DNA Self-assembly 

There are several reasons for choosing DNA molecules for self-assembly of nanomaterials 

(Figure 1-1). To begin with, the DNA molecule is a nanoscale object. For the B-form double helical 

structure of DNA, the most common form of DNA in solution, two antiparallel phosphate-sugar 

backbones winding around each other through the well-known Watson-Crick base pairing. The 

DNA duplex is around 2 nm in diameter and 10~10.5 base pairs per helical turn. The rise for each 

base pair is around 0.34 nm, which makes the rise of one helical turn around 3.4 nm. The nanoscale 

dimension of DNA makes it suitable for constructing nanomaterials. Second, the base pairing rule 

is simple to apply, and it results in a conserved secondary structure of DNA as a double helix. 

Adenine (A) base pair with thymine (T), and cytosine (C) base pair with guanine (G). The DNA 

sequence can be designed from the combinations of the four bases, and the complementary strand 

which binds with high specificity can then be easily predicted from the base-pairing rule. The strict 

base-pairing rule results in the high programmability in DNA molecules. The specificity of 

interactions between DNA molecules is incomparable for almost any other molecules. Apart from 

this, DNA molecules also have their advantages in stability. DNA molecules are much more stable 
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than RNA and proteins against degradation. For denatured DNA samples, their structure can be 

easily recovered by an annealing process. Another important advantage owes to the fast 

development of the chemical synthesis of DNA oligos. Nowadays, DNA molecules with custom 

defined sequence under 100 nucleotides can be regularly synthesized at relatively low cost. All 

these advantages make DNA molecules an attractive material for studying self-assembly and for 

constructing new materials by a bottom-up approach. 

 

Figure 1-1 The Double Helical Structure of B-Form DNA and Four DNA Bases A, T, C and G1 

 

The conceptual framework of structural DNA nanotechnology was proposed by Seeman in 

the early 1980s. In the past 30 years, DNA nanotechnology has achieved impressive progress in 

development. The technology is built upon three pillars2. The first one is the commercially 

available and affordable synthesis of custom DNA oligos as we just mentioned. The second one is 

stably branched DNA molecules (Figure 1-2a). This solves the problem that DNA molecules are 

conventionally a linear structure. The designed junctions enable DNA to extend in 2D and 3D for 

materials construction. The third one is sticky-ended cohesion (Figure 1-2b), which serves as the 

connector for designed branched DNA molecules. An example is shown for how a four-way 

branched molecule is connected via sticky-ended cohesion into a two-dimensional lattice (Figure 

1-2a). 
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Figure 1-2 Three Pillars of Structural DNA Nanotechnology: Stably Branched DNA Molecules 

(a), Sticky-Ended Cohesion (b) and Convenient Synthesis of Designed DNA Sequences2 

 

The first stable branched DNA molecule was designed and assembled in Seeman’s lab in 

19833. Four different DNA strands were designed to associate into a four-way junction (Figure 1-

3). The sequences were asymmetrically designed to ensure the specificity of the four 8-bp binding 

regions. Basing on the same idea, a 12 -way junction can be assembled by 12 different strands of 

designed, orthogonal sequences (Figure 1-3)4.  

 

Figure 1-3 Sequence Design for 4-way and 12-way DNA Junction2. 
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1.1.2 Tile-based Assembly of Robust DNA Motifs 

However, these designed junctions are not ready for further self-assembly. They are very 

flexible in solution, and this has limited their self-assembly into larger structures. A conceptual 

tool, reciprocal exchange was applied between DNA duplex, and this was used to create junctions 

between nucleotides in proximity (Figure 1-4)5. Reciprocal exchange can recur 4-way junction by 

joining two duplexes at the center. Such connection was named as “crossover”. By creating two 

crossovers, double-crossover (DX) molecules can be generated. This is one of the earliest motifs 

rigid enough for the construction of larger DNA self-assemblies. For example, 2D DNA crystal 

from DX molecules has been successfully assembled and characterized by AFM (Figure 1-5)6. 

Triple-crossovers can also be designed in the same fashion (Figure 1-4). 

 

Figure 1-4 Reciprocal Exchange for Constructing Robust DNA Motifs5 
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Figure 1-5 2D DNA Crystals Designed from the Self-assembly of DNA Double Crossover (DX) 

Motifs. HJ: Holliday junction; MDX: meiotic DX; ADX: analogue DX.6,7 

 

Star motif has been created by arranging DX-molecules by rotational symmetry and joining 

them with linking loops of controlled flexibility. These star motifs have become versatile building 

blocks for 2D DNA crystalline arrays (Figure 1-6)8–10 and 3D DNA nanocages (Figure 1-7)10–12. 

So far, the self-assembly of DNA nanostructures from rigid branched DNA motifs by sticky-ended 

cohesion has been summarized as “tile-based assembly” strategy. The development of this 

assembly strategy has been promoted by the design of novel motifs and the design of novel 

interaction interfaces other than sticky ends. 
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Figure 1-6 2D DNA Crystals Designed from the Self-assembly of DNA Star Motifs with 3-fold, 

4-fold and 6-fold Symmetry13. 

 

 

Figure 1-7 3D DNA Nanocages Designed from the Self-assembly of DNA Star Motifs 10–12. 
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1.1.3 DNA Origami and DNA Bricks 

In 2006, “DNA origami” approach for creating DNA nanostructures was put forward by 

Rothemund (Figure 1-8)14. Unlike previous tile-based assembly that starts from DNA tiles, a long 

scaffold strand from virus DNA was folded by hundreds of short staple strands cooperatively into 

shapes and patterns. In 2010, another approach was developed by Yin by assembling DNA 

nanostructures from hundreds of different short DNA strands known as “DNA bricks”(Figure 1-

9)15. These two methods both take advantage of the high programmable specificity of DNA 

molecules. The final assembled structures have no identical regions as in tile-based assembly, 

where symmetry is always applied to eliminate the number of distinct strands. DNA origami and 

DNA brick approaches with addressable complexity have enabled the design of almost any 

artificial 2D and 3D shapes from DNA molecules. 

 

Figure 1-8 DNA Origami Approach for Designing DNA Self-assembly14 
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Figure 1-9 DNA Brick Approach for Designing DNA Self-assembly15 

1.2 Rationally Designed 3D DNA Crystals  

The idea of self-assembly DNA molecules into 3D crystals was the very initial motivation 

of Dr. Seeman when he started DNA nanotechnology16. He proposed to use 3D DNA crystals as a 

scaffold to put proteins that are hard to crystallize in a crystalline arrangement so that the structures 

of these proteins can be characterized by X-ray diffraction. Apart from this purpose, DNA crystal 

is a general macroscopic 3D scaffold for arranging materials into artificial devices. In this section, 

I will introduce how these 3D DNA crystals are designed, modulated and stabilized. The 

applications of these DNA crystals will be summarized in section 1.3 together with other porous 

crystalline materials. 

1.2.1 Design of 3D DNA Crystals 

The first design of a self-assembled 3D DNA crystal was established in 2009 by tile-based 

assembly17. A tensegrity triangle tile was first designed from DNA (Figure 1-10). The motif can 

be regarded as the joint of three stacked Holliday junctions. It is assembled from 7 DNA strands 

in total. This can be simplified into only 3 identical strands if 3-fold symmetry is applied. The 

DNA triangle tiles can further self-assemble in 3D by 2-nt sticky ends into rhombohedral 

symmetry lattice (Figure 1-11). The success of this DNA crystal designs owes to the construction 

of a rigid DNA motif with interacting interfaces in 3D space.  
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Figure 1-10 Schematic Design and Optical Images of 3D DNA Triangle Tensegrity Crystals17 

 

 

Figure 1-11 Crystal Unit Cell Formed by DNA Tensegrity Triangles17 
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In recent years, more varieties of 3D DNA crystals have been designed from Yan’s group. 

Several designs were made from the complex arrangements of Holliday junctions by symmetry 

operations (Figure 1-12, 1-13)18,19. Yan’s group also came up with a group of new DNA tiles by 

layered-crossovers. These new tiles were designed into 3D crystals by the continuous layering up 

of the 2D interactions (Figure 1-14)20. 

 

 

Figure 1-12 Schematic Design and Optical Images of 3D DNA Crystal with Six-fold Symmetry18 

 

 

Figure 1-13 Schematic Design and Optical Images of 3D DNA Crystal with l-DNA and d-DNA19 
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Figure 1-14 Schematic Design and Optical Images of 3D DNA Crystal from Layered-crossover 

Tiles20 

 

DNA crystals introduced above were all assembled by Watson Crick base pairing. DNA 

crystals were also found to be assembled from non-canonical base pairings21. More recently, 

Michele’s group discovered that DNA crystals could be assembled by hydrophobic interactions 

from flexible amphiphilic DNA stars (Figure 1-15)22. In this design, flexible DNA linkers were 

used to connect the micelles of cholesterol modified DNA into crystalline arrangements. 
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Figure 1-15 3D DNA Crystal Assembled from Amphiphilic DNA C‑Stars22 

 

1.2.2 Modulation of the Self-assembly of 3D DNA Crystal 

With the successful design and construction of 3D DNA crystals, several different methods 

were developed to modulate the self-assembly process. Paukstelis’s group achieved layer-by-layer 

assembly of DNA crystals (Figure 1-16)23, which is also known as “macro-seeding” in 

crystallography. In the core-shell crystals obtained, guest molecules of fluorescence can be 

covalently attached on specific shell layers. The self-assembly kinetics on specific DNA crystal 

facets was also modulated by Paukstelis group24 and our group25 (Figure 1-17). “Poison” 

oligonucleotides were added during the crystallization process, which selectively passivated 

specific crystal contacts. We also reported that DNA crystals with such modulation experimentally 

achieved higher X-ray diffraction resolution. 
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Figure 1-16 Core-shell Assembly of 3D DNA Crystal23 

 

 

 

Figure 1-17 Modulation of the Crystallization Process of 3D DNA Crystal24,25 
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1.2.3 Stabilization of 3D DNA Crystals 

One important goal for engineering 3D DNA crystals is to realize the precise 3D 

arrangement of molecules and nano-objects by using DNA as a scaffold. However, the 

development for such applications has been hindered by the stability of crystal scaffold. It is always 

hard to accommodate the crystallization buffer condition to the conditions where guest molecules 

are stable and functional. For example, in current crystallization buffers, inorganic nanoparticles 

aggregate, and enzymes lose function. To solve this problem, our group designed a triplex bundle 

around the interacting sticky ends at the crystal contacts. After the stabilization, the crystal can be 

stable in ionic strength of as low as 20 mM of (NH4)2SO4 (Figure 1-18)26. Chemical cross-linking 

was also developed in Seeman’s group by using psoralen modified DNA27 and in Paukstelis’s 

group by using DNA alkylating mustard28 (Figure 1-19). These methods stabilized DNA crystals 

to endure temperatures of as high as around 30 °C. 

 

 

Figure 1-18 Stabilization of 3D DNA Triangle Crystal by Triplex Bundling26 
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Figure 1-19 Enhancement of Thermostability of 3D DNA Crystal by Chemical Crosslinking29 

1.3 Applications of Porous Macromolecular Crystals 

In this section, we will review current applications developed for both protein crystals and 

DNA crystals. While they are both porous crystals assembled from macromolecules, current 

protein crystals were not rationally designed. Therefore, protein crystal scaffolds could not achieve 

as much control and variations in crystal parameters as in DNA crystals. However, the applications 

of protein crystals have been more developed as compared with DNA crystals, mostly because 

robust methods have been set up for a long time to stabilize protein crystals. Crosslinkers like 

glutaraldehyde have been widely used to make stable protein crystals30. In this case, we summarize 

the applications of protein crystals, and this can be the helpful inspiration of what applications 

well-stabilized DNA crystals could potentially achieve. 

1.3.1 Applications of 3D Protein Crystals 

Snow’s group developed various arrangements of guest molecules in the crystal of CJ0 

protein (Figure 1-20)31–33. CJ0 is a putative periplasmic polyisoprenoid-binding protein from 

Campylobacter jejuni. To find the crystals, they screened through the protein data bank (PDB) for 

crystals with large solvent channels. Then they selected the CJ0 crystal with 13 nm diameter pores 

running only in the vertical direction. They have successfully encapsulated gold nanoclusters and 

proteins inside crosslinked CJ0 crystal. The crystal’s mammalian cytocompatibility was also 

evaluated for biotechnology and nanomedicine applications34. 
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Figure 1-20 Au Nanoclusters and GFP Captured in Protein Crystals31,32 

 

Besides scaffolding nano-objects, crosslinked protein crystals were also used to template 

material synthesis. Mann’s group applied crosslinked lysozyme crystals to the synthesis of 

inorganic nanomaterials35 and organic polymers36 (Figure 1-21). Recently Tezcan’s group 

demonstrated a hyper-expandable and self-healing crystal by fusing hydrogel inside the crystal of 

ferritin (Figure 1-22)37. Such protein crystal-hydrogel hybrid can recover their atomic-level 

periodicity even after rounds of reversible expansion. 
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Figure 1-21 Crosslinked Lysozyme Crystals as a Template for Chemical Synthesis38 

 

 

Figure 1-22 Hyperexpandable Crystal Prepared by Fusing Polymer Gel inside Ferritin Crystal37 
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1.3.2 Applications of 3D DNA Crystals 

In 2014, Paukstelis’s group reported the application of DNA crystal as a vehicle for 

biocatalysis (Figure 1-23)39. In the 9-nm-diameter solvent channels, RNase A was encapsulated 

and used to cleave a fluorescent substrate. In 2017, Seeman’s group demonstrated that DNA strand 

displacement could happen inside DNA crystals (Figure 1-24)40. They further built such crystal 

into a three-state device of changing colors. They were also able to arrange organic semiconductors 

inside DNA crystal as a redox switch (Figure 1-25)41. Redox cycling within the crystal switch was 

characterized by Raman microscopy and directly visualized by the change of crystal color. 

 

 

Figure 1-23 3D DNA Crystal as Vehicles for Biocatalysis39 
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Figure 1-24 A Three-states Color DNA Crystals Device by Strand Displacement40 

 

Figure 1-25 A Redox Switch by Organizing Semiconductors inside 3D DNA Crystal41  
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 POST-ASSEMBLY STABILIZATION OF ENGINEERED 

3D DNA CRYSTALS BY ENZYMATIC LIGATION 

2.1 Introduction 

Engineered 3D DNA crystals have been proposed as promising platforms for arranging 

nano-objects into three-dimensional, macroscopic devices. However, the development of such 

applications has been hindered by the crystal stability. Like all macromolecular crystals, DNA 

crystals are fragile and very sensitive to solution conditions. For example, low ionic strength and 

elevated temperature can dissolve the self-assembled crystal. Though methods have been 

developed to stabilize the crystalline scaffold, current methods have lots of limitations. For 

example, the triplex bundling approach requires an acidic pH, while the chemical crosslink 

requires complex DNA modification, and can only increase the crystal stability up to ~ 30 °C. 

Here we developed a simple and highly efficient method to significantly increase the stability of 

engineered 3D crystals. We achieved the stabilization by post-assembly modification. In an 

enzymatic ligation reaction, we were able to convert the reversible, weak sticky-ended cohesions 

at crystal contacts into covalently linked, continuous DNA duplex at high yield throughout the 

crystal. The ligation yield was confirmed from the electrophoresis gel, and the crystal stability was 

tested against low ionic strength, high temperature, dehydration and organic solvents. Ligated 

crystals were also more mechanically robust. We then demonstrate examples showing how ligated 

DNA crystals can easily accommodate the functioning of enzyme and DNA aptamer. 

2.2 Design and Scheme 

Ligation is an essential step in molecular biology to create recombinant DNA, and it has 

been used in DNA nanotechnology to stabilize 2D DNA crystalline6 and produce DNA hydrogels54. 

During ligation, the ends of DNA fragments are joined together by the formation of phosphodiester 

bonds between the 3'-hydroxyl of one DNA terminus with the 5'-phosphoryl of another. For 

engineered DNA crystals, a post-assembly ligation is designed to convert sticky ends at the crystal 

contacts into continuous covalent bonds (Figure 2-1). In this way, individual triangle motifs in the 

crystal are crosslinked in three dimensions, and the hydrogen-bonded network is converted into a 

covalently bonded network. After ligation, the crystal is expected to become much more robust.  
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Figure 2-1 Schematic Drawing of Post-assembly Ligation for DNA Crystal 

 

To achieve such an enzymatic reaction inside 3D DNA crystals, two problems need to be 

addressed. The first problem is to find an appropriate buffer condition. The buffer should have 

high enough ionic strength for native DNA crystals to be stable, and at the same time not inhibit 

the function of DNA ligase. The second one is the steric hindrance. For ligation to happen 

throughout the 3D crystal lattice, crystal pores need to be large enough for DNA ligase to diffuse 

in and bind on the sites to be ligated. For the investigation of these two problems, our work focused 

on two DNA tensegrity triangle designs of 3-turn edge length (sΔ3T) and 4-turn edge length (sΔ4T) 

(Figure 2-2). 

 

 

Figure 2-2 Schematic Design of DNA sΔ3T and DNA sΔ4T 
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2.3 Material and Methods 

2.3.1 DNA Oligonucleotides 

All oligonucleotides were purchased from IDT and purified by 20% denaturing PAGE. 

Purified DNA strands were phosphorylated by T4 polynucleotide kinase (New England Biolabs, 

Inc., NEB) overnight (5 μL kinase (50 units) for every 4 nmol of DNA) in T4 DNA ligase reaction 

buffer (New England Biolabs, Inc., NEB). On the second day, the mixture was phenol extracted to 

remove kinase. Phosphorylated DNA strands were then ethanol precipitated from the solution. The 

pellet was washed and redissolved in water. Then they were desalted by home-made spin columns 

of G25 matrix (Illustra, Sephadex G-25 Superfine DNA Grade). 

sΔ3T-L/ sΔ4T-L, 51 nt: 5’-CGGTATTCACCACGATGCGGTATTCACCACGATGCGGTATTC 

ACCACGATG-3’ 

sΔ3T-M, 31 nt: 5’-CAGCAGCCTGAATACCGCATCGTGGACAGCG-3’ 

sΔ3T-S, 14 nt: 5’-TGCGCTGTGGCTGC-3’ 

sΔ4T-M, 42 nt: 5’-GAAAAACACTGCCTGAATACCGCATCGTGGACTGACTCAAAA-3’ 

sΔ4T-M, 25 nt: 5’- TCTTTTGAGTCAGTGGCAGTGTTTT-3’ 

sΔ5T-L, 84 nt: 5’-TAGATGCGGTCAGTAATTCACCACGAGCTAGATGCGGTCAGTAATTC 

ACCACGAGCTAGATGCGGTCAGTAATTCACCACGAGC-3’ 

sΔ5T-M, 52 nt: 5’-GAAAAACACTGCCTGAATTACTGACCGCATCTAGCTCGTGGACTGA 

CTCAAA-3’ 

sΔ5T-S, 24 nt: 5’- TCTTTGAGTCAGTGGCAGTGTTTT-3’ 

sΔ8T-L, 84 nt: 5’- CGGTCAGTAATTCACCACGAGCTAGATGCGGTCAGTAATTCACCAC 

GAGCTAGATGCGGTCAGTAATTCACCACGAGCTAGATG-3’ 

sΔ8T-L-6H7, 127 nt: 5’-GCTATGGGTGGTCTGGTTGGGATTGGCCCCGGGAGCTGGCtttC 

GGTCAGTAATTCACCACGAGCTAGATGCGGTCAGTAATTCACCACGAGCTAGATGC

GGTCAGTAATTCACCACGAGCTAGATG-3’ 

sΔ8T-M, 84 nt: 5’-GAGGAGCAAACTTCTAACAGCATACTGCCTGAATTACTGACCGCAT 

CTAGCTCGTGGACTGATCGACCTCCTTGAAAGACAGAG-3’ 

sΔ8T-S, 56 nt: 5’- CTCCTCTGTCTTTCAAGGAGGTCGATCAGTGGCAGTATGCTGTTAGA 

AGTTTGCTC-3’ 

aΔ4T-L, 51 nt: 5’-GTAATCGCACCGTCAACTATTGGTCACCTGAACGAGTTCTCCACCAA 

GATC-3’ 
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aΔ4T-L-6H7, 92 nt: 5’-GCTATGGGTGGTCTGGTTGGGATTGGCCCCGGGAGCTGGCt 

GTAATCGCACCGTCAACTATTGGTCACCTGAACGAGTTCTCCACCAA GATC-3’ 

aΔ4T-M1, 42 nt: 5’-ACAAAACACTGCCTGCGATTACGATCTTGGACGAAGCGTCTG-3’ 

aΔ4T-M2, 42 nt: 5’-GACAGTGACAGCCTGACCAATAGTTGACGGACTGACTCAAAA-3’ 

aΔ4T-M3, 42 nt: 5’-GGTGCAAACGACCTGGAGAACTCGTTCAGGACCTACTGCTAC-3’ 

aΔ4T-S1, 25 nt: 5’-TCTTTTGAGTCAGTGGCAGTGTTTT-3’ 

aΔ4T-S2, 25 nt: 5’-CCGTAGCAGTAGGTGGCTGTCACTG-3’ 

aΔ4T-S3, 25 nt: 5’-GTCAGACGCTTCGT GGTCGTTTGCA-3’ 

2.3.2 Crystallization of DNA Triangle Crystals 

For the crystallization of sΔ4T, DNA strands were combined at designed ratio of L: M: S= 

1: 3: 3 in 0.5×TAE/Mg2+ buffer (1×TAE/Mg2+ buffer contains 40 mM Tris base, 20 mM acetic 

acid, 2 mM EDTA and 12.5 mM magnesium acetate, pH 8) by slowly cooling the DNA solution 

from 95 ºC to 22 ºC in 2 hours. The final triangle motif concentration is 2 μM. 5 μL of assembled 

DNA triangle solution was incubated against 600 μL of 5×TAE/Mg2+ solution in a hanging-drop 

setup at 22 °C for 3 days to a week. Rhombohedral shape crystals of 50-200 μm size appeared in 

the drops. For different designs, different drop buffer and reservoir buffer were used to suit the 

best crystallization kinetics. For sΔ3T, the drop buffer and reservoir buffer were 0.5×TAE/Mg2+ 

and 10×TAE/Mg2+; For sΔ5T, they were 1×TAE/Mg2+ and 5×TAE/Mg2+; For sΔ8T and aΔ4T, 

0.2×TAE/Mg2+ and 3×TAE/Mg2+ were used. The crystal size and morphology were examined by 

optical microscopy (OLYMPUS, BX51). 

2.3.3 Native PAGE Analysis 

Native PAGE containing 6% polyacrylamide (19:1 acrylamide/ bisacrylamide) was run in 

Hoefer SE 600 electrophoresis unit at 250 V at room temperature in 1×TAE/Mg2+ buffer for 2-3 

hours. After electrophoresis, the gels were stained by stains-all (Sigma), destained and scanned by 

an office HP scanner. 

2.3.4 Ligation of DNA Triangle Crystals 

Crystals were washed twice by 5×TAE/Mg2+ buffer and then incubated overnight in the 

freshly prepared ligation mixture. The mixture contains 1 mM ATP and 80 units/μL T4 DNA 
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ligase in 5×TAE/Mg2+. After incubation, the crystals were extensively washed and stored in 

5×TAE/Mg2+ buffer. For 8-turn crystals, 2.5×TAE/Mg2+ was used instead for 5×TAE/Mg2+. 

2.3.5 Denaturing PAGE Analysis 

Gels contained 20% polyacrylamide (19:1 acrylamide/ bisacrylamide) and 8.3 M urea were 

run at 55°C. The running buffer 1×TBE consisted of 89 mM Tris base, 89 mM boric acid, and 2 

mM EDTA, pH 8.0. Gels were run in Hoefer SE 600 electrophoresis unit at 600 V (constant 

voltage). For sample preparation, ligated crystals from 5 crystal drops were washed by 

5×TAE/Mg2+ and transferred to 40 μL of formamide. The crystals completed dissolved in 

formamide. Samples were heated at 95 °C for 5 mins before loading into the denaturing gel. 

2.3.6 X-ray Diffraction 

Crystals were transferred by cryoloops into a drop containing the same crystallization 

buffer supplemented with 30% glycerol, and cryocooled by liquid nitrogen. Diffraction data were 

collected at 1.54 Å on a Rigaku RU-H2R rotating anode X-ray machine at Purdue University (the 

detector distance was set as 200 mm). All the data were indexed and refined using HKL200047 to 

determine the unit cell parameters. 

2.3.7 UV Spectrophotometer Measurement of Crystal Melting 

Six to ten ligate crystals were washed by 0.2×TAE/Mg2+ and transferred into a 100 μL 

cuvette. The cuvette was set for 30 mins to let the crystals settle down. Then the absorbance was 

monitored when the cuvette was heating up from room temperature to 85 °C, with temperature 

increasing 1°C per minute. To give dissolved crystal portions more time to diffuse inside the 

cuvette, the temperature was held for one hour at 37°C, 50 °C, 65 °C, 70 °C, 75 °C and 80 °C 

during the elevation process. 

2.3.8 Biocatalysis by HRP Encapsulated in DNA Crystal 

Ligated DNA crystals were incubated with ~20 mg/mL HRP in 0.1 M KH2PO4, pH 6 for 

two days to a week at 4 °C, and then used to catalyze the reaction between ABTS and peroxide. 

The crystal surface was blocked by polylysine to eliminate enzyme leakage by incubating in 5 

µg/mL polylysine, 0.1 M KH2PO4, pH 5 for 1 hour, and washed by incubating overnight in 0.1 M 

KH2PO4, pH 5 before the catalysis reaction. The substrate mixture contained 5 mg/mL ABTS and 
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0.01% H2O2 in 0.1 M KH2PO4, pH 5, and was freshly prepared every day. The catalysis reaction 

was performed either in 5 µL drop for microscope observation or in 100 µL solution for 

spectrophotometer measurement at 414 nm. The crystal was transferred by cryoloop into the drop 

or the cuvette for reaction. For spectrophotometer measurement, the solution in the cuvette was 

pipetted to mix evenly before each data point was taken. 

 

2.3.9 Encapsulation of His-tag Proteins in DNA Crystal 

Ligated DNA crystal with 6H7 aptamer was washed repeatedly by PBS buffer and incubated 

in 5 µL 3.7 µM of 27 kD His tagged GFP or 76 kD His tagged GFP-deaminase in PBS buffer for 

encapsulation. The encapsulation process was examined by fluorescence microscopy 

(OLYMPUS, BX51). 

2.4 Results and Discussion 

2.4.1 Steric Hinderance and Buffer Condition for Successful Ligation 

DNA tensegrity triangles of sΔ3T and sΔ4T were assembled and checked by native PAGE 

analysis at room temperature. Both triangle motifs were successfully assembled at high yield 

(Figure 2-3, Figure 2-4). For the first problem of finding a proper buffer condition, we found that 

although high concentration of monovalent cation (for example, 200 mM NaCl) inhibits ligase 

function, T4 DNA ligase showed no decrease in enzymatic activity at a high Mg2+concentration 

(Figure 2-5). In the solution ligation of sΔ4T triangles, high ligation yield was achieved for Mg2+ 

concentration ranging from 5 mM to 100 mM of Mg2+. In crystallization screening, we also found 

that TAE/Mg2+ buffer was optimal for the crystallization of DNA tensegrity triangles. Therefore, 

the buffer accommodation problem was solved by choosing the TAE/Mg2+ buffer for both DNA 

triangle crystallization and post-assembly ligation. 
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Figure 2-3 Native PAGE (6%) Analysis of DNA sΔ4T Motif 
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Figure 2-4 Native PAGE (6%) Analysis of DNA sΔ3T Motif 
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Figure 2-5 Denaturing PAGE (20%) Analysis for T4 DNA Ligase Activity in Different 

Concentrations of TAE/Mg2+ Buffer. 

 

To solve the problem of steric hindrance for ligation inside DNA crystal lattice, we 

modeled the relative size between DNA crystal pores and the T4 DNA ligase (Figure 2-6). The B-

form DNA duplex in the crystal was represented as 2 nm-diameter rigid rods, and the rods were 

arranged into the crystal scaffold according to the crystallographic symmetry data from X-ray 

diffraction. T4 DNA ligase has a molecular weight of 55.3 kD, and it contains 487 aa. Since no 

crystal structure was known for T4 DNA ligase, we simplified the ligase as a sphere with 5.4 nm 

diameter. By visually comparing the rod model and the sphere, the triangle motif needs to be at 

least three helical turns in edge length to fit the ligase. 

DNA triangles sΔ3T and sΔ4T were crystallized in TAE/Mg2+ buffer to test the ligation 

efficiency inside the crystal lattice (Figure 2-7). The crystals were ligated overnight, dissolved in 

formamide, and then characterized by denaturing PAGE analysis. From the gel, we observed low 

ligation yield for sΔ3T crystals, but sΔ4T crystals were found to be ligated at high yield with a series 

of oligomers up to high molecular weight. These results indicate that DNA tensegrity triangle with 
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an edge length of 4 helical turns of DNA is the smallest DNA triangle design which enables 

ligation inside DNA crystal lattice. 

 

Figure 2-6 Size Comparison between DNA Crystal Pore Aperture and T4 DNA Ligase 

 

Figure 2-7 Denaturing PAGE (20%) for Ligation of DNA sΔ3T and sΔ4T in Solution and in Crystal. 



45 

 

We further characterized the ligation yield of each composing strand in the sΔ4T crystal. 

To ligate only one identity of strand inside the crystal, only the selected DNA strand was 

phosphorylated before the crystal self-assembly. Note here we also noticed that the 5’-

phosphorylation at the crystal sticky ends could significantly change the crystallization kinetics, 

and this was further investigated in more details in the last chapter. All these sΔ4T triangles with 

selective phosphorylation were crystallized successfully (Figure 2-8). In the denaturing gel (Figure 

2-9), we can observe and identify the ligated oligomers from strand M and strand S. Both M and 

S strands were ligated at high yield, with 100% of S strand and 82% of M strand linked into 

oligomers. Minimal ligation was observed for the central strand L, which is probably hindered by 

the close distance between junctions along DNA triangle edge. 

 

Figure 2-8 Optical Images of Different DNA sΔ4T Crystal. Scale bar: 100 µm. 
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Figure 2-9 Denaturing PAGE (20%) for Ligation of Different Combinations of DNA sΔ4T in 

Crystal. 

 

We further found that with an elongated distance between the junctions, the central strand 

can also be ligated with ~100% yield in a 5-turn edge length triangle sΔ5T (Figure 2-10).  

 

Figure 2-10 Schematic Design of DNA sΔ5T and Denaturing PAGE (20%) for Ligation Yield 
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2.4.2 Investigation of Crystal Stability and Mechanical Strength after Ligation 

After post-assembly ligation, DNA sΔ4T crystals had a significant enhancement in their 

stability against low ionic strength and high temperature. Ligated crystal survived for more than 

42 days after transferred into pure water (Figure 2-11, Figure 2-12). At the same time, crystal 

without ligation fully dissolved in 10 mM Mg2+ within one day. Later in X-ray characterization, 

we proved that ligated crystal maintained their morphology and crystallinity even after excessive 

washes by water. However, after incubation in 100 mM EDTA to completely strip Mg2+, ligated 

crystal fully dissolved shortly after transferring into water. These results demonstrated that the 

trace amount of Mg2+ bound on the ligated crystals, which did not simply dissociate by washing, 

sustain the crystal stability. Similar stabilization by trace amount of Mg2+ was also reported for 

DNA origami structures42. In the presence of 2 mM Mg2+, the ligated crystal can endure 65 °C for 

16 hours (Figure 2-11), which is a much higher temperature than previously achieved 33 °C. In 

pure water, ligated crystal dissolved within 1 hour of incubation at 50 °C. The melting of ligated 

crystals at different ionic strength was also monitored by UV spectroscopy (Figure 2-13). The 

melting temperatures may be overestimated because of the lag of diffusion of dissolved DNA from 

the bottom of the cuvette to the light path. 

 

Figure 2-11 Stability Tests for Ligated DNA sΔ4T Crystals. Scale bar: 100 µm. 
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Figure 2-12 Stability of Ligated DNA sΔ4T Crystals Against Ionic Strength. Scale bar: 100 µm. 
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Figure 2-13 Stability of Ligated DNA sΔ4T Crystals Against Elevated Temperature 

 

Ligated DNA sΔ4T crystals also showed increased stability against dehydration, organic 

solvents and enzymatic degradation. While native DNA crystals cracked and fell apart if 

transferred into air, ligated crystals maintained their crystal morphology and crystallinity when 

dried and rehydrated. After being excessively washed with water, the ligated crystal was dried in 

air. The crystal collapsed during drying and quickly expanded to its original shape when rehydrated 

by water. The dehydration could be extended to at least a month at room temperature (Figure 2-

11), and the dehydration-rehydration can be exerted on the ligated DNA crystal for more than five 

cycles without any change in crystal morphology (Figure 2-15). Such property will be very 

advantageous for the storage and transportation of DNA crystal materials. Further X-ray 

experiments proved that ligated crystals maintained most crystallinity after two cycles of dry-

rehydrate-freeze-thaw (Figure 2-15). Ligated and dehydrated DNA crystals were stable in organic 

solvents. After incubation in organic solvents of various polarity and rehydration with water, 

crystals went back to their original morphologies (Figure 2-16). So far formamide is the only pure 

solvent to fully dissolve ligated DNA crystals. The stability of ligated crystals in solvent mixture 

was also investigated, and crystal dissolved in the PBS mixture with DMF and DMSO (Figure 2-

17). As to enzymatic degradation, the ligated crystal was degraded by DNase I at 0.1 unit/μL from 

the periphery and disappeared after 20 mins of room temperature incubation. However, ligated 
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crystals are stable in 100% FBS at room temperature for a week (Figure 2-18). The stability in 

FBS medium will enable further development of ligated DNA crystals as vehicles for drug delivery. 

 

 

 

 

Figure 2-14 Stability of Ligated DNA sΔ4T Crystals Against Dehydration-Rehydration Cycles with 

Water 

 

 

 

 

 

Figure 2-15 Stability of Ligated DNA sΔ4T Crystals Against Dehydration-Rehydration-Freeze-

Thaw and the Change in Crystallinity. Scale bar: 100 µm. 

 

 

 

 



51 

 

 

 

 

Figure 2-16 Stability of Ligated DNA sΔ4T Crystals Against Organic Solvents. Scale bar: 100 µm. 
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Figure 2-17 Stability of Ligated DNA sΔ4T Crystals Against Water: Organic Solvents 1:1 (v:v). 

Scale bar: 100 µm. 

 

 

Figure 2-18 Stability of Ligated DNA sΔ4T Crystals Against Enzymatic Degradation. Scale bar: 

100 µm. 
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During handling, ligated DNA sΔ4T crystals were found to be more mechanically robust 

than native crystals. It is difficult to break ligated crystals apart even by crushing and scratching. 

We intentionally pushed the crystal against the glass slide by cryo-loop and scratched it along the 

surface for tens of times, and the crystal was still intact without any cracks (Figure 2-11). In one 

attempt to analyze ligated sΔ4T motif oligomers by native PAGE, crystals with and without ligation 

were crushed in 1×TAE/Mg2+ buffer to help with crystal dissolution (Figure 2-19). While crushed 

native crystals were rich in small, round-edged broken pieces, crushed ligated crystals were large 

pieces with still sharp edges. Possibly because these pieces were too large to enter the pores of 

polyacrylamide gel, nothing was observed in the lane for ligated crystals, as compared with an 

only single band of sΔ4T motifs for crushed native crystals. The increase in mechanical strength 

makes the crystal handling much easier for downstream applications. 

 

Figure 2-19 Mechanical Strength of Ligated DNA sΔ4T Crystals Against Crushing and Native 

PAGE (6%) Analysis. Scale bar: 100 µm. 

 

2.4.3 Applications of Ligated DNA Crystal for Biocatalysis and Protein Capture 

In previous studies, 3D DNA crystals have been demonstrated for their applications in 

arranging nanoparticles43,44, arranging proteins45 and encapsulating enzymes for biocatalysis39. 

Now with the advance of the stabilization of DNA sΔ4T crystals, many new opportunities open up 

for these applications. For all these applications, the visual tracking of DNA crystals is important, 

and we first investigated how the ligated crystal can be stained and visualized. The ligated DNA 

crystal can be stained well with both fluorescent dyes and colorimetric dyes (Figure 2-20). Because 
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of the enhanced stability of the ligated crystal to accommodate low ionic strength, the potential 

problem that high ionic strength inhibits fluorescent intensity no longer exist. We were also able 

to study the staining kinetics by adding multiple dyes spontaneously (Figure 2-21) or in a stepwise 

fashion (Figure 2-22). 

 

Figure 2-20 Staining of Ligated DNA sΔ4T Crystal by Different Fluorescent Dyes. Scale bar: 100 

µm. 
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Figure 2-21 Staining Kinetics of Ligated DNA sΔ4T Crystal with Fluorescent Dyes EB, YOYO-1 

and Hoechst. Scale bar: 100 µm. 
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Figure 2-22 Stepwise Staining of Ligated DNA sΔ4T Crystal by Multiple Fluorescent Dyes. Scale 

bar: 100 µm. 

 

Next, we demonstrate that ligated DNA crystals can be used as robust biocatalysis vehicles. 

Horseradish peroxidase (HRP) and green fluorescence proteins (GFP) were used in this study, and 

their size and electrostatic potential are compared with the Δ4T crystal lattice (Figure 2-23). When 

native DNA crystals were previously used to encapsulate enzymes for biocatalysis, enzymes need 

to be chosen carefully to make sure that they can function well in the buffers where DNA crystals 

are stable. However, many enzymes aggregate and lose activity in these buffers of high ionic 

strength, and the types of enzymes that can be used are limited. With ligated crystals, we no longer 

have such restrictions. Optimal buffer condition for enzymes can be directly applied to 

immobilized enzymes in the crystal. To prove this idea, we performed seven cycles of biocatalysis 

with HRP enzymes encapsulated in DNA crystal lattice in 100 mM KH2PO4, pH 5 (Figure 2-24). 

The buffer condition was taken from HRP assays, and crystal catalyst showed no change in 
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morphology throughout the catalysis process. The reaction and collection process also benefitted 

from the mechanical strength of the ligated crystal. The reaction mixture with crystal can be stirred 

(600 rpm) to speed up the heterogeneous catalysis process, and the transfer becomes easier without 

worrying about the cracking of crystals. One unusual phenomenon we observed during the 

catalysis is that the crystal turned violet color after the reaction. The reason for the color change is 

still under investigation, but control experiments showed that DNA, HRP and the ABTS reaction 

are all required for the color change (Figure 2-25).  

 

Figure 2-23 Models and Electrostatics of Protein Encapsulation in DNA sΔ4T Crystal. 
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Figure 2-24 Seven Cycles of ABTS Catalysis in DNA sΔ4T Crystal with Horseradish Peroxidase 

(HRP). Scale bar: 100 µm. 

 

 

Figure 2-25 Catalysis Cycles of DNA sΔ4T Crystal with Horseradish Peroxidase (HRP), with (a) 

and without (b) Polylysine Coating 
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Figure 2-26 Control Experiments for DNA sΔ4T Crystal Staining During Catalysis. Scale bar: 100 

µm. 

 

Ligated DNA crystals can also be used to capture and arrange proteins by specific 

interaction. Here we designed a new DNA tensegrity triangle motif with anti-His tag aptamer 

6H755 (Figure 2-27). The optimal ionic condition for the aptamer binding with His-tag proteins is 

50mM K2HPO4, 150mM NaCl, 0.05% Tween 20 (pH 7.5), where native DNA crystals will 

dissociate very fast. Compared with a control design without 6H7 aptamer, we were able to 

concentrate and capture His-tagged GFP proteins inside the crystal lattice. In another design with 



60 

 

larger crystal pores in an 8-turn edge length DNA crystal (detailed designs to be introduced in the 

next chapter), a 76 kD-recombinant protein His-tag-GFP-deaminase was captured.  

 

 

 

 

 

 

 

Figure 2-27 Schematic Design of DNA aΔ4T Triangle with Anti-His-tag Aptamer 6H7 
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Figure 2-28 Protein Encapsulation for Ligated DNA aΔ4T Crystals with Anti-His tag Aptamer 6H7. 

Scale bar: 100 µm. 

 

 

Figure 2-29 Protein Encapsulation for sΔ8T Crystal with 76 kD Protein. Scale bar: 100 µm. 



62 

 

2.5 Conclusions 

We developed an efficient method to prepare robust engineered DNA tensegrity triangle 

crystals by post-assembly ligation. With the optimal buffer condition and the increased crystal pore 

size, DNA crystals can be ligated at high yield. Ligated DNA crystals have enhanced stability over 

harsh solution conditions, and they are also mechanically more robust. Examples in dye staining, 

biocatalysis and protein capture demonstrated that ligated DNA crystals have broad and promising 

downstream applications. We believe our strategy to increase the stability of engineered 3D DNA 

crystals removes one key obstacle in DNA crystal engineering. 
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 MODELING AND STRUCTURAL 

CHARACTERIZATION OF ENGINEERED 3D DNA CRYSTAL 

3.1 Introduction 

For engineered 3D DNA crystals of tensegrity triangles, their X-ray diffraction resolutions 

are experimentally low. As we reported earlier17, the best diffraction resolution was achieved in 

DNA triangles with 2-turn edge length to be around 4 Å. There was a tendency for the DNA 

crystals to diffract worse when the edge length was elongated. Low resolutions make it difficult to 

solve and study the crystal structures by X-ray diffraction, and new methods are required to 

characterize these crystals. Here we show that DNA tensegrity triangle crystals can be 

characterized by TEM imaging and the imaging results were validated with model predictions. 

Either large crystals were crushed into small pieces or microcrystals were prepared by fast 

nucleation, and then they were imaged by negative-stained TEM. The models were either built 

from rigid rods according to unit cell parameters from X-ray diffraction or predicted by finite 

element modeling framework CanDo. High correlations were found between TEM images and 

models. With the initial success of the characterization of 4-turn edge length DNA crystals, we 

further characterized a series of engineered DNA crystals with different edge length up to 8 turns. 

For these DNA crystals, they have pore sizes ranging from ~5 nm to ~20 nm. The 8-turn DNA 

crystal also has ~98% solvent, which is one of the highest solvent contents ever realized in 

crystalline materials. 

3.2 Designs and Schemes 

A series of DNA tensegrity triangles with elongated edge length were designed as shown in 

Figure 3-1. The detailed triangle motif design with sequence are provided in results and discussion 

session to compare with model and TEM images. In enlarged DNA triangle motif designs, the 

routings of the DNA strands are maintained, while the reciprocal exchange positions on each edge 

of the triangles are shifted. The inter-junction distance for 2-turn triangles edge-length triangles 

(Δ2T) is 7 bp, and this distance is elongated to 17 bp for 3-turn and 4-turn triangles, and to 28 bp 

for 6-turn to 8-turn triangles. We also found that larger DNA triangles will need stronger sticky 

ends for self-assembly, possibly because of the increased electrostatic repulsion with larger 
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structures. Therefore, for Δ7T and Δ8T the sticky end overhangs were increased to 3 nt for successful 

crystal self-assembly. 

 

Figure 3-1 Rod Model of DNA Triangle and DNA Crystal Lattice (3×3×3) from 2-turn to 8-turn 

Helical Length 

 

The macroscopic DNA crystals are generally too thick for TEM imaging, and we used cryo-

loop to crush crystals into fine pieces before applying on the TEM grid for imaging. We also 

developed a fast nucleation method for assembling DNA microcrystals. A protocol based on 

LaMer model46 is used. DNA motifs are quickly mixed with equal volumes of 5× to 10× TAE/Mg2+ 

buffer to push the DNA motif concentration high above its saturated solubility. Then burst 

nucleation happens, the motif concentration drops below saturation, and the nuclei continue to 

grow slowly into microcrystals. By controlling the motif and buffer concentration, we can obtain 

microcrystals of suitable size for TEM characterization. 

3.3 Material and Methods 

3.3.1 DNA Oligonucleotides 

In addition to 2.3.1, extra strands: 

sΔ2T-L, 21 nt: 5’-CGCACCGCGCACCGCGCACCG-3’ 

sΔ2T-M, 21 nt: 5’- GAAAAACCTGCGCGGACAAAA-3’ 

sΔ2T-S, 14 nt: 5’- TCTTTTGTGGTTTT-3’ 
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sΔ7T-L, 84 nt: 5’-TAGATGCGGTCAGTAATTCACCACGAGCTAGATGCGGTCAGTAATTC 

ACCACGAGCTAGATGCGGTCAGTAATTCACCACGAGC-3’ 

sΔ7T-M, 74 nt: 5’-GAGGAGCAAACTTCTAACACTGCCTGAATTACTGACCGCATCTAGC 

TCGTGGACTGACTCCTTGAAAGACAGAG-3’ 

sΔ7T-S, 46 nt: 5’- CTCCTCTGTCTTTCAAGGAGTCAGTGGCAGTGTTAGAAGTTTGCTC-

3’ 

3.3.2 TEM Imaging 

Microcrystals of DNA triangle crystals were obtained by mixing an equal volume of 2 μM 

DNA triangles in 0.2×TAE/Mg2+ with 10×TAE/Mg2+. The mixture was incubated overnight at 

room temperature. Crushed crystals were prepared by diluting the crystal drop with 5×TAE/Mg2+ 

and crushing the crystals into small pieces by cryoloop under the microscope. 5 μL of microcrystals 

or crushed crystals were then incubated on glow discharged TEM grid (Formvar/Carbon 400 mesh 

Cu grid) for 10~15 mins for sufficient sample attachment. The grid was blotted by filter paper 

from the side and stained by 3 μL 0.8% uranium formate. Then the grid was quickly blotted again 

and stained with another 3 μL 0.8% uranium formate for 20 s. The grid was finally blotted and 

dried in air. The grids were characterized on FEI Tecnai T20 transmission electron microscope at 

Purdue microscope facility. 

 

3.3.3 Rigid Rod Model for DNA Crystal Lattice 

Rigid rod models for DNA crystals were built in 3dsmax software. All the DNA duplex 

are represented by cylinders of 2 nm diameter, regardless of sequence and nicks. According to the 

design, the duplexes will extend along the three dimensions of DNA crystal. The sites at the rod 

connections and the angles between rods are all calculated from X-ray diffraction data in the 

previous publication17. For the triangles with the same inter-junction length, the relative angles 

between duplexes are assumed to be the same. The models are presented with 3×3×3 and 5×5×5 

unit cells. 
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3.3.4 CanDo Model for DNA Crystal Unit Cell 

CanDo off-lattice prediction48,49 was used to generate atomic models for the unit cells of 

designed DNA tensegrity triangle crystals. CanDo uses a mechanical model of DNA, where the 

model assumes that the double-helix is a homogeneous elastic rod with axial stretching, twisting, 

and bending stiffnesses. The DNA crystal unit cell was firstly drawn by Tiamat50, and then used 

as input for CanDo prediction. The Holliday junction angles were all set as 60°. The generated 

PDB files were viewed in UCSF Chimera51 with surface representation. 

3.4 Results and Discussions 

3.4.1 Characterization of DNA sΔ4T Crystal 

DNA sΔ4T crystals with and without ligation both can only diffract to around 15 Å (Figure 

3-2) on a home source X-ray diffractor. There is little change in the crystallographic symmetry 

and unit cell parameters before and after ligation, from the index of one X-ray diffraction frame. 

However, from these low-resolution diffraction data, we can hardly extract more detailed DNA 

crystal structure information. 

 

Figure 3-2 X-Ray Diffraction Resolution and Index of DNA sΔ4T Crystal 

 

From the X-ray diffraction information, rod models were constructed in 3ds max. An 

atomic model was also predicted by CanDo from only DNA sequence and cohesion information. 
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By comparison, we can see these two models demonstrated almost the same crystal arrangement 

(Figure 3-3). These crystal models were rotated in 3D space to correlate with the TEM images of 

DNA crystals viewed from different perspectives. 

 

Figure 3-3 CanDo Model and Rod Model of DNA sΔ4T Crystal 

 

In the TEM imaging of crushed DNA sΔ4T crystals, crystal pieces of around 200 nm can 

be found (Figure 3-4). In the zoom-in images, we can observe hexagonal-shaped patterns in the 

crystalline arrays. The repeating distance is very close to CanDo model. By imaging the sΔ4T 

microcrystals, we were able to image on different regions of a 3D DNA single crystal (Figure 3-

5). It was found that the exposing facets in the microcrystals are all <100> planes in the 

rhombohedral shape, and the three duplex orientations in the tensegrity triangle motif are on the 

same direction as the crystallographic axes of the crystal. Different patterns observed in TEM 

images can be correlated with the projection of the crystal model from different perspectives 

(Figure 3-6). SΔ4T crystal was also imaged after ligation and no change was observed to the crystal 

lattice (Figure 3-7). The crushed crystals were also characterized by TEM tomography to show the 

internal channels (Figure 3-8) and by cryo-EM imaging (Figure 3-9). 
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Figure 3-4 Atomic Model and TEM Imaging of DNA sΔ4T Crystals 

 

 

Figure 3-5 Optical Imaging and Negative-Stained TEM Imaging of DNA aΔ4T Microcrystals 
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Figure 3-6 Zoom-in and FFT Reconstructed TEM Images of DNA aΔ4T Crystals 

 

 

 

 

Figure 3-7 Negative-Stained TEM Imaging of DNA sΔ4T Crystals after Ligation 
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Figure 3-8 TEM Tomography Analysis of DNA sΔ4T Crystals 

 

Figure 3-9 CryoEM Imaging and FFT Reconstruction of DNA sΔ4T Crystals 
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3.4.2 Characterization of DNA sΔ2T to sΔ8T Crystal 

Using the same characterization workflow, we characterized DNA triangle crystals from 

DNA triangles of increasing edge length, including 2-turn (Figure 3-10, 11), 3-turn (Figure 3-12, 

13), 5-turn (Figure 3-14,15,16), 7-turn (Figure 3-17, 18, 19) and 8-turn triangles (Figure 3-20, 

21,22). For each type of crystal, the atomic model was built for the crystal unit cell, and the 

theoretical repeating distance was compared with the distance measured from TEM images. For 

larger single crystalline lattice in a microcrystal, the rod model with extended lattice was used to 

correlate with different regions on the microcrystal. At last, we put the TEM images of all designs 

at the same length scale, and the significant increase in pore size from ~5 nm to ~20 nm can be 

observed (Figure 3-23). 

 

Figure 3-10 Design Scheme, Atomic Model and TEM Imaging of DNA sΔ2T Crystals 
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Figure 3-11 TEM Imaging of DNA sΔ2T Crystals Compared with Rod Model 
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Figure 3-12 Design Scheme, Atomic Model and TEM Imaging of DNA sΔ3T Crystals 
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Figure 3-13 TEM Imaging of DNA sΔ3T Crystals Compared with Rod Model 
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Figure 3-14 Design Scheme of DNA sΔ5T 

 

 

Figure 3-15 Atomic Model and TEM Imaging of DNA sΔ5T Crystals 
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Figure 3-16 TEM Imaging of DNA sΔ5T Crystals Compared with Rod Model 
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Figure 3-17 Design Scheme of DNA sΔ7T 
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Figure 3-18 Atomic Model and TEM Imaging of DNA sΔ7T Crystals 

 

 

Figure 3-19 TEM Imaging of DNA sΔ7T Crystals Compared with Rod Model 
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Figure 3-20 Design Scheme of DNA sΔ8T 
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Figure 3-21 Atomic Model and TEM Imaging of DNA sΔ8T Crystals 
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Figure 3-22 TEM Imaging of DNA sΔ8T Crystals Compared with Rod Model 
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Figure 3-23 Comparison of DNA sΔ2T, sΔ3T, sΔ4T, sΔ5T, sΔ7Tand sΔ8T Crystal Pore Size by TEM 

Images at the Same Scale 

3.5 Conclusions 

Combining DNA structure modeling and TEM imaging, we solved the problem for the 

characterization of engineered DNA crystals with limited X-ray diffraction resolution. Our 

strategy will be highly applicable to other DNA crystal designs, such as non-equilateral DNA 

triangle crystals. Our work also facilitated the characterization during downstream 

functionalization of DNA crystals, such as arranging inorganic nanoparticles and enzymes inside 

the DNA crystal lattice. 
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 CONTROLLED LIGATION OF ENGINEERED 3D DNA 

CRYSTALS FOR NOVEL DNA MATERIALS 

4.1 Introduction 

In Chapter 2, we demonstrated that enzymatic ligation is an efficient post-assembly method 

to create covalent linkages at DNA crystal contacts and make robust crystals, and ligation enabled 

us to convert the weak, reversible sticky-ended cohesions into strong, covalent bonds. In nature, 

there are molecular crystals and covalent crystals, and there are also condensed matters with a 

coexistence of weak and strong interactions. One example is graphite, which has a layered structure: 

strong covalent bonds hold carbon atoms into honeycomb lattices in the same layers, while weak 

van der Waals forces stacked the layers onto one another. These materials inspired us to apply our 

ligation approach in a controlled manner to prepare similar material from engineered 3D DNA 

crystals, by selectively converting specific regions of the 3D crystal into covalent bonds. Here we 

show that the post-assembly ligation can be applied with directional control and spatial control in 

a 3D DNA crystal, and this leads to the preparation of a series of new DNA-based materials, 

including DNA chains and microtubes, DNA crystals with shelled morphology, as well as a 

reversibly expandable DNA crystal responsive to ionic strength. These DNA materials are 

inaccessible from other approaches.  

4.2 Designs and Schemes 

The first part of the design is to ligate the DNA crystal at the crystal contacts only in 

predesigned directions (Figure 4-1, first row). In a DNA tensegrity triangle, the three pairs of sticky 

ends are along the three crystallographic axises of the macroscopic crystal. Therefore, we can 

individually control each sticky end pair, for example, by their phosphorylation states, to make 

ligation only happen at the selected pairs, and this will lead to the ligation of selected directions in 

the macroscopic crystals. A DNA tensegrity triangle with asymmetric sequence was designed for 

this purpose (Figure 4-2). The triangle has three different pairs of sticky ends. For example, if we 

only want to ligate the direction of the GT/AC sticky ends, we will only phosphorylate M1 and S3 

strands when assembling the DNA crystal. We can select either to ligate in only one dimension or 
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in two dimensions. Further dissociation process can break apart sticky-ended cohesion on other 

dimensions and extract low-dimensional structures from the 3D crystal. 

 

Figure 4-1 Dimensional and Spatial Controlled Ligation of DNA Crystals 

 

We can also control ligation in 3D space by modulating the ligation kinetics and dose. It 

has also been observed in protein crystals that controlled crosslinking can result in “crystal 

containers” with a shell morphology32. Moreover, if this is combined with macro-seeding23, which 

enables the self-assembly of extra crystal layers around the periphery of an existing crystal seed, 

we expect to obtain even more complicated crystal morphologies such as yolk-shell and multiple 

shells (Figure 4-1, second row).  

 

Figure 4-2 Design Scheme of DNA aΔ4T 
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4.3 Materials and Methods 

4.3.1 DNA Oligonucleotides 

In addition to 2.3.1, extra strands: 

aΔ4T-L-6H7, 51 nt: 5’-

GTAATCGCACCGTCAACTATTGGTCACCTGAACGAGTTCTCCACCAAGATC-3’ 

aYΔ4T-M1, 42 nt: 5’-CAAAAACACTGCCTGCGATTACGATCTTGGACGAAGCGTCTG-3’ 

aYΔ4T-M2, 42 nt: 5’-AGCAGTGACAGCCTGACCAATAGTTGACGGACTGACTCAAAA-3’ 

aYΔ4T-M3, 42 nt: 5’-CCTGCAAACGACCTGGAGAACTCGTTCAGGACCTACTGCTAC-3’ 

aYΔ4T-S1, 25 nt: 5’-CTTTTTGAGTCAGTGGCAGTGTTTT-3’ 

aΔ4T-S2B, 25 nt: 5’-GGGTAGCAGTAGGTGGCTGTCACTG-3’ 

aYΔ4T-S3, 25 nt: 5’-TGCAGACGCTTCGT GGTCGTTTGCA-3’ 

4.3.2 Native PAGE Analysis 

Native PAGE containing 6% polyacrylamide (19:1 acrylamide/ bisacrylamide) was run in 

Hoefer SE 600 electrophoresis unit at 250 V at room temperature in 1×TAE/Mg2+ buffer for 2-3 

hours. After electrophoresis, the gels were stained by stains-all (Sigma), destained by light and 

scanned by an office HP scanner. 

4.3.3 AFM Imaging 

AFM images are captured by MultiMode 8 (Bruker) using ScanAsyst-fluid mode with 

ScanAsyst-fluid+ probes (Bruker) and ScanAsyst-air mode with ScanAsyst-air probes (Bruker). 

Parameters such as set-point and gains are automatically adjusted by software to optimize imaging 

conditions. For the 1D DNA triangle chains, 10 µL of exfoliated chains in 50 mM NaCl from a 

single crystal was applied on polylysine-treated mica, and 50 mM NaCl was used as imaging 

buffer. For expanded DNA crystal and DNA microtubes, they were fully dried on freshly cleaved 

mica and imaged in air. 

4.3.4 TEM Imaging 

TEM grid (Formvar/Carbon 400 mesh Cu grid) were glow discharged for 30 s, and DNA 

samples were incubated in the grid for 10~15 mins for sufficient sample attachment. The grid was 

blotted by filter paper from the side and stained by 3 μL 0.8% Uranium Formate. Then the grid 
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was quickly blotted again and stained with another 3 μL 0.8% Uranium Formate for 20 s. The grid 

was finally blotted and dried in air. The grids were characterized on FEI Tecnai T20 transmission 

electron microscope at Purdue microscope facility. 

4.3.5 Fluorescence Imaging 

The crystals were stained by 0.5~1 µM YOYO-1 for 1~2 min and then examined by optical 

microscopy (OLYMPUS, BX51) at 460~490 nm excitation wavelength. 

4.4 Results and Discussions 

4.4.1 Assembly of DNA aΔ4T 

The self-assembly of DNA aΔ4T with different phosphorylation sites was checked by native 

PAGE. They all result in high assembly yield of the triangle product with minimal partial 

assemblies, as compared with the sΔ4T assembly for control. 

 

Figure 4-3 Native PAGE (6%) Analysis of DNA aΔ4T 
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4.4.2 Preparation of 1D DNA Nanochains 

DNA aΔ4T crystals were ligated at GT/AC sticky ends, washed, and then dissociated at low 

ionic strength (Figure 4-4 a). The crystal fully dissolved in water but remained intact in 100 mM 

NaCl even after overnight incubation. 50 mM NaCl was selected as a mild condition to dissociate 

the 3D crystals into 1D chains. The chains are about 1.5 nm high, 15 nm wide and about 1 µm in 

length (Figure 4-4 b). Their length did not reach the dimension of the 3D crystal because of the 

restriction from ligation yield, where any single sticky ends not ligated will break a continuous 

chain. 

 

Figure 4-4 1D Chains Prepared from 1D Ligated DNA aΔ4T Crystals 

 



88 

 

4.4.3 1D-reversibly Expandable DNA Crystal 

DNA aΔ4T crystals were ligated at GT/AC and GA/TC sticky ends, which will turn the 

crystal into a very similar structure as graphite: the covalently ligated 2D arrays were connected 

layer by layer with sticky ends into a 3D crystal. Our initial purpose was to exfoliate the 2D DNA 

arrays from the 3D crystal, which is an analog to the exfoliation of graphene from graphite. 

However, when the crystal was exposed to low ionic strength, instead of exfoliation, we observed 

an unexpected expansion along the exfoliation direction. The crystal expansion was highly 

reversible by controlling with EDTA and Mg2+ for seven cycles (Figure 4-5). During the expansion 

and contraction, wrinkles and large cracks formed during the transition, and then self-healed at the 

fully expanded or contracted state. The critical ionic strength for crystal exfoliation to happen was 

found to be 30~50 mM NaCl. 

 

Figure 4-5 Expansion of 2D Ligated DNA aΔ4T Crystals in Response to Ionic Strength. Scale bar: 

100 µm. 

 

Based on our observation, we proposed a “crack formation” hypothesis and attributed the 

expansion as a result of abundant nano-sized cracks from the stochastic breaking of sticky end 
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interaction (Figure 4-6). The crack formation mechanism consists of several steps. 1: Original 2D 

ligated crystal at high ionic strength (> 50 mM NaCl); 2: At low ionic strength (<30 mM NaCl), 

cracks formed in the crystal because of the weakening of sticky end interaction and the electronic 

repulsion from DNA phosphate backbone; 3. Cracks grow large until they meet with each other, 

and bump up the meeting region; 4: Along the vertical direction, cracks shift and rearrange to 

release the strain from neighboring cracks; 5: Cracks gradually rearrange to optimal positions 

where strain is released and the “bumped up” regions self-heal to be smooth and flat. Crystals 

continue to expand until the elastic force to restrict cracking and electrostatic repulsion reach a 

force equilibrium. The cracks arrangement may end up being similar to a “kirigami” pattern (a 

Japanese paper art) where the strain can be minimized. From 5 back to 1, the cracks are healed 

when the sticky ends between layers are reannealed at enough ionic strength. By AFM imaging, 

we found cracked layers as proposed on the expanded crystal (Figure 4-7). 

Similar to the interaction between DNA origami structures52, it is reasonable that the 

interactions between neighboring ligated 2D layers have been strengthened by the millions of 2-

bp sticky ends. The strong multivalent interactions make the 2D layers hard to fully dissociate. 

Compared with previously reported expandable ferritin crystals transfused with polymer gels37, 

our expandable DNA crystal is basing on very different expansion mechanism, and the expansion 

can specifically happen along the designed dimension of the crystal. 
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Figure 4-6 Crack Formation Mechanism for the Expansion of 2D Ligated DNA aΔ4T DNA Crystal. 

Scale bar: 100 µm. 
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Figure 4-7 AFM Characterization of Expanded DNA Crystal 

 

4.4.4 Exfoliation of Microtubes from 3D DNA Crystal 

A revised crystal design which consists of two different DNA triangle layers was used for 

exfoliation study (Figure 4-8). In the design, the triangle EX can be ligated along two directions, 

while triangle EY cannot be ligated at any sticky ends. We hypothesize that when such a crystal is 

dissociated at low ionic strength, EY triangles can easily dissociate into the solution because of 

entropy, leaving the 2D layers covalently linked from EX layers exfoliated. Moreover, since the 

sticky ends above and below the EX 2D layers are not compatible with each other, they will not 

stick to each other as in the design from single DNA triangle. In experiment, when the crystal was 

looped into water, it opened up into countless slices as an open book (Figure 4-9). Some pipetting 

was applied to mechanically help the dissociation, and bunches of linear structures of similar 

length were obtained. By TEM and AFM imaging we further confirmed that these are microtubes 

coiled from DNA 2D layers (Figure 4-10, 4-11). The results demonstrated that exfoliation was 

successfully achieved, and the 2D layers possibly coiled up because of the internal strain when 

motifs were covalently linked.  
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Figure 4-8 Schematic Design of DNA Triangles X, Y for 2D Alternative Self-assembly of DNA 

Crystals 
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Figure 4-9 Schematic Drawing and Fluorescence Images of DNA Microtubes Exfoliated from 2D 

Ligated DNA aΔ4T Crystals. Scale bar: 100 µm. 

 

 

 

 

 

 

 



94 

 

 

 

 

 

 

Figure 4-10 TEM Imaging of Exfoliated DNA Microtubes 
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Figure 4-11 AFM Images in Air of Exfoliated DNA Microtubes 
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4.4.5 Preparation of DNA Crystals with Shell Morphology 

Ligation was controlled spatially for producing crystals with complex morphologies. For 

the ligation of DNA sΔ4T crystals under current conditions, if the ligation time is shortened to 8~10 

mins of ligation, followed by quick dissolution in water for regions that are not yet ligated, the 

morphology of a DNA crystal shell can be obtained. The inner spherical profile of the crystal shell 

is potentially the diffusion front of DNA ligase when they go inside the crystal from the periphery. 

Combing this spatially selective ligation and macros-seeding, we successfully prepared more 

complicated crystal morphologies such as yolk-shell and multi-shell crystals. This is the first time 

that these morphologies have been realized for DNA crystals. 

 

Figure 4-12 Preparation of DNA Crystals with Shell Morphology. Scale bar: 100 µm. 

4.5 Conclusions 

We demonstrated the preparation of new DNA nanomaterials by directional and spatial post-

assembly ligation in engineered 3D DNA crystals. The combination of weak sticky-ended 

cohesions and the strong covalent bonds is the key for such preparation. 1D DNA chains, DNA 

microtubes, 3D DNA crystals with complex architectures, as well as reversibly expandable, self-

healing DNA crystals were obtained. These new DNA materials derived from engineered 3D DNA 

crystals are promising candidates for applications such as drug delivery, drug encapsulation and 

release, and chemical switches. 
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 MODULATING THE SELF-ASSEMBLY OF DNA 

CRYSTALS BY 5’-PHOSPHORYLATION 

5.1 Introduction 

With recent successful designs of 3D DNA crystals17–20, there is a strong need for the 

development of approaches to control their crystallization habit, such as the required ionic strength 

for crystallization, crystallization kinetics and the crystal morphology, to meet complicated 

applications. One current approach is to design specific blocking strands to slow down the 

crystallization kinetics of the DNA crystals24,25. This approach has obtained different crystal 

morphologies as well as larger crystals with modestly higher resolution. In contrast to slowing 

down the crystallization, here we report another approach to speed up DNA crystallization kinetics. 

We found that 5’-phosphorylation of DNA sticky ends at the crystal contacts can speed up the self-

assembly process in multiple DNA crystal designs, including DNA tensegrity triangle crystals as 

well as a crystal from DNA duplex. With 5’-phosphorylation, the crystallization of DNA tensegrity 

triangle crystals can happen at much lower ionic strength, and the crystal morphologies can be 

finely tuned by selectively enhancing the crystallization kinetics on certain directions. With this 

approach, we can now better tune the kinetics of DNA crystallization. 

5.2 Designs and Schemes 

Previously, it was reported that 5’-phosphorylation of DNA tensegrity triangle could 

improve the X-ray diffraction resolution of the DNA crystals53. During the development of the 

post-assembly ligation, we unexpectedly observed an enhanced crystallization kinetics of the 

phosphorylated DNA triangle sΔ4T in the TAE/Mg2+ buffer system (Figure 5-1). Therefore, based 

on our observation, we hypothesized that 5’-phosphorylation could promote the self-assembly of 

DNA triangular motifs. We further tested this idea by the crystallization kinetics of DNA crystal 

sΔ2T and sΔ3T (design schemes in Figure 3-10 and Figure 3-12). In an asymmetric DNA crystal 

aΔ4T (Figure 4-2), we hypothesized that selective phosphorylation in certain directions of the 

crystal can promote the crystal self-assembly along selected directions, which will in turn change 

the crystal morphology.  
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Figure 5-1 Design Scheme of DNA sΔ4T and Potential Phosphorylation Sites 

 

5.3 Materials and Methods 

5.3.1 DNA Oligonucleotides 

In addition to 4.3.1, extra strands: 

309D, 10 nt: 5’- CGACGATCGT-3’ 

5.3.2 Crystallization of DNA Triangle Crystals 

For the crystallization of sΔ4T, DNA strands were combined at designed ratio in 0.2×, 0.5, or 

1×TAE/Mg2+ buffer by slowly cooling the DNA solution from 95 ºC to 22 ºC in 2 hours. The final 

triangle motif concentration is 2 μM. 5 μL of assembled DNA triangle solution was incubated 

against 600 μL of 1× to 10 ×TAE/Mg2+ solution in a hanging-drop setup at 22 °C for two weeks. 

For other designs, different drop buffers and reservoir buffers are specified in the discussion 

section. The crystal morphology was examined by optical microscopy (OLYMPUS, BX51). 
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5.3.3 Crystallization of DNA Duplex Crystal 

The 10-nt self-complementary DNA strand 309D (PDB: 309D) was diluted to 0.5~2 mM in 

water, and then mixed with equal volume of Natrix/Natrix2 crystallization screens (Hampton) for 

the hanging drop crystallization setup. The corresponding precipitants according to Natrix/Natrix2 

formulations were applied as reservoir buffer. Crystallization states were examined by optical 

microscopy (OLYMPUS, BX51). 

5.4 Results and Discussions 

5.4.1 Crystallization Diagram of DNA sΔ4T Crystal 

We used the sΔ4T crystal as a system to extensively explore the crystallization diagram. 

Results revealed that 5’- phosphorylation can promote the crystallization at low ionic strength 

where original triangle motifs cannot crystallize. Three different motifs to buffer ratios were used 

in the hanging drop, while they were incubated against a sequence of increasing concentration of 

reservoir buffer. Four combinations were screened: no phosphorylation (T-0), only 

phosphorylation on M strand (T-pM), only phosphorylation on S strand (T-pS) and 

phosphorylation on both L and S (T-pMS). The aim is to find out the critical condition for 

crystallization to happen, thus the solubility line. The results of the screening are presented in 

crystallization diagrams as shown in Figure 5-2. For the samples starting from identical drop 

condition, their representing data points will end up on the same line in the diagram. The solubility 

line is conceptually demonstrated by crossing the gaps between crystallization and clear drop 

conditions. From the diagrams, we can observe a clear trend that the solubility line is moving 

towards lower motif and buffer concentration from T-0 to T-pM /T-pS and T-pMS. While the 

lowest motif and buffer concentration are identified as 32 µM and 5×TAE/Mg2+ for the 

crystallization of T-0, after 5’-phosphorylation of M and S, the crystallization of T-pMS can 

happen at 2 µM concentration in 1×TAE/Mg2+ buffer (Figure 5-3). The phosphorylation of the L 

strand has very little effect on the crystallization kinetics, possibly because the modification site is 

far away from crystal contacts.  



100 

 

 

Figure 5-2 Crystallization Diagram of DNA sΔ4T with Different Phosphorylation Sites 

 

Figure 5-3 Optical Images of DNA sΔ4T Crystals with Different Phosphorylation Sites 
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5.4.2 Selectively Phosphorylation in DNA aΔ4T Crystal 

Nucleation and crystal growth are two major steps in crystallization. The experiments in 

DNA sΔ4T Crystal demonstrates that the crystal nucleation can be promoted by 5’phosphorylation. 

Here we used the DNA aΔ4T crystal to study the effect of phosphorylation on crystal growth. 

5’phosphorylation was applied in selected pairs of sticky ends, and we did observe evident change 

in DNA crystal morphology with different combinations of phosphorylation sites (Figure 5-4). The 

crystals maintain the angles in rhombohedral morphology, while the relative length on the three 

crystallographic axes changed sharply. 

 

Figure 5-4 Optical Images of DNA aΔ4T Crystals with Different Phosphorylation Sites. Scale bar: 

100 µm. The three pairs of sticky ends are marked on images, and the “p” prefix means the sticky 

ends are phosphorylated. 

 

Data analysis of the crystal morphology proved that crystal growth is also enhanced by 5’-

phosphorylation. Since we have no evidence how the sticky ends correspond to the crystal axes, 

we measured the crystal dimension in each design, and mathematically fit the length to the growth 
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rate of each sticky end. We assume that there are 6 different growth rates for the six different sticky 

ends: GG, GT, GA, pGG, pGT, pGA (The sticky ends are represented by only one overhang, and 

“p” prefix means phosphorylated). Then their values were tried as integers from 1:1:1:1:1:1 to 

20:20:20:20:20:20, and the set of value that can best fit the experimental data was selected. The 

best fitting result turns out as GG:GT:GA:pGG:pGT:pGA=6:4:3:20:18:2. Further macro-seeding 

experiment proved that the shortest dimension in aΔ4T crystals is from GA base pairs, which is 

consistent with the fitting results. Moreover, we can also tell from the value that the crystal growth 

along GG and GT directions were speeded up for 3~4 times after phosphorylation. This agrees 

with our hypothesis. The trend is not clear for GA and pGA sticky ends, possibly because of the 

dimension is very short and there is significant variance in measurement. Based on these results 

we demonstrate a morphology evolution process for the aΔ4T crystal with stepwise increase of 

phosphorylated strands. We found that when only one overhang in the sticky end is phosphorylated, 

the crystallization kinetics fall between no phosphorylation and full phosphorylation. This result 

can be applied for the fine-tuning of crystal growth kinetics. 

 

 

Figure 5-5 Measurement of DNA aΔ4T Crystals Dimensions from Optical Images 
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Figure 5-6 Macro-seeding Experiment to Identify Sticky End Direction. Scale bar: 100 µm. 

 

 

Figure 5-7 Morphology Evolution of DNA aΔ4T Crystals with Stepwise Increased Phosphorylation 

Sites. Scale bar: 100 µm. 
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5.4.3 5’-Phosphorylation in Other DNA Crystals 

Similar modulation in crystallization kinetics was also observed for DNA sΔ2T and sΔ3T 

crystals (Figure 5-8, Figure 5-9). For example, original sΔ2T triangles did not crystallize when the 

reservoir buffer concentration was lower than 10×TAE/Mg2+, and the phosphorylated sΔ2T 

crystallized when the reservoir buffer was only 3×TAE/Mg2+. 

 

 

Figure 5-8 Crystallization Screening for DNA sΔ2T with and without Phosphorylation 

 

 

Figure 5-9 Crystallization Screening for DNA sΔ3T with and without Phosphorylation 
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In a DNA crystal assembled from from DNA duplex by sticky-ended cohesion, 5’-

phosphorylation can also modulate its crystallization behavior (Figure 5-10). In a crystallization 

screening, 309DP, the duplex with 5’-phosphorylation, demonstrated much stronger tendency to 

interact than the 309D duplex without phosphorylation. The comparison can be made for the two 

versions at the same crystallization buffer condition. Despite the conditions where both strands 

behaved similarly, 309DP strand aggregated while 309D formed crystals, and 309DP formed 

crystals or aggregated while the 309D drop was still clear. From the screening results, we can 

conclude that 5’-phosphorylation has enhanced the interaction between DNA duplex motifs. 

 

Figure 5-10 Crystallization Screening for DNA Duplex Crystals with and without Phosphorylation 

5.5 Conclusions 

5’-phosphorylation can speed up the crystallization kinetics of DNA tensegrity triangle 

motifs. Experimental data showed that both the crystal nucleation and the crystal growth were 

promoted after the sticky ends at the crystal contacts were phosphorylated. With such modulation, 

we can now obtain DNA crystals at much lower ionic strength, and finely tune the crystal 

morphology by selective phosphorylation (Figure 5-11). Our finding will serve a useful tool to 

engineer the self-assembly kinetics of DNA crystals. 
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Figure 5-11 Scheme of Modulated DNA Crystal Self-assembly by 5’-Phosphorylation 
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