
Design and Study of Hybrid DNA Nanostructures and Complex 3D DNA Materials 

by 

Raghu Narayanan Pradeep 

 

 

 

 

 

A Dissertation Presented in Partial Fulfillment  

of the Requirements for the Degree  

Doctor of Philosophy  

 

 

 

 

 

 

 

 

 

 

Approved April 2021 by the 

Graduate Supervisory Committee:  

 

Hao Yan, Co-Chair 

Nicholas Stephanopoulos, Co-Chair 

Yan Liu 

Jeremy Mills 

 

 

 

 

 

 

 

 

 

ARIZONA STATE UNIVERSITY  

May 2021 



  i 

ABSTRACT  

   

 Over the past four decades, DNA nanotechnology has grown exponentially from a 

field focused on simple structures to one capable of synthesizing complex nano-machines 

capable of drug delivery, nano-robotics, digital data storage, logic gated circuitry, nano-

photonics, and other applications. The construction of these nanostructures is possible 

because of the predictable and programmable Watson-Crick base pairing of DNA. 

However, there is an increasing need for the incorporation of chemical diversity and 

functionality into these nanostructures. To overcome this challenge, this work explored 

creating hybrid DNA nanostructures by making self-assembling small molecule/protein-

DNA conjugates.  

In one direction, well studied host-guest interactions (i.e. cucurbituril[7]-

adamantane) were used as the choice of self-assembling species. Binding studies using 

these small molecule-DNA conjugates were performed and thereafter they were used to 

assemble larger DNA origami nanostructures. Finally, a stimulus responsive DNA nano-

box that opens and closes based on these interactions was also demonstrated. In another 

direction, a trimeric KDPG aldolase protein-DNA conjugate was probed as a structural 

building block by assembling it into a DNA origami tetrahedron with four cavities. This 

hybrid building block was thereafter characterized by single particle cryo-EM and the 

resulting electron density map was best fit by simulating origami cages with varying 

number of proteins (ranging from 0 to 4). 

Next, to increase access and for larger democratization of the field, an automation 

designer software tool capable of making DNA nanostructures was made. In this work, the 

focus was on making curved 3D DNA nanostructures. The last direction probed in this 
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work was to make optical metamaterials based on complex 3D DNA architectures. 

Realization of a self-assembled 3D tetrastack geometry is still an unachieved dream in the 

field of DNA self-assembly. Thus, this direction was probed using DNA origami 

icosahedrons. Finally, the work covered in my thesis probes multiple directions for 

advancing DNA nanotechnology, both fundamentally and for potential applications.  
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CHAPTER 1 

INTRODUCTION 

1.1 Self-assembly and Biomimetics  

 Self-assembly is a process where molecules/macromolecules/polymers/cells self-

organize themselves into different architectures. Nature is filled with such examples of 

self-assembling functional entities, starting from the fundamental building block of life: 

the cell. As inquisitive beings as humans are, this fundamental building block has been, 

and continues to be, investigated in detail for its organization and function. This marvel of 

a living entity, just a few micrometers in size, still manages to inspire and excite a wide a 

range of scientists across the world. In the pursuit of better understanding of these self-

assembled systems, there has been a large interest in biomimicry. Taking inspiration from 

these naturally occurring examples, programmable self-assembling systems are one key 

direction that has inspired scientists in the past 50 years. Deoxyribonucleic acid (DNA) is 

one such example of a programmable self-assembling building block.     

 

1.2 DNA Nanotechnology  

DNA is a macromolecule polymer that forms a double helix composed of two 

antiparallel strands held together by hydrogen bonds 2. These hydrogen bonds are highly 

specific, and take place between the constituent purines and pyrimidines, a phenomenon 

known as Watson-Crick base pairing 2 (Figure 1.1). The specific nature of these hydrogen 

bonds makes them programmable, and this property is of key interest to scientists 

interested in biomimetics. Using these predictable and programmable interactions of 

DNA, the field of DNA nanotechnology was born in 1982 5. 
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Figure 1.1: Structure of DNA: Illustration of B-form DNA7 showing two antiparallel 

strands and the programmable Watson-Crick base pairing. 

 

Roughly 40 years ago, Nadrian Seeman envisioned building programmable 3D 

crystals by making a repeating DNA structural lattice via a bottom-up approach. Thus, he 

started looking at various fundamental DNA building blocks that could achieve this goal. 

The first direction was to look at immovable Holliday junctions that could be used for 

constructing rigid 3D lattices 5 (Figure 1.2 A (ii)). Later, he considered individual DNA 

building blocks that could grow into repeating lattices, also popularly known as the DNA 

tile approach. This method is essentially the formation of individual bricks that could 

grow and make large repeating lattices. The earliest example in this direction was the 
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invention of double crossover tiles also known as DX (double crossover antiparallel) and 

PX (paranemic crossover) tiles 9 (Figure 1.2 A).  These tiles and other 2D tiles like TX 

(triple crossover) 10, were envisioned as building blocks of large 2D structures with a 

repeating building block. The first such demonstration in this direction was done by 

Winfree and Seeman in the year 1998 when they demonstrated the growth of 2D lattices 

using these DX tiles  (Figure 1.2 B) 12. Later on Seeman and other scientists went on to 

make branched 2D tiles, which have also demonstrated the capability of growing into 

large 2D lattices or even quasicrystals 14.  
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Figure 1.2: 1D and 2D Motifs used in DNA nanotechnology: A) 1D motifs11 (i) Double-

stranded DNA (DS). (ii) Holliday junction (HJ), a four-arm junction that results from a 

single reciprocal exchange between double helices. (iii) Double-crossover (DX) molecule 

(iv)Triple-crossover (TX) molecule (v) Paranemic crossover (PX) DNA, (vi) JX2 molecule, 

a topoisomer of PX that lacks two crossovers in the middle in contrast to the PX molecule. 

B) Schematic of DAE tile and its hierarchical assembly12 C) Experimental validation of 

(B). D) 2D motifs13 used in DNA nanotechnology  3, 4 and 5 junction tiles and their 

hierarchical assembly shown in AFM images.  

In the early days of DNA nanotechnology the field was largely limited to using 

these materials for positioning proteins, nanoparticles, or other functional entities, e.g. for 

electronics/photonics or biosensing applications 15. Hao Yan was a pioneer in this area 

and demonstrated several directions where these materials could be functional 15-16. 

However, the field continued to think about making 3D lattices, although this goal was 

not realized until 2009, when the first rigid 3D self-assembled crystals were realized 17.   

 

Figure 1.3 DNA origami18. Principle of DNA origami B-G) Examples of DNA origami 

shapes assembled: B) 2D planar shapes, C)3D DNA nanostructures, D) Superstructures 

assembled from 3D DNA nanostructures, E) single stranded DNA origami, F-G) 

examples of dynamic DNA nanostructures.   
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DNA nanotechnology made a significant leap in 2006, when Paul Rothemund 

invented DNA origami19 to make complex DNA architectures. This invention changed the 

outlook of the whole field and suddenly making any kind of target shape became a 

possibility. As a result, the field rapidly expanded and allowed scientists to explore the 

fundamentals of designing and constructing extremely complicated DNA-based 

nanomaterials. DNA origami is a method wherein a circularized long single-stranded viral 

genome strand is annealed with short oligonucleotides to create desired target shapes 

(Figure 1.3 A).  This technology is to date the most widely used method to make designed 

DNA nanostructures in the field.  

One continuing interest in the field thereafter was to push the limit of self-assembly 

to assemble hierarchically complex geometries that mimic larger cellular components and 

even possibly the whole cell itself. Many steps have been taken to this date by different 

scientists across the field. One example in this direction was the creation of  huge three-

dimensional gigadalton (GDa) DNA origami structures  (Figure 1.3D) by the Dietz lab 20.  

This work demonstrated the use of shape programmability to achieve these architectures 

ranging from 240 MDa all the way up to 1.2 GDa. The other example in this field was the 

creation of micrometer scale 2D DNA origami arrays21 with arbitrary patterns.  The authors 

used a three-stage hierarchical self-assembly process to generate 8x8 array with unique 

identifiers on its edges to make patterns like Mona Lisa and a rooster (Figure 1.4A). These 

examples discussed above utilize a multiple 2D/3D DNA origami units as foundational 

building blocks for assembling into larger architectures. However, other scientists have 
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invented other approaches like the use of DNA bricks22, Meta-DNA23 and ssDNA 

origami24 (Figure 1.3E) as alternative techniques for nanostructure building.  

The technology of DNA bricks utilizes thousands of unique short DNA sequences 

to build complex 3D DNA architectures. The technology demonstrates the capability of 

making complex DNA architectures with complex cavities inside the shapes like of a 

teddy bear, helicoid, and other (Figure 1.4B). Meta-DNA on the other hand, uses a 6-

helix DNA origami bundle having a dimension of 420x16nm as a bundle capable of 

complex 2D and 3D polygons (Figure 1.4C). The researchers further demonstrated the 

capability of the building block to undergo strand displacement, a technique needed to 

perform logic-gated operations. The Yan lab further developed ssDNA origami as a 

technique that used a single long scaffold to fold onto itself using parallel crossovers 

without the use of short staple strands to form complex 2D shapes. 

While these nanostructures were being realized, scientists in the field thought 

about their applicability in various directions. One such direction was to utilize the 

material properties of the created architectures 25. And the other was to improve the 

functionality of these materials by combining them with other functional entities. This 

thesis addresses both these directions.  
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Figure 1.4. Scale up of DNA nanotechnology. A) Fractal assembly of 2D DNA origami 

Mona Lisa21. B) DNA bricks technology showing the formation of a cavity in the shape 

of a teddy bear22. C) Meta-DNA technology capable of making polygons23.  

1.3 Complex 3D DNA lattices 

Creation of these nanostructures of any shape brought much attention to the field 

from scientists across disciplines, as they finally had a material where programmable 

architectures could be realized in a robust, easy, and efficient manner. Researchers 

wondered at the possibilities inherent in making repeating 3D lattice structures could be 



 

8 

 

made utilizing this technology. 3D repeating DNA lattice architectures have been of 

foundational importance to the field as it realizes the capability of positioning proteins at 

precise locations within their cavities, e.g. for structurally resolution using X-ray 

crystallography. To this end, efforts have been made in two different directions, wherein a 

repeating lattice was created by a monomer made out of a tile comprised of a few strands 

(Figure 1.5 A-C) or by a DNA origami (Figure 1.5 D-H).  

Nadrian Seeman realized the foundational goal of the 3D lattice in 2009 by making 

a crystal17 having a tensegrity triangle as its repeating motif. In this work, the group used 

three strands to form the monomer which propagated itself to a periodic lattice, and the 

authors solved the crystal structure to 4Å resolution (Figure 1.5 A). Following this work, 

the Yan lab demonstrated the capability of making another self-assembled crystal by 

utilizing three strands to make a 3D layered lattice26 (Figure 1.5 C). The motif used in this 

work employed a five-nucleotide repeating sequence that weaved through a series of two-

turn DNA duplexes. The Yan lab further developed a layered crossover tile27 similar to the 

DX tiles mentioned before, except in three dimensions, capable of making lattices of 

several hundred micrometers (Figure 1.5 B).  

While these developments were being pursued, DNA origami-based lattice 

structures were being built in parallel. The Liedl lab utilized origami tensegrity triangles28 

to build 3D rhombohedral crystals with a cavity size of 1.83 × 105 nm3 capable of holding 

20 nm gold nanoparticles (Figure 1.5 D). The Gang lab on the other hand showed a series 

of 3D lattice constructions using both gold nanoparticles templated onto DNA origami 

polyhedral shapes29-30  (Figure 1.5 E) to DNA origami frames by themselves as way to 
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make hierarchically self-assembled lattices31. They demonstrated a wide range of lattice 

structures such a cubic diamond lattice, hexagonal diamond lattice, and others. Recently, 

they have also utilized these lattice architectures for the controlled placing of quantum dots 

and enzymes, wherein these 3D crystals showed an increasing enzymatic function31  

(Figure 1.5 G) proving the increasing potential for these materials. Gang and coworkers 

recently utilized these architectures to create a superconducting framework by silicising 

them and thereafter coating it with Niobium32 (Figure 1.5 F). The very same group also 

demonstrated the capability of controlled silicisation of these 3D lattices and showed that 

the created material33 had an increased stability to extreme temperatures (> 1000°C) and 

pressures (8 GPa) (Figure 1.5 H). Chapter 5 in this thesis later explores the capabilities 

DNA nanotechnology offers in producing photonic crystals.    
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Figure 1.5. DNA lattices. A-C) DNA lattices based off of tiles. A)Self assembled crystal 

from tensegrity triangle.17 B) Layered crystal.27 C) Self-assembled 4x5 crystal.26 D-H) 

DNA origami based 3D lattices. D)DNA origami tensegrity triangle based lattice.28 E) 

Lattices based off gold nanoparticles on the vertices.30 F-H) Applications of these formed 

lattice structures. F) Niobium coated crystals showing superconductivity.32 G) crystals 

encapsulating enzymes showing increased activity.31 H)lattices when silicised in a 

controlled fashion showing increased stability to thermal and pressure changes.33  
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1.4 Hybrid DNA nanostructures 

 While complex DNA-based nanostructures were being synthesized, utilization of 

the created structures for applications became increasingly important. The lack of chemical 

diversity and functionality became an increasing hurdle, and spurred efforts to integrate 

other functional entities into these structures. Nature overcomes this problem by the 

utilization of lipids/proteins/peptides/ glycans etc. One effective way for doing this is to 

conjugate 34 the molecule of interest to the strands of DNA. Several groups in the field have 

probed such directions. 

 The Shih lab used DNA-lipid conjugates to make a virus-inspired DNA 

nanostructure. This work was a pioneer in this direction wherein the authors made a PEG-

ylated unilamellar DNA octahedron (Figure 1.6 A)  and tested its efficiency towards 

nuclease degradation using DNA1 in vitro, and thereafter towards immune activation in 

vivo in mouse models35. The Shih, Rotheman, and Lin labs in a collaborative effort 

thereafter used these conjugates to make controlled sized liposomes using DNA 

templates36. In this work, they used a bio-inspired templating method to generate highly 

monodisperse sub-100 nm unilamellar vesicles (Figure 1.6 B). They used DNA frames of 

varying sizes from 29 nm to 94 nm and also controlled the number of DNA-lipid seed 

conjugates (2 to 16) within the frame to determine the efficient pathway to synthesize a 

monodisperse unilamellar liposome.  After understanding the parameters from the study 

for liposome formation, the Lin lab extended this study to thereafter place, shape, and 

template liposomes with reconfigurable DNA nanocages37-38.  
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Protein-DNA hybrid nanostructures are the other important class of hybrid 

materials. One of the early examples where protein-DNA hybrid nanostructures were made 

was by the Mao lab, where they demonstrated the use of biotinylated strands on the DNA 

to make Streptavidin bound DNA polygons39. Another example, demonstrated by the Dietz 

lab was to use of DNA-binding proteins to self-assemble and form hybrid DNA 

nanostructures40 (Figure 1.6 C). For this they used transcription activator like (TAL) 

effector proteins binding to the major groove of the DNA construct complex hybrid 

architectures. The Stephanopoulos lab on the other hand used site specific conjugation to 

a KDPG aldolase trimeric protein to assemble a hybrid DNA tetrahedral cage41. This was 

the first such demonstration using a protein-DNA conjugate used as a structural building 

block in the field (Figure 1.6 D).  

 Peptide-DNA hybrid nanostructures on the other hand have been a relatively new 

area of investigation within the field. The Woolfson and Turberfield laboratories 

demonstrated the use of DNA origami structures to determine the effect of multivalency 

on peptide binding constants42. The Stephanopoulos lab used DNA-coiled coil peptide 

conjugates as a self-assembling motif to build large 1D DNA origami fibers43 (Figure 1.6 

E). The Ke lab utilized electrostatic interactions as a way to make these hybrid 

nanostructures for which they used a collagen mimetic peptide which electrostatically 

bound to 2D rectangular DNA origami sheets44 (Figure 1.6 F).   

Although, this section shows multiple examples of several hybrid nanostructures 

encompassing naturally occurring biomolecules, another class not covered here is the 

synthetic (artificial) polymer45/ nanoparticle31 based DNA hybrid materials. The next step 
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in the field would be to integrate multiple of these hybrid materials together at a time into 

these nanostructures. However, for this to happen, the design rules of these entities need to 

be elucidated. For effective and faster realization of such systems, structural insights from 

cryo-EM and simulation models are required, but currently efforts in this direction are 

limited to a select few labs. Our work in chapter 3 later is one step in this direction which 

will try to address this challenge.    

Figure 1.6. Hybrid nanostructures. A-B) Hybrid Lipid-DNA nanostructures35-36. C-D) 

Hybrid Protein-DNA nanostructures40-41. E-F) Hybrid peptide-DNA nanostructures43-44.  
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1.5 Cryo-EM for structural insights 

Since the discovery of the direct electron detector46, and thereafter the Nobel 

Prize for cryo-electron microscopy, various scientists across the world have increasingly 

utilized this technique to their advantage. The field of DNA nanotechnology is no 

different. 

Although the technique was used by a select few scientists to characterize DNA 

nanostructures using the CCD camera1 (Figure 1.7 A), the technique gained increasing 

prominence when a DNA origami nanostructure was structurally resolved by single-

particle reconstruction 3(Figure 1.7 B).  After this work was published, the technique has 

made a foothold in the field for characterizing 3D DNA nanostructures. 

There have been several reports thereafter, wherein DNA nanostructures were 

used as molecular supports for solving protein structures. Three examples exist to date 

where different scientists have approached the problem with unique solutions. The Dietz 

lab resolved the structure of a p53 transcription factor protein using a DNA origami 

construct to ~15 Å (Figure 1.7 C)4. In this study, they first constructed a hollow DNA 

origami object capable of binding the p53 protein inside it along with a marker on the 

periphery for distinguishing the different orientations of the object. They further realized 

that the origami objects preferred to sit in the ice layer in an orientation wherein the 

hydrophobic groups tried to stick out at the air water interface. They utilized this to their 

advantage to design a DNA frame protecting the protein from aggregation and used the 

sequence inside the cavity for orienting it to get information from all angles. Following  
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Figure 1.7 Cryo-EM characterization for DNA nanostructures. A) Examples of DNA 

nanostructures solved by cryo-EM using a CCD camera1. B) The first DNA origami 

nanostructure solved by Cryo-EM3. C) DNA nanostructure used for anchoring and 

solving a DNA-bound protein4. D) DNA nanostructure conjugated to lipids for solving a 

α-hemolysin6. E) DNA goniometer used for solving a small protein BurrH to the highest 

resolution achieved to date (6.5Å)8. 
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this study, the Mao lab in 2018 utilized a lipid conjugated DNA origami nanobarrel to 

solve the structure of α-hemolysin to 30Å (Figure 1.7 D) 6. Although, the resulting 

electron density map of the protein was not solved to high resolution, this was the first 

such method holding potential for the structural elucidation of membrane proteins or 

GPCRs. In 2021, learning from the above examples, the Douglas lab pushed the 

resolution of the small protein BurrH using a DNA origami to 6.5Å (Figure 1.7 E)8. This 

work represents the state of the art of technology which was capable of using DNA 

origami constructs as a goniometer to effectively introduce angular information to solve 

the structure of the protein. They compared their resultant electron density maps with and 

without the goniometer technology and realized that with only with the angle information 

provided from the goniometer the protein electron density fit well with the known crystal 

structure. These demonstrations are a scarce few among the whole family of proteins 

available in nature, and much needs to be done in the world of these hybrid DNA 

nanostructures. These can only be achieved if DNA nanotechnology and its 

methodologies are available to the larger scientific community.     

1.6 Need for automation 

DNA nanotechnology and its wide variety of capabilities, ranging from drug-

delivery to photonic crystals, is one of the most promising nanotechnology approaches 

for realizing Richard Feynman’s dream of building architectures by controlling atoms 

one by one. Although the field is growing, it is still largely limited to a small number of 

expert labs at this point. True realization of the capabilities can only be realized if a 

process of democratization were to occur. One major obstacle to this goal is the 
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unavailability of design software for DNA nanotechnology. Although, a few user-friendly 

programs—like Tiamat47 and caDNAno48 exist for the construction of tile- and origami-

based structures, they are limited in their use because the user requires prior knowledge 

of designing DNA architectures. Thus, scientists in these past few years have made 

efforts to develop more general and user-friendly packages. METIS49, TALOS50, 

DAEDALUS51, vHelix52, vHelix-BSCOR53 and PERDIX54 are some software that meet 

this need. METIS and TALOS are programs capable of making 2D and 3D DNA 

nanostructures, respectively; however, their building unit is a six-helix bundle, whereas 

the others use a wireframe design and DX tile architectures. The field is especially 

limited and in its infancy with respect to automation. Much needs to be done to fully 

incorporate all the architectures that can be designed in the DNA nanotechnology world, 

and an automated software incorporating all of these design principles would greatly 

benefit scientists across multiple disciplines. Chapter 4 of the work in this thesis is one 

step in this direction. DAEDALUS51 are software packages for 3D design (the former 

uses 6 helix bundles and the later uses wireframe designs). 
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Figure 1.8. Example Software Packages: A) caDNAno, is the first software used for 

manual design of DNA origami48. B-D)Automated design software packages B) PERDIX54 

and METIS49 software packages for 2D origami structures C and D) TALOS50 and  
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1.7 Dissertation overview 

 This dissertation focuses on advancing DNA nanotechnology in four different 

directions: 1) Probing alternate self-assembling molecules and integrating them with DNA 

nanostructures; 2) Characterizing hybrid protein-DNA nanostructures with novel new 

techniques like Cryo-EM and simulations to elucidate structural information; 3) Using 

automation to make curved DNA nanostructures; and 4) Assembling complex hierarchical 

DNA nanostructure assemblies.  Chapter 2 demonstrates the use of host-guest interactions 

as a novel self-assembly tool that can be used in DNA nanotechnology. The chapter 

includes a brief introduction, the need and use of these novel interactions in DNA 

nanotechnology, and how this technology could be used for making functional DNA 

nanostructures. Chapter 3 describes the design and characterization of protein-DNA hybrid 

nanostructures using simulations and cryo-EM. It encompasses a detailed lead-up to the 

methods developed for the structural characterization of the hybrid nanostructures using 

cryo-EM, followed by simulation studies to provide important insights for developing 

hybrid nanostructures in the future. Chapter 4 delves into the need for democratization of 

DNA nanotechnology by automated design wherein we demonstrated the capability of 

making a nanocapsule structures with curvature. Chapter 5 goes on to probe the direction 

of assembling a DNA tetrastack lattice based on modelling and simulations, wherein we 

demonstrated the creation of 1D DNA origami icosahedral assemblies and the capability 

to characterize octahedral lattice structures. Chapter 6 concludes this thesis and provides 

future directions on where the field of DNA nanotechnology is headed into.      
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CHAPTER 2 

STIMULUS-RESPONSIVE DNA NANOSTRUCTURES VIA HIGH-AFFINITY 

HOST–GUEST INTERACTIONS 

2.1 Introduction  

Self-assembly in nature arises from the combination of multiple different non-

covalent intermolecular forces. Inspired by the functional diversity of these systems, 

nanoscale materials have sought to integrate different and orthogonal interactions. Over 

the past 30 years, the field of DNA nanotechnology has yielded a suite of programmable 

structures driven by Watson-Crick pairing.1-7 Recently, orthogonal non-covalent 

interactions have been introduced beyond the canonical forces underlying DNA structural 

organization, including: self-assembling peptides,8-12 proteins,13-16 hydrophobic packing,17-

19 and “peg in hole” base stacking.20-21 These hybrid structures introduce the added control 

of different assembly “modes” with orthogonal molecular triggers, or leverage interactions 

beyond DNA hybridization for incorporation of other species.  

 

Figure 2.1. Self-assembly of DNA nanostructures using host–guest interactions. A) 

DNA strands modified with small molecule adamantane or cucurbit[7]uril moieties self-

assemble by host–guest interactions. B) DNA origami cuboids bearing complementary 

handles assemble into long, 1D nanofibers by multiple interfacial host–guest complexes. 
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The recognition from a macrocycle host binding a small molecule guest has not been 

extensively explored in DNA nanotechnology. In a recent report, the Walther group 

demonstrated self-assembly of DNA origami cuboids into 1D fibers through interaction of 

β-cyclodextrin (βCD) macrocycles with adamantane (Ad) guests; efficient assembly 

required between 18-36 host–guest complexes per origami.22 Among host–guest motifs, 

the family of cucurbit[n]uril (CB[n]) macrocycles have particular utility compared to 

cyclodextrin.23-24 Within this family, CB[7] is especially promising for its solubility in 

water and exceptionally high binding affinity, with Keq of order 1017 M-1 for certain 

guests.25 For comparison, among the best interactions for βCD is its binding to an Ad guest, 

with Keq of order 104 M-1.26 The dimensions and cavity volumes of βCD and CB[7] 

macrocycles are nearly identical.27 Thus, the significantly enhanced affinity afforded by 

CB[7] expands the supramolecular design tool set, especially with the demonstration of 

routes to modify CB[7] with functional handles for inclusion on materials.28-29  

  Building off our work with heterodimeric coiled-coil peptides9, we show here the 

high-affinity CB[7]–Ad complex drives 1D fiber assembly with only 8 interactions per 

origami. At comparable valency, limited short oligomers were observed with βCD–Ad. 

The CB[7]–Ad motif thus provides an efficient orthogonal interaction for integration with 

DNA nanotechnology to enable hierarchical assembly through lightly modified 

programmable interfaces, or to display prosthetic moieties such as proteins, peptides, or 

nanoparticles. 

 Our design modifies two ssDNA handles (termed DNA1 and DNA2) with CB[7] 

or Ad at their 5’ end. At a 1:1 ratio, Ad-DNA1 and CB[7]-DNA2 will form a heterodimer 
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with the host–guest motif linking the two oligonucleotides (Figure 2.1A). This heterodimer 

can then assemble DNA origami nanostructures bearing complementary handles to yield 

extended 1D nanofiber arrays (Figure 2.1B). In this design, the origami faces serve as 

programmable molecular pegboards, displaying a multivalent pattern of matched host-

guest complexes, similar to diverse and cooperative interactions on protein-protein 

interfaces. Compared with sticky ends, interactions based on CB[7]–guest recognition have 

the added advantage of small size for a tight interface, as well as tunable interaction 

affinities spanning ~15 order of magnitude.24-25 As a model DNA origami nanostructure, 

we used a cuboid with dimensions 32 x 19.5 x 16 nm,9, 30 allowing for precise control of 

both the number and spatial distribution of complementary handles. For design of the 

origami cuboids, and handle locations, see Section S6 and Figure S2.5. 

2.2 Ad/CB[7]-DNA conjugate assembly 

DNA1 (10 nt) and DNA2 (21 nt) bearing a 5’-thiol were linked to adamantane via 

a maleimide-Ad conjugate. Separately, CB[7]-N3 was synthesized by reported methods28 

and linked to DNA1 or DNA2 to via strain-promoted azide-alkyne cycloaddition (SPAAC) 

with a 5’ dibenzocyclooctyne (DBCO)-functionalized oligonucleotide. For comparison, we 

conjugated βCD-N3 to DNA1 via SPAAC. The structure of DNA conjugates used is shown 

in Figure 2.2A; for synthesis, purification, and characterization see Section S4. Next, we 

probed hetero-complex formation of the conjugates using native polyacrylamide gel 

electrophoresis (Figure 2.2B). Compared with the individual DNA conjugates (lanes 2 and 

3), a 1:1 mixture of Ad-DNA1 and βCD-DNA1 (1 µM each) did not show a band shift 

indicative of complex formation (lane 4); bands corresponding to the individual conjugates 
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remained, suggesting this concentration was below the effective Kd for the βCD–Ad 

complex. Comparatively, Ad-DNA1 and CB[7]-DNA1 (lanes 6 and 7) showed almost 

complete shift to a higher molecular weight species (lane 8, yellow arrow) indicative of 

stable complex formation resulting from a high-affinity CB[7]–Ad interaction.  

 To quantify the relative binding affinity between the Ad-DNA1 and CB[7]-DNA1 

complex (cmplx), competition studies using 1-hydroxyadamantane (Ad-OH, Keq of 2.3 x 

1010 M-1 with CB[7])31 were performed. Exposing cmplx to increasing molar equivalents 

of Ad-OH decreased the intensity of the high-molecular weight band, with a concomitant 

increase in bands for Ad-DNA1 and CB[7]-DNA1 (Figure 2.2C). The reduction in cmplx 

as a function of Ad-OH “inhibitor” concentration was fit to a standard 3-parameter least 

squares regression, and the concentration ratio at the IC50 was multiplied by the known 

affinity of Ad-OH to yield a relative association constant (Keq,rel) of 1.3 x 1010 M-1 for 

binding of Ad-DNA1 to CB[7]-DNA1 (Figure 2.2D). This value is consistent with those 

from competition NMR for a similar amide-linked Ad in binding to CB[7],32  suggesting 

DNA conjugation does not significantly perturb the binding of CB[7] to the Ad guest and 

validating use of this high-affinity interaction with DNA nanotechnology.  
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Figure 2.2. Characterization of host–guest complexation. A) Structures of Ad-DNA, 

CB[7]-DNA, and βCD-DNA. B) Native-PAGE analysis of host–guest complexation. DNA 

strands are depicted as single-stranded, but had their complement added prior to PAGE to 

form dsDNA and enhance staining. Lane M: dsDNA ladder (bp); 1,5: DNA1; 2,6: Ad-

DNA1; 3: βCD-DNA1; 4: Ad-DNA1 + βCD-DNA1; 7: CB[7]-DNA1; 8: Ad-DNA1 + 

CB[7]-DNA1. C) Native-PAGE competition experiment between inhibitor (Ad-OH) and 

the Ad-DNA1 + CB[7]-DNA1 complex (cmplx). Lane M: dsDNA ladder (bp). Ad: Ad-

DNA1; CB: CB[7]-DNA1; cmplx: Ad-DNA1 + CB[7]-DNA1; subsequent lanes: cmplx + 

indicated equivalents of Ad-OH. D) Plot of cmplx remaining as a function of Ad-OH 

inhibitor added. 

 

2.3 One pot assembly of cuboidal origami fibers  

We next turned to assembling the DNA origami cuboids, and attached Ad to DNA2 

to avoid scrambling with CB[7]-DNA1. We first investigated a “one pot” annealing 

protocol, whereby all the components (i.e., the M13 scaffold, staple strands, staples bearing 

handles, and the small molecule-DNA conjugates) were mixed in a single tube and 

annealed from 65 to 4 °C over 40 h (Figure 2.3A). Given the high-affinity interaction 
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between CB[7] and Ad, we presume this recognition is minimally impacted by elevated 

temperatures. Accordingly, the CB[7]–Ad complex forms first under these conditions, 

followed by assembly of the core origami structure (Tm ~ 55 °C), and finally hybridization 

to the cuboids of the DNA handles (Tm ~ 40-45 °C). 

 We monitored cuboid assembly by agarose gel electrophoresis (AGE), as well as 

by negative stain TEM. By AGE, unmodified cuboids showed a distinct band for the 

nanostructure, along with a large higher-mobility band for excess staple strands (Figure 

2.3B, lane 1). Cuboids bearing only CB[7]-DNA1 or Ad-DNA2 (8 handles) also showed 

only monomer bands (lanes 2 and 3). However, cuboids with 8 handles on both ends 

showed an aggregated band in the loading well, indicating formation of large structures 

(lane 4). By contrast, cuboids with Ad-DNA2 and βCD-DNA1 (8 handles) lacked this 

aggregate band, and were primarily monomers or very short oligomers (lane 5). Control 

experiments where the handles on Ad and CB[7] were swapped still yielded aggregates 

(Figure 2.3B, lane 7), whereas co-assembly with origami bearing mismatched poly(T) 

handles gave only short oligomers due to blunt-end stacking (Figure 2.3B, lanes 8 and 9). 

Studies with 1-7 handles per side yielded shorter fibers (Figure S2.5), so all further 

experiments employed 8 handles. We analyzed the structures prepared with Ad-DNA2 and 

CB[7]-DNA1 (lane 4) or βCD-DNA1 (lane 5) by TEM, and found that origami assembled 

with the Ad/CB[7] interaction formed long, 1D assemblies linked at the interfaces bearing 

host–guest motifs (Figure 2.3C). Fitting the length distribution of these fibers (Figure 2.3E) 

resulted in an average extent of polymerization (X ̅n) of 7.9 ± 3.3 monomers. 
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Figure 2.3. One-pot assembly of DNA origami nanofibers. A) Protocol for one-pot 

annealing; colored squares on origami indicate the location of Ad (pink), CB[7] (blue), or 

βCD (green). B) Agarose gel electrophoresis (AGE) of cuboid assembly. The red arrow 

indicates free staples. Lane 1: unmodified cuboids; 2: cuboids + Ad-DNA2; 3: cuboids + 

CB[7]-DNA1; 4,6: cuboids + Ad-DNA2 + CB[7]-DNA1; 5: cuboids + Ad-DNA2 + βCD-

DNA1; 7: cuboids + Ad-DNA1 + CB[7]-DNA2; 8,9: cuboids with poly(T) handles with 

Ad-DNA2 + CB[7]-DNA1 (lane 8) or Ad-DNA1 + CB[7]-DNA2 (lane 9). C,D) Negative 

stain TEM images of samples in lanes 4 and 5, respectively. E,F) Histograms of array 

length by mass fraction (bars) and cumulative fraction (lines) of samples in lanes 4 and 5, 

respectively. 

 

Some fibers surpassed 20-30 monomers, with the longest observed measuring 45 

monomers and ~ 2 µm in length. By contrast, origami assembled with the Ad/βCD 

interaction yielded primarily monomers and the rare short oligomer (X ̅n = 1.2 ± 1.9), 

consistent with prior work which showed minimal 1D assembly when 9 handles were 

used.22 Taken together, our results demonstrate the advantage of high-affinity Ad/CB[7] 

motifs as efficient interactions to direct assembly of DNA cuboids, compared with the 

similarly sized Ad/βCD recognition motif with affinity ~6 orders of magnitude lower. 
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2.4 Hierarchical assembly of fibers 

 In our work using coiled-coil peptides9, the modularity of disparate supramolecular 

modes enabled hierarchical assembly, whereby origami formed by a primary annealing 

step could be subsequently assembled into fibers through a second, lower-temperature 

incubation.  

 

Figure 2.4. Hierarchical assembly of nanofibers. A) Protocol for copolymer formation 

(Pathway 1); colored squares on origami indicate the location of Ad (pink) or CB[7] (blue). 

B) AGE of cuboid assembly. Lane M: dsDNA ladder (kbp); 1,2: cuboids with Ad-DNA1 

or CB[7]-DNA1 on both sides, respectively; 3,4: cuboids with Ad-DNA2 or CB[7]-DNA2 

on both sides, respectively; 5: lane 1 + lane 4, after second anneal; 6: lane 2 + lane 3, after 

second anneal. C) Negative stain TEM images of lane 6 fibers. D) Histograms of array 

length by mass fraction (bars) and cumulative fraction (lines) for lane 6 fibers. E) Protocol 

for assembly of purified origami by pre-formed host–guest complex with DNA handles 
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(Pathway 2). F) AGE of cuboid assembly. Lane M: dsDNA ladder (kbp); 1: unpurified 

cuboids; 2: purified cuboids; 3: purified cuboids + DNA2-Ad/CB[7]-DNA1 complex, after 

second anneal. G) Negative stain TEM images of fibers. H) Histograms of array length by 

mass fraction (bars) and cumulative fraction (lines) for fibers. 

 

Thus, we next probed two alternate assembly pathways to optimize formation of Ad/CB[7]-

directed 1D arrays: (1) separately forming origami cuboids with Ad or CB[7] on both sides, 

and then co-assembling them into an “alternating copolymer” (Figure 2.4A); and (2) 

purifying origami cuboids bearing complementary DNA handles, and then assembling 

them with pre-formed DNA1-Ad/CB[7]-DNA2 complex (Figure 2.4E). For both routes, 

the second annealing was conducted at 45-40 °C over 12 h, followed by rapid cooling to 4 

°C. Analysis of the “copolymer” route (pathway 1) by both AGE (Figure 2.4B) and TEM 

(Figure 2.4C, D) revealed the formation of 1D nanofibers. The fibers are morphologically 

similar to those of the one-pot system: long and straight, yet somewhat shorter (X ̅n = 5.7 

± 2.4 monomers). By contrast, purified cuboids combined with pre-formed DNA1-

Ad/CB[7]-DNA2 complex (pathway 2) showed dramatically longer fibers by TEM (Figure 

2.4G,H), with X ̅n = 21.0 ± 2.5 monomers, and the longest observed fiber reaching 72 

cuboids (~3.3 µm) in length. Interestingly, these results parallel those obtained from our 

work with peptide heterodimers,9 with the sequential assembly of purified cuboids giving 

the longest fibers. The similarity in respective length distributions suggests a universality 
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in DNA cuboid self-assembly arising from disparate motifs—coiled-coil assembly vs. 

host-guest binding—with each capable of high-affinity (i.e., sub-nanomolar) interactions. 

  

2.5 Stimulus responsive nano-system 

Stimulus-responsive host–guest affinity motifs have great potential for external control of 

DNA assembly33. Toward this end, we designed a DNA nano-box having CB[7] moieties 

on its faces as an example nanostructure that could be closed by a trigger Ad-peptide-Ad 

as the lock (response –Box in its closed state) and further opened back to its original state 

with an MMP8 protein which would act as the key (Figure 2.5 B). The demonstration using 

a DNA-nanostructure that can be opened in a tumor microenvironment by the use of MMP-

8 protein holds particular promise in the context of cancer therapy because of the 

overexpression of these MMP enzymes34.  

 For this we first tested out and optimized the functional components that act as our 

lock and key. Then, we first selected and synthesized a known peptide with a recognizable 

sequence35 by the MMP8 protein and modified it with Ad on both its terminal ends (Figure 

S2.13). After this we carried out a binding study with our CB[7]-DNA2 system and 

characterized it using  Native-PAGE (Figure 2.5A). We first annealed Ad-peptide-Ad with 

CB[7]-DNA2 (lane3) and ran the annealed mixture on the gel with controls of just CB[7]-

DNA2 (lane 2) and unmodified DNA2 (lane1) and probed their assembly by the formation 

of an upper band. The uppermost band in lane 3 corresponds to two molecules of CB[7]-

DNA2 interacting with the Ad-peptide-Ad and the band below corresponds to the peptide 

binding to a single molecule. We then confirmed that these assemblies were due to 
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CB[7]/Ad interactions by running a control of unmodified DNA2 along with the Ad-

peptide-Ad and saw no formation of any assembled species (lane 4). We then tested the 

capability of MMP8 protein to recognize the Ad-peptide-Ad when complexed with the  

 

 
 

Figure 2.5. Peptide based lock and key mechanism. (A) Characterization of Ad-Peptide-

Ad with CB[7]-DNA2. Lane 1: DNA2, lane2: CB[7]-DNA2, Lane3: Ad-peptide-Ad 

annealed with CB[7]-DNA2, Lane 4: unmodified DNA2 annealed with peptide, Lane5: 

MMP8 protein added to sample in lane 3. (B) Schematic of lock and key mechanism of 

DNA-Box with Ad-peptide-Ad and MMP8 protein. (1-3) Addition of (1) CB[7]-DNA2 to 

the DNA box. (2) Ad-peptide-Ad. (3) MMP8 protein. (C) AFM image with inset of open 

DNA Box-CB[7] (D) AFM image with inset of closed DNA box-CB[7] with Ad-peptide-

Ad. (E) AFM image with inset showing the opening back of DNA box using the MMP8 

protein. Inset scale bars are 30nm.       
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CB[7] system. For this we incubated (Section S6) the MMP8 protein with the assembled 

species from lane 3 and saw that the protein cleaved the assembled species back into the 

CB[7]-DNA2 as shown in lane5. After the effective realization of lock and key 

components, we then proceed to utilize this system on the DNA-nano-box. 

 

We designed the box with two equivalent halves 24 x 32 x 12 nm in size, utilizing 

the M13p18 scaffold. Thereafter we chose 12 positions on the box (six per half) for 

placing the complementary handle sequences for their hybridization to CB[7]-DNA2 

(Figure S2.12). Each handle per side of the face was spaced at a distance of 42 bases 

(~14.28 nm). This spacing was chosen to avoid crosstalk between the Ad-peptide-Ad 

bound to the adjacent CB[7]-DNA2 on the same half. The handle extensions from the 

frame were also provided flexibility via two thymidines in between to accommodate for 

possible steric interferences when the Ad-peptide-Ad bound to the two halves (Figure 

S2.12). The working principle was to close (“lock”) the two halves of the DNA box using 

the Ad-peptide-Ad and open it back again with a MMP8 protein as the “key”, as 

illustrated in the schematic of Figure 2.5 B. We first tested out this working hypothesis 

by AGE. Lane 1 of Figure S2.14 shows the formation of the nano-box in good yield; 

however, as expected the box moved more slowly in the gel when 12 handle extensions 

were added to it (lane 2). The nanostructure grew larger still (i.e. showed reduced 

migration) when CB[7]-DNA2 was added (lane 3). Lane 4 of Figure S2.14, however, 

showed a downward shift when Ad-peptide-Ad was annealed with the nano-box bearing 

CB[7]-DNA2. We attribute this faster migration to the conformational change of the 

nano-box to a closed (and thus more compact) state. Next, these samples were imaged 
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using AFM, as shown in Figures (2.5C,D). These images illustrate that the nano-box 

remains in an open confirmation when CB[7]-DNA 2 is added and it closes when the 

peptide is added to it. We further added MMP8 protein to the closed nano-box, imaged 

the structure via AFM, and saw that the box was opened back again (Figure 2.5E). We 

have yet to confirm the efficiency of opening and closing of the nano-box, but intend to 

perform a Fluorescence Resonance Energy Transfer (FRET) assay to quantify this value. 

2.6 Conclusion and future directions 

In conclusion, we have demonstrated that the high-affinity Ad/CB[7] recognition 

motif is an effective orthogonal self-assembling interaction that holds promise for the 

construction of next-generation DNA nanostructures. Firstly, we effectively demonstrated 

the capability of these interactions for the hierarchical 1D assembly of DNA nanostructure 

to form micron-length supramolecular polymers. Relative to prior reports using host–guest 

recognition of Ad by similarly sized βCD macrocycles, with distributions of 1D arrays ~12 

cuboids in length when using 36 handles,22 the optimized assembly path here generates 

significantly longer 1D arrays while requiring only 8 handles on each interface. We then 

demonstrated the effective use of these interactions via a lock-and-key mechanism on a 

DNA box nanostructure using a peptide recognizable by a MMP-8 protein. Although, a 

quantitative yield needs to be calculated for both the closing and opening processes, the 

results here hold promise for the stimulus-responsive modulation of DNA nanostructures.  

A key advantage of the Ad/CB[7] motif is the small footprint needed for 

recognition, relative to DNA hybridization. Thus, these interactions should be useful for 

attaching larger functional species such as proteins to DNA scaffolds, or in engineering 
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tighter interfaces between DNA nanostructures compared with sticky ends. Encoding 

multiple orthogonal interfaces between DNA nanostructures may also be possible by 

spatially controlled distribution of CB[7] and Ad moieties, similar to the work using peg-

in-hole base-stacked DNA nanostructures.20-21
 Encapsulating hydrophobic drug molecules 

into these CB[7] moieties and anchoring them into nano-vehicles could also be direction 

that holds promise. Thus, in future, Ad/CB[7] interactions hold much promise to be used 

as orthogonal interactions in parallel with Watson-Crick base pairing for the construction 

of “smart” DNA nano-vehicles for targeted delivery of drugs.  
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CHAPTER 3 

CHARACTERIZATION OF PROTEIN-DNA HYBRID NANOSTRUCTURES 

THROUGH EXPERIMENT AND SIMULATION 

3.1 Introduction  

The field of Deoxyribonucleic acid (DNA) technology1-2 is considered to be one of 

the frontrunners in realizing Richard Feynman’s dreams of building objects at the 

nanoscale. DNA nanotechnology works by manipulating oligonucleotides using their 

programmable and predictable Watson-Crick base pairing3 to fold into designed shapes. 

The nano-objects thus formed have been utilized for a variety of applications, including 

molecular storage4-5, logic gate circuits6-9, and drug delivery machines10-11. However, using 

these nanostructures as biocompatible drug delivery vehicles has become increasingly 

relevant in the context of an ever changing disease prone world12. But, the field has yet to 

achieve any substantial jump in this direction (noting a few exceptions)12-13. This has much 

to do with the limiting chemical functionality of the fundamental building block of these 

nanostructures, which is DNA. Nature overcomes this problem by making functional 

proteins using its chemically diverse toolkit of amino acids. However, designing 

nanostructures using amino acids is not a trivial feat, as their chemistry lacks predictability 

in comparison to nucleic acids. The most commonly used technique to design protein 

nanostructures revolves around using the software ‘Rosetta’14, but this technique is limited 

to a few protein design scientists because of its difficulty. We believe that a true realization 

of a functional nano-robot can only be realized if there is a way to design and demonstrate 
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Protein-DNA hybrid nanostructures (PDHNs). This is a difficult problem to achieve for 

two reasons: first, the design rules have yet to be figured out completely, and second, 

designer software integrating both these components are rare and typically not scalable to 

DNA origami system sizes. Our work in this chapter is a step in this direction. Protein-

DNA hybrid nanostructures can only be realized if researchers are able to make a designer-

friendly protein-DNA fundamental building block. One such direction is to use DNA 

binding proteins as a building block15. However, PDHNs can realize its true purpose only 

if we can use other functional proteins. To do so, there is a need to conjugate these proteins 

to DNA in a site-specific manner without losing their functionality. Understanding design 

parameters of such a building block requires us to have insight into various parameters 

like: 1) proper site of conjugation on the protein, 2) the choice of chemistry to use for 

conjugation, 3) flexibility of the small molecule linker length between the DNA backbone 

to the conjugation site on the protein surface. Once such a building block has been made, 

using it for making a hybrid system is the next challenge. Oftentimes the incorporation 

efficiency of the conjugate into the nanostructure is low, and there could be multiple 

reasons on why that is the case, e.g. the unavailability of complementary DNA handle sites, 

or the resulting steric hindrance the nanostructure experiences after the incorporation of 

the conjugate. In order to address these challenges and design these PDHNs in a better way, 

we need to perform experiments and correlate them with simulations. For this purpose, we 

started working with our previously published building block KDPG aldolase-DNA 

conjugate16.  
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In this work here, we used the same structural building block as before16 (Figure 

3.1B) and incorporated it into a DNA origami nanostructure. We developed this strategy 

for multiple reasons: 1) to develop a protein-DNA hybrid simulation model with structural 

insights from experiments; 2) to figure out essential structural insights through simulations 

on the linker length and incorporation efficiency of the building block into DNA 

nanostructures; and 3) to demonstrate the applicability of our tool across various DNA 

nanostructures traditionally made and characterized by cryogenic transmission electron 

microscopy (cryo-TEM). With these requirements in mind, we first designed a DNA 

origami tetrahedral cage with four available sites to incorporate our building block into it 

(Figure 3.1) which was characterized by cryo-TEM and fit with simulations.   

 

Figure 3.4: Schematic of the project. Elucidating the electron density map of the (A) 

tetrahedral origami cage and (B) the protein incorporated cage and using the electron 

density map from Cryo-EM reconstruction to be fit by the simulated models to find the 

best correlation fit.    



 

45 

 

3.2 Results and discussion  

3.2.1 Synthesis of KDPG aldolase protein-DNA building blocks (PDNA-bbs): 

The PDNA-bb was made by first expressing and purifying KDPG aldolase protein 

having a non-canonical amino acid 4-azidophenylalanine (azF) at site E54 as has been 

reported in our work before16. The conjugation to this purified protein was done through 

strain promoted azide-alkyne click chemistry, using a 21-base single stranded DNA 

(ssDNA) as has been previously reported16. This conjugate was then used for incorporation 

into a DNA origami tetrahedral cage.  

 

 

3.2.2 Design and synthesis of DNA tetrahedral origami cage: 

The origami cage was designed using the software Cadnano17 with each arm 

consisting of 10 helices. Design details can be found in Supplementary information Figure 

S3.1. Each side was designed to have a length of 35 nm. The handles for the incorporation 

of the PDNA-bb were positioned in such a way that the conjugate would bind onto each of 

the four faces of the tetrahedron. The design was tested and optimized (Figure S3.1C). The 

tetrahedral frame was also chosen to avoid the preferred orientation problem18 often faced 

in the field of single-particle reconstruction by cryo-EM. The samples were characterized 

by gel and the desired band was purified and tested by negative stain TEM (Supplementary 

information Figure S3.2). This purified tetrahedral cage was plunged (Supplementary 
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information Figure S3.4) and characterized by cryo-TEM (Figure 3.2A). Images were 

collected, processed, and reconstructed (supplementary information) using RELION 3.0 

(Figure3.2C). Once this was achieved, we moved onto the formation of the PDNAbb 

incorporated tetrahedral cage.   

3.2.3 Incorporation of Protein into the origami cage: 

The tetrahedral origami cage was mixed with 40 equivalents of the conjugate before 

purification and reannealed from 45°C to 4°C to obtain a PDNA-incorporated tetrahedral 

cage (Figure 3.2B). The sample was also characterized by negative stain TEM and cryo-

TEM (Supplementary information Figure S3.4) as before. The resulting reconstruction 

(Figure 3.2D) shows clear density in the center demonstrating the incorporation of protein 

into the tetrahedral frame. At this point, we wanted to fit our data into these electron density 

maps. For this we developed simulation models of five different systems (Figure 3.3A-E) 

and try to fit our density into the corresponding map. 

3.2.4 Simulation development for Protein-DNA hybrid system: 

Using our recently developed coarse-grained protein-DNA hybrid simulation19, we 

investigated how differences in protein incorporation and spacer length affected the 

mechanical properties of the DNA nanostructures, and compared our results to those 

obtained experimentally. 
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Figure 3.2: Reconstruction of Tetrahedral Origami Cages. (A) Schematic of the 

tetrahedral cage. (B) Schematic of PDNA-BB incorporated tetrahedral cage. (C) Cryo-EM 

reconstruction of (A) at 26 Å. (D) Cryo-EM reconstruction of (B) at 28 Å. 

3.2.5 Simulation Preparation of Tetrahedral Origami: 

The Cadnano design of the origami was first converted into oxDNA using 

tacoxDNA20 and then relaxed. Subsequent modifications to the structure—including 11T 

spacers at the origami’s vertices, and handles for incorporation of the PDNA-bb—were 

performed in oxView21. Five fully-formed alternate structures, differing only by the 

number of PDNA-bb (from 0 – 4) were then generated and relaxed. Each structure was 
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simulated for 1 x 109 steps (~ 3µs) at two sets of conditions: (1) 300 K with 1 M salt 

concentration (“high temp”), and (2) 113 K with 0.1 M salt concentration (“low temp”). 

To approximately mimic the dynamics of the protein, an Anisotropic Network 

Model (ANM) was linearly fit to the crystallographic B factors of the trimer KDPG 

Aldolase PDB file (1WAU) at a cutoff of 13 Å and a spring force constant of 40.815 pN/Å. 

Comparison between the crystallographic B factors and the calculated B factors of the 

ANM match closely at 100 K (Section 3.6). 

The SPDP linkers employed in experiment to conjugate the KDPG Aldolase to 

DNA were modeled in previously by the Sulc lab19, by fitting a fully atomistic simulation 

of the linker to a spring potential. We used the same linker parameterization between the 

corresponding azidophenylalanine residues and DNA nucleotides of the PDNA-bb. The 

DNA tetrahedral cage itself was modeled using the oxDNA2 model22. Figure 3.3B shows 

the atomic model of the SPDP linker represented by the spring potential. Figure 3.3C-G 

shows the mean structures for all variants of the tetrahedral cage at the low temp conditions. 
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Figure 3.3: Simulated Models of Tetrahedral Origami Cages. A) Schematic of PDNA-

bb incorporation in simulation models. B) Atomic model of the SPDP linker represented 

by a spring potential in simulation. C-G) mean structures of each of the five variants at low 

temp conditions. 

3.2.6 Simulation results of the tetrahedral protein origami cage: 

To characterize the differences between each system, we first analyzed the effect 

that the addition of PDNA-bbs would play on the DNA cage flexibility. By comparing the 

root mean squared fluctuations (RMSF) of each model’s identical DNA cage relative to 

one another, we can see how the addition of the PDNA-bb to the system affects the 

flexibility of the tetrahedral cage at the individual nucleotide level.  

Figure 3.4 depicts the difference between the RMSF values from the calculated 

mean structure between each unique pair of models. Both the mean structure and RMSF of 

each model were averaged over the simulation trajectory using oxDNA analysis tools21. 

Higher (red) values indicate an increase in rigidity in the structure, while lower (blue) 
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indicate a decrease in rigidity between the models. In both conditions (high temp and low 

temp) the PDNA-bb caused a clear decrease in the RMSF values of arms with occupied 

handles. The decrease in RMSF corresponds to a local rise in rigidity from the mechanical 

pull of the PDNA-bb on the DNA handles attached to the scaffold of the DNA origami. 

However, the addition of each subsequent PDNA-bb introduces additional pulling forces 

on adjacent faces, resulting in an increase of flexibility in arms with both DNA handles 

occupied by the protein. Additional nonlocal effects from the PDNA-bb incorporation are 

seen from RMSF changes at non-adjacent vertices. 

 

Figure 3.4: Comparison of Simulated Models. Difference in RMSF between horizontal 

model (black index denoting the model by the number of PDNA-bb incorporated) and 

vertical model (red index). Differences are displayed on the simulation models of the red 

index with A) being the relative differences in RMSF between all high temp simulation 

models and B) being the relative differences in RMSF between all low temp mean 

simulation models. 

Beyond RMSF, differences in the mean structures suggest that the PDNA-bb has a 

rigidifying effect on the face of the DNA cage to which it is attached. The four PDNA-bb 

mean structures show a significant change in the origami curvature, as evidenced by its 



 

51 

 

straighter arms relative to all other mean structures. Figure 3.3 depicts the major changes 

in curvature between the 0 PDNA-bb and the 4 PDNA-bb mean structures at the low temp 

conditions.  

 

Figure 3.5: Comparison between Models with and without Protein. Aligned 

comparison of the four protein mean models (blue) and the no protein mean model (grey) 

at low temp conditions.  

Comparison with the symmetrized Cryo-EM maps of both the cage with the protein 

(P) and the cage without the protein (NP) against the mean models generated from the 

simulations is shown in Figure 3.5. The mean structure files were stripped of their protein 

and DNA handles to avoid biasing the fitting, and the structures were converted to PDB 

format. Using Chimera23, volume maps of the mean structures were generated from the 
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atomic coordinates and fit to the experimental cryo-EM maps at matching resolutions (28Å 

for P and 26Å for NP). 

 

Figure 3.6: Fitting of Experimental Data with Simulations. Images of cryo-EM fitting 

of the mean structures of both the low temp and high temp mean models. Rows 1 and 3 use 

the cryo-EM map with protein density and rows 2 and 4 use the cryo-EM map without 

protein density. 

The generated atomic maps (translucent purple in figure 3.6) closely fit the experimental 

maps (blue in figure 3.6). The density of the protein in P closely matched the position of 

the protein in simulation, and confirmed some level of PDNA-bb incorporation into the 

system. We analyzed the fittings to determine whether the slight differences in curvature 

between the Cryo-EM maps could indicate the preferred level of incorporation of PDNA-

bb into the system. Unfortunately, the fittings were unable to distinguish a clear difference 
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between the models. The bulk assay, and low-resolution nature of the cryo-EM maps 

combined with the subtle differences between models, made it impossible to determine a 

clear preference for PDNA-bb incorporation from minor deviations in curvature. Fitting 

values and images of both the symmetrized and unsymmetrized cryo-EM maps are 

available in SI S7. 

3.2.7 Fluorophore Assay: 

Because our reconstruction was performed with a small data set and was 

reconstructed with a tetrahedral symmetry, we wanted to probe PDNA-bb direction in a 

cost-effective and more dispositive way than cryo-EM. For this we performed a 

fluorophore-based assay, wherein we made a fresh PDHN-bb as before but where the DNA 

had a FAM dye at the 5’ end (Figure 3.7A) and the tetrahedral frame had a Cy5 dye on it. 

Then we proceeded to perform a fluorophore-based assay to elucidate the average number 

of proteins bound to the tetrahedral origami frame.  

Then we elucidated a calibration curve using known concentrations of Cy5 handle 

strand and a FAM PDHN-bb (SI S5). Care was taken to perform these experiments using 

a double stranded version in order to better match the protein attached to the cage. After 

this calibration curve was obtained, we then made our PDHN-bb incorporated tetrahedral 

cage as before and obtained emission values for this sample at the respective emission 

wavelengths. We then used the calibration curves to obtain the concentrations of the 

sample, yielding values of 3.59 nM for the tetrahedral frame, and 11.33nM for PDHN-bb, 
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corresponding to ~78.9% protein incorporation (assuming four possible proteins), or ~3 

proteins per cage. 

 

Figure 3.7: Fluorophore assay. (A) Schematic of the fluorophores present on the PDNA-

bb incorporated tetrahedral origami frame. (B) Calibration curve obtained from using 

known concentrations of double stranded Cy5 DNA handle. (C) Calibration curve obtained 

from using known concentrations of double stranded version of FAM PDNA-bb.   

3.3 Conclusions and future directions 

 We successfully elucidated a low resolution cryo-EM electron density map for the 

tetrahedral DNA origami cage with and without the PDHN-bb attached to it. This is the 

first such demonstration for a DNA-protein conjugate as a novel self-assembling building 

block. We simulated various models ranging from zero to four protein-incorporated 



 

55 

 

origami cages, and fit our experimental data to this model. Although the correlation factors 

could not give us an insight into the incorporation efficiency, we could narrow down the 

average number of proteins per frame using a fluorophore assay.  

 We further intend to investigate the energy differences in the DNA cage of all 

simulation models. Energetic penalties from incorporation of a fourth PDNA-bb (e.g. due 

to unfavorable distortions) would corroborate the fluorophore assay data. We intend to 

further demonstrate the applicability of this technique on a 4-turn DNA tetrahedron from 

previous work16 and elucidate structural insights on this novel building block.    
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CHAPTER 4 

AUTONOMOUS DESIGN OF BIOMIMETIC 3D DNA ORIGAMI CAPSULES 

4.1 Introduction 

 Biomimetic nano-capsules hold huge promise in the area of drug –delivery as they 

can be used to organize, transport, and protect drug molecules through the cell machinery 

by specifically tailoring their shape, surface properties, composition, and dynamic 

processes. The wide variety of COVID-19 vaccines employed today utilize such a strategy 

to deliver mRNA into our systems.  Examples of such capsules include inactive viral 

capsids,1-2 liposomes,3 polymer capsules,4 and also several Protein5 and DNA nanocages.6 

Biomimicry of natural capsules and their properties is thus a significant goal for 

nanoscience, and DNA nanotechnology is well-equipped to satisfy this ambition.  Several 

strategies exist at present to construct these complex 3D DNA nanostructures. The most 

popular DNA origami technique7 is one that has been used to create block-like 3D 

structures by stacking flat sheets,8 polygonal structures,9-13 and rounded structures.14-15 The 

other technique is using DNA bricks,16 which eliminates the scaffold strand by using an 

even greater number of very short single-stranded DNA strands, here known as bricks that 

connect to each other and can form gigadalton DNA nanostructures.17 These strategies are 

however limited to a select few DNA nanotechnologists who understand the design rules 

of making these complex DNA architectures using preliminary software tools.18-19 For the 

wider accessibility of DNA nanotechnology to any scientist, a need for automation11-12 is 

very much felt. Efforts in this direction have thus been made by scientists for 

democratization.  However, to this date only 3 automation design softwares exist for 
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creating 3D DNA architectures11-13 and none of them are capable of making completely 

closed 3D DNA nanocapsules which are of utmost need. In this work, we address this 

unmet need while demonstrating in parallel other design rules that would need to be 

considered while designing these 3D nanostructures.  

4.2 Design inspiration and DNA pottery  

As a precursor to the primary focus in this work, Han and co-workers demonstrated 

an inspiring technique for the general design of hollow-shell DNA origami nanostructures 

by rolling a single layer of DNA origami upon itself to create a cyclic structure.15 By 

controlling the topography and stability of the single layer by careful design of the 

crossover network, the 3D structure could exhibit complex in-plane and out-of-plane 

curvature unique from the capabilities of other DNA nanostructure design techniques. The 

structures are also naturally enclosing, meaning they form an encapsulated cavity. In 

addition, the globular shape and intrinsic barrier properties lend the structures created by 

this technique to be suitable to use as capsules. Due to the biomimicry of these attributes, 

we term structures created in this particular DNA origami design strategy as “DNA 

capsules”. Enclosing DNA nanostructures have been used in previous work, although not 

referred to as capsules but serving the same purpose, for the templated growth of metallic 

nanoparticles20-21 or liposomes,22 as bioreactors for controlling reactions,23-24 or as drug 

delivery vehicles.25-26 Yet, among these cases, there is no unified design technique, and the 

shapes and structures are manually designed on a specific-use basis. Many of these are also 

block-like structures lacking complex geometries.  
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Here, we have identified design principles and the automation thereof consolidated 

into a web-based CAD tool named CADAxiSDNA (Computer-Aided Design of Axially 

Symmetric 

DNA Origami) for rapidly designing DNA capsules using a CAD file input generated from 

any traditional shape-drawing CAD software tool. We prefer to call the design process 

“DNA pottery” due to its geometric similarity to shapes that can be created using a pottery 

wheel. 

Furthermore, we have identified that applications of DNA capsules may have permeability 

or rigidity requirements that demand the utility and stability of multilayer DNA 

nanostructures and have extended the previous technique of Han et al. to generate novel 

multilayer shapes. We also show how the addition of multiple layers to single layer DNA 

capsules can serve to “reinforce” 

High-resolution or structurally weak features and improve their formation.  

4.3 Software details 

The software automates much of the same design process that was established in 

previous work, while further providing the ability to design reinforced DNA capsules. 

There are several primary challenges we seek to resolve that tend to prove challenging or 

tedious to a human expert who pursues a manual design process. First, the size and spacing 

of DNA helix rings in order to approximate target shape geometry. Second, due to the 

curvature and irregular periodicity of nearest-neighbor helices, valid crossover positions 

may be obscure to a human designer. Third, the size scale of structures is much easier to 

handle computationally, especially for rapidly generating multiple unique designs. Finally, 
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a digital representation is more immediately compatible with a growing suite of coarse-

grained simulation tools becoming pivotal in DNA nanostructure design.27-29 

Overall, the design process proceeds as follow. We first position ring-shaped DNA 

helices to approximate an axially symmetric curved 3D shape, adding additional rings 

where necessary to create additional layers, then adjust the helical geometries of the rings 

to optimize synthesis yields plus to define the placement of crossovers and nicks in a simple 

and balanced manner around the structure, then routing scaffold and staple strands with 

chosen crossovers and nicks, then finally outputting the generated structure as a sequence 

of needed staple strands. The process to do so is compartmentalized into two main modules, 

meshing and routing. In the meshing module, a single layer structure is approximated from 

a rendered 3D model using latitudinal rings, with nearest distances between adjacent rings 

spaced to approximately the interhelical distance (2.6 nm), to create a circle-based mesh. 

Each ring corresponds to a DNA double helix. A scaffold strand will later be routed to fully 

traverse all rings along one strand of the double helix and spans between adjacent rings via 

selected crossover points, while staple strands fill remaining crossover points to connect 

adjacent rings. 

Then, the local geometries of each DNA double helix are determined which decide 

the eventual placement of crossovers and nick points. Each structure is globally described 

by a base crossover factor (x), typically 3, 4, or 5, which describes how many crossovers 

span adjacent rings. Each ring is described by four values: circumference, height, crossover 

factor multiple, and crossover spacing. Due to that simplicity, structures may also be input 

in a comma-separate values (CSV) format describing each of these values. Circumference 
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(c) and height (h) serve to describe the ring’s position. An integer crossover factor multiple 

(k Є Z) scales to allow more crossovers to be used for large rings in order to maintain 

stability such that the number of crossovers on a ring, or the crossover count, is kx. 

Crossover spacing (s Є {2; 3; 4; 5}c) describes an integer number of full helical turns in 

terms of base pairs between adjacent crossovers, and this is bounded for stability. To 

preserve symmetry and simply crossover placement, the circumference is rounded to the 

nearest multiple of the crossover count kx. The circumference, crossover number, and 

crossover spacing tuple (c,kx,s) calculate the base pairs per turn (bps/turn = c/kxs), and as 

provided by previous work, this value should be kept within 9 bps/turn to 12 bps/turn for 

best synthesis yield. Thus, the helix geometries are adjusted to fall within this range. If we 

desire a structure to be multilayer, a scaled ring is placed with respect to the target base 

ring at the interhelical distance. We term this process “reinforcement” due to its effect of 

increasing structural rigidity and the formation of high-resolution features in DNA pottery. 

Previously, Han et al. had set rules for in-plane placement of rings, or 2D reinforcement, 

which corresponded to scaling the circumference by 48 or 50 bps, depending on the 

crossover factor, but we have further extended this to be less restrictive. The 3-tuple 

(c,kx,s) of the new ring is again adjusted to satisfy the bps/turn range between 9 and 12, 

then the structure is “fully reinforced”. 

This can be repeated for any number of rings such that the structure is variably 

multilayer, with the condition that reinforcing rings must be added as adjacent pairs such 

that any new ring has an outgoing path for the scaffold routing. In addition, if the number 

of added rings causes the full length of required scaffold to surpass the size of a single 
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scaffold, we have shown that additional scaffolds may be added to complete the reinforced 

structure. Following this, the routing module converts rings to DNA helices, with 

nucleotides spaced and positioned according to the bps/turn, which also decides the rotation 

per base pair (ɸ/bp=360 deg/[bps/turn]) . Crossover points are then aligned based on pairs 

of nucleotide pairs aligned to the angle of two adjacent rings. While each ring has varying 

bps/turn that misaligns them on a linear grid, it is still possible to periodically align them 

on a polar coordinate system if the crossover factor is the same. A number of crossovers 

equal to the crossover count are then created to join adjacent helices. 

It is necessary to note that the crossover density increases in multilayer structures, 

thus reinforcement is most effective when the crossover spacing is already high such that 

staple domains remain as long as possible. In order to handle large, multiple layer designs, 

we introduce several parameters that assist in heuristically searching for appropriate 

crossover networks. Due to the discretization of angle positions by nucleotides along the 

ring and the malleability of DNA, alignments do not need to be perfect. An alignment 

threshold defines how close two crossover positions on adjacent helices can be to be 

considered a valid position. In addition, multiple layer crossovers sharply increase the 

crossover density, which reduces the average continuous staple-scaffold binding domain 

length. If domains are too short, they may transiently disassociate and significantly lower 

the stability of the resulting DNA origami nanostructure. A spacing parameter controls how 

close any crossover may be placed within the proximity of another. 
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Figure 4.1 The design process of CADAxisDNA. (A) The 3D model is sampled to (B) 

generate a custom circular mesh. (C) Each mesh line is regarded as a DNA helix and helical 

geometric properties are applied and adjusted to satisfy a routing performed in (D). A 

network of crossovers and nicks are systematically applied to (E) produce staples within a 

certain length range (30-60), which can be (F) used to synthesize the DNA nanostructure. 

 

Staple nicks can also shorten this continuous binding domain, typically when near 

a crossover, so the distance of nicks to crossover points is also controlled. These parameters 

can be relaxed to accept looser definitions of valid crossover networks and nicks, up to a 

point where designs may have reached unacceptable geometries defined by greatly lowered 

synthesis yields. Provided careful placement of crossovers, staple nicks can also be 

optionally optimized to ensure each staple has a nucleation site, which has been shown to 

improve yields. Or, as may be desirable for downstream applications, staple nicks can also 

be optimized to have outward or inward facing positions more closely conducive to adding 

surface modifications and functional groups for guest molecules. Upon routing the scaffold 

and staples using the generated crossovers and nicks, output can be formatted and produced 

for either simulation or synthesis. (For a more detailed description of each process, refer to 

the Supplementary Materials.) 
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4.4 Variable Reinforcement  

Provided that reinforcement of at least one layer can offer mechanical 

improvements in the structure, we also investigate its benefits for the variable 

reinforcement of selected features. For example, in the cone example provided in Figures 

2A, 2B, reinforcement assists in stabilizing features that have been experimentally 

demonstrated to be difficult to form (Figure 2E). The tip of the cone demonstrates 

consistent use of much narrower rings than has been demonstrated in previous work and 

initially does not form. Reinforcement is also able to stabilize this feature to improve 

yields. Consolidating the simulation results of only the unstable sections also shows a 

marked increase in rigidity, while the unreinforced sections remain the same (Figure 2C, 

2D) insets of cone and reinforced cone respectively, demonstrating complete formation of 

the reinforced part of the cone.   

4.5 Experimental Demonstrations 

Several structures are experimentally assembled and characterized by transmission 

electron microscopy (TEM) (Figure S2). We experimentally demonstrated the effects of 

reinforcement on the cone design. In non-reinforced cases, the weak part of the structure is 

not resolvable in images (Figure 4.2E). In comparison, objects with reinforcement have 

those same sections clearly visible (Figure 4.2F). This reflects the simulated results as 

described by decreasing RMSD in those sections. Additional structures of varying 

complexity are also selected to show the experimental validity of the software. Cone, 

gourd, and bowl shapes further demonstrate design complexity focusing on specific traits 
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of curvature. Additional shapes were designed to utilize a full scaffold strand for their 

single layer construction only, then as reinforcing layers were added and the total length of  

 

Figure 4.2 Reinforcement Strategy. (A) Schematic of Cone and (B) Reinforced Cone. 

Reinforced part is shown in red. (C) and (D) Simulated results on the effect of 

reinforcement. Only the inner layer is shown for comparison. (E) and (F) TEM images with 

of (A) and (B) with insets.  

DNA surpassed a single scaffold strand, another scaffold was added. While this often 

results in large lengths of an additional scaffold strand being unused, as reinforcement of 
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only specific sections of the shape may only require1000 bps to be added to the design, we 

do not observe any critical errors in assembly. 

 

The following shapes used M13mp18 as their base scaffold, then added phi X 174 when 

necessary. The vase shape demonstrates a combination of straight and curved elements. 

The “weight” on each side has nonuniform latitudinal curvature, as opposed to a sphere 

that has consistent curvature. These are joined by a cylindrical handle. Depending on the 

length and diameter of the handle, it may not be rigid and cause the two weights to become 

noncollinear. This is another example where reinforcement may offer the necessary 

structural integrity. The gourd shape demonstrates nonuniform curvature but with a profile 

that has both convex and concave sections. Furthermore, the two convex sections are 

created such that they have different degrees of curvature. In TEM images, the shape of the 

gourd according to its input 3D model can be clearly discerned inside views. Other particles 

frequently appearing are most likely top of bottom views of the same structure (Figure 

S2B). The aspect ratio of the gourd may sometimes bias its imaging cross-section to be 

viewed from top to bottom. In these profiles, two rings are clearly visible corresponding to 

the smaller and larger bulbs of the gourd. The cryo-tomogram of the shape in Figure 3 

clearly demonstrates the formation of the shape. The bowl shape explores the concept of a 

part of the structure being depressed into an encapsulating section of itself. The shape 

demonstrates extreme concave features, a very small cavity space, as well as an acute 

corner. Similar to the gourd, the bowl shape is biased towards top or bottom views and 

often appear as circles (Figure S2A), however the Cryo-TEM tomogram in Figure 3 

demonstrates their clear formation. 
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Figure 4.3 Tomograms of Example Nanostructures. Representative images of Cryo-

tomogram sections of the various example nanostructures (on the left) and experimental 

demonstration of the same on the right. 

4.6 Asymmetric structures 

 In the interest to truly realize biomimetic nanocapsules, we intend to test and realize 

structures featuring asymmetric features along the axis. For this we needed to enable in-

plane asymmetry that breaks away from the limitations of a straight, central axis. Bending 

of helix bundles can be implemented in multiple layer thickness structures by segmenting 

the wall into helix bundle groups, then applying a varying gradient of insertions and 

deletions along the helix bundle path. The gradient can be straightforwardly calculated by 

viewing the helix bundle as a simple beam and applying Euler-Bernoulli beam theory. 

Lengthwise deformations are converted to base pair values by dividing by the B-form DNA 

axial rise of 0.332 nm. For a single bend, this method induces closely accurate bending in 

the helix bundle. 

However, we have found that for structures with inflections, that is, shapes such as 

the clover which are comprised of both concave and convex arcs, strain from the longer 
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arcs overwhelm their adjacent arcs through the inflection. For example, longer convex 

sections cause adjacent concave sections to become straight. We further describe an 

overcompensation strategy that appears to remedy this issue. Overcompensation is 

applying an insertion-deletion gradient for a larger angle than originally intended. This can 

range from a 10° up to a 60° increase. Overcompensation in the shorter and weaker arcs 

was observed to be a successful strategy to be able to add sufficient counter-strain into the 

structure to form both convex and concave sections within the same helix bundle. The 

range varies significantly as a steeper insertion-deletion gradient also narrows the shortest 

segment (with the most deletions) of the arc, which in effect can reduce optimal crossover 

placement and stability to counteract successful overcompensation. Thus, we see the 

necessity of automated software here to heuristically search for optimum parameters. 

We also intend to demonstrate a departure from a straight, central axis, such as in 

demonstrated Klein bottle designs. Consecutive rings are designed to be at slightly tilted 

angles between each other. A gradual progression of this tilt can form a shape along a 

curved axis. However, the curvature is not enforced in the rings themselves, rather, curved 

pathways must be anchored at both endpoints. This primarily demonstrates the utility of 

the elasticity of DNA, where the crossovers bonds will be slightly strained along the outer 

curvature of any curved path. 
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Figure 4.4 Simulation of Asymmetric Structures. Ox-DNA simulation demonstrating 

the (A) last configuration state of Clover and (B) last configuration state of ellipse (C) 

initial configuration state of Klein Bottle. 

4.7 Conclusions and future directions 

Here, we have demonstrated the first system for the design of curved DNA 

capsules, which features improvements in geometric complexity as well as mechanical 

rigidity, which will limit permeability, promote stability and assist in achieving 

increasingly ambitious biomimetic structures and applications. The wide array of structures 

were all designed by following the same algorithms and testifies to the robustness of the 

design strategy for rapidly generating globular DNA nanostructures. Designed shapes are 

consistently observed, despite minimal application of optimization strategies that have 

since been developed for lattice-based DNA origami. Furthermore, software tools may 

accelerate the development of new techniques for exploring novel shapes and 

biomechanical properties of nonlinear DNA nanostructures due to the rate at which a 

programmable, digital representation can be modified. The methods here have also been 

demonstrated to scale to sizes consisting of at least two scaffold strands, thus enabling the 

implementation of stable, complex features.  
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While current demonstrations are static, new strategies for dynamic actuation of 

DNA nanostructures will need to be developed and could be integrated in structures 

demonstrated here via additions to the published software. This type of globular, freeform 

shape mimicry is a strength of DNA nanotechnology and could accelerate the study and 

exploitation of micro and nanoscale dynamics to create smart and stable programmable 

nanodevices. The current work is another step forward in democratizing the capabilities of 

DNA nanotechnology to the general scientific audience, thereby leading towards more 

complex and biomimetic molecular machinery. 
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CHAPTER 5 

ASSEMBLING AN ORDERED 3D DNA TETRASTACK FROM MODELING TO 

EXPERIMENTS  

5.1 Introduction 

 Metamaterials are materials that are engineered to have specific properties. This is 

accomplished by assembling various components into complex structural assemblies. This 

‘structural arrangement’ of the component materials is the source for the interesting 

properties and is not because of their inherent nature. Optical metamaterials is a class 

among these materials which have specific properties for photons, thus making them 

capable for information processing with light.  

Optical metamaterials have long been of great interest to the materials 

community1-3. In analogy to semiconductors, which have an electronic band gap, a 

metamaterial lattice can be designed to possess an optical band-gap, which prevents the 

transport of photons of particular wavelengths in the material. If such a lattice could be 

assembled with cavity sizes comparable to the wavelength of visible or infrared light, it 

would open new possibilities of manipulating light for information processing. Several 

3D nano-lattices that poses band-gaps in the visible light domain have been proposed4-8. 

Of particular interest is the tetrastack (pyrochlore) lattice (Fig. 5.1G) [1, 3], which has 

been identified as having an omnidirectional photonic band gap that is robust with respect 

to defects in the lattice and which allows multiple materials for the crystal lattice to 

possess the band gap.  
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The traditional way of creating such metamaterials is the top-down approach for 

nanoscale patterning like electron beam lithography9. These require large facilities, clean 

rooms and are limited to successive iterations of 2D patterning. A self-assembling strategy 

of assembling these architectures would solve this problem in a huge way and thus is of 

much interest to scientists. DNA being a programmable material because of its Watson 

and Crick base pairing is an immediate choice for such an application. DNA coated 

colloids for nanocrystal assembly is a direction that scientists have probed10-11. However, 

DNA nanotechnology is the more promising approach to be considered, as literature 

demonstrates the capability of making a wide range of architectures from complex origami 

shapes12, cages13-15 and all the way to complex self-assembled 3D architectures (Figure 

5.1 E,F)16.  

This chapter only outlines the experimental side of the project and does not dwell 

into the modelling side upon which the project was developed. The modeling side of this 

project has already been published17, and resulted into a suggested set of DNA 

nanostructures that have been predicted, in simulation, to assemble into the pyrochlore 

(tetrastack) lattice. The paper describes a modeling solution to self-assemble a tetrastack 

from homogeneous components. The simulations and models in the paper were based on 

the 3D DNA nanostructures well characterized in literature. These nanostructures having 

the right size when self-assembled into a pyrochlore lattice are capable of having 

metamaterial properties when silicised. Since, the process of silicisation of DNA 

nanostructural assemblies has already been demonstrated18, the practical realization of this 

project hold much promise.   
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5.2 Motivation and design of the monomer 

Although many 3D DNA lattices (Figure 5.1 A-F) have been achieved, a tetrastack 

 

Figure 5.5 Examples of 3D DNA lattices achieved. A) Schematic of tile based layered 

DNA lattice19 B) TEM image demonstrating (A). C) Ned Seeman’s tensegrity triangle 

crystal20.  D) Experimental demonstration of (C) wherein single crystals were achieved. 

E) Self-assembled lattices made of 3D DNA origami octahedrons with AuNP 

incorporated into them21. F) HR-SEM demonstration of the silica coated lattices of (E). 

G) Expected tetrastack lattice.    
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(pyrochlore) lattice (Figure 5.1 G) is something that has not been achieved and is a lattice 

that is utmost desired by scientists aspiring to create optical metamaterials. In order to 

achieve this we need a spherical DNA nanostructure with possible dimensions ranging 

from 25nm to 50nm. For this purpose we designed a DNA icosahedral origami structure. 

This structure designed was a wireframe structure22 owing to the rationale that 

they form in high yields (>70 %). This structure was designed to use a single stranded 

scaffold p3120 (Figure 5.2A). We also did choose the positions on the structure for the 

purposes of attaching to other fellow icosahedrons using complimentary handles and also 

for the incorporation of Au Nanoparticles (AuNPs) into this structure (Figure 5.3 A). 

These handles for the incorporation of AuNPs into these nanostructures are necessary for 

two reasons. One, as Small angle X-ray Scattering (SAXS) experiments yield better 

signals when AuNPs are present in the formed periodic lattice. Second, these formed 

lattice structures are better visualized in cryo-Scanning tunneling electron microscopy 

experimental micrographs when they have AuNPs incorporated into them.   

5.3 Formation of the monomer 

  We started by the production of p3120 scaffold by the amplification 

method23 as described in this paper. Figure S1A shows an agarose gel at different 

concentrations (200nM to 5nM) of the home made scaffold. The single band in the gel 

demonstrates the high yield and purity of the scaffold made. Now that the scaffold was 

made, we proceeded to form the monomer. For this we made the origami solution at 20nM 

concentration wherein 20nM of the scaffold was added in a PCR tube along with 5X 

(100nM) excess of staples and 10X (200nM) excess of handles were added into the tube 
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wherein the buffer contained was 1X TAE-500mM NaCl. Care was taken to employ this 

buffer condition as the modeling end of this project was done using NaCl as the salt instead 

of the traditionally used Magnesium in the DNA nanotechnology world. This mixture was 

annealed using the 12 hour annealing protocol (Supplementary Information S2). The 

mixture was thereafter characterized by Agarose gel electrophoresis (AGE) (Figure 5.2B) 

and then visualized by TEM as shown in (Figure 5.2C). The TEM images indicated the 

formation of the icosahedron and the AG indicated the formation of a single monomer 

species in high yield.    

Following this, we also chose handles locations for the incorporation of AuNPs 

onto the Icosahedron (Figure 5.3A marked in yellow). After this, we synthesized and 

incorporated the AuNPs as has been described in (Supplementary Information S2). Care 

was taken to purify the AuNP incorporated Icosahedron (Figure 5.2D) by AGE shown by 

the yellow arrow in lane1 (Figure 5.2 E) and validate their formation by negative stain 

TEM (Figure 5.2F).  Lane 2 of the gel shows mobility of AuNPS as it has DNA attached 

to it when compared the same with Lane3 of the gel. A point to further note is that AuNPs 

always appeared a strong red band in white light and as a strong white band when imaged 

in the gel scanner. Lane 5 is a control sample showing that when handles for the 

icosahedron were not present and annealed in the same way as before with AuNPs they 

did not show the occurrence of a red band as in Lane 1(ii).   
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Figure 5.2 Monomer Formation. A) Schematic illustration of monomer. B) Agarose 

gel showing the formation of the monomer, M(1kb) refers to marker lane of 1kilo 

basepairs, Scaffold refers to the p3120 scaffold, Icos refers to the formation of the 

icosahedron monomer which was imaged in C) Negative stained TEM image having an 

inset demonstrating the formation of the monomer in high yield. D) Schematic 

illustration of AuNP bound to Icosahedron. E) AGE characterization of (D). Lane1 is 

annealed Icosahedron monomers with 5nm AuNPs, Lane 2 is 5nm AuNP-with DNA, 

Lane 3 is nm AuNP without any DNA attached to it, Lane 4 is Icosahedrons alone 

(control), Lane 5 is Icosahedrons without handles for the incorporation of AuNPs mixed 

with AuNP-with DNA (control). (i), (ii) and (iii) are the same gels imaged in three 

different conditions, (i) imaged using a gel scanner at the EtBr emission wavelength (ii) 

imaged in white light (iii) imaged under a handheld UV lamp.    
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5.4 Formation of Chains  

After the formation of the monomer, we chose handle locations to be used for the 

connection to other icosahedron monomers (marked in red in the figure). The handles 

were chosen such that three handles were on the vertices of a triangular face on the top 

and the other three on a triangular face on the bottom (Figure 5.3 A). Upon deciding on 

the position of the handles, we then tested various handle lengths. A handle 

oligonucleotide (Figure 5.3 B) has three regions, a) the staple part that incorporates into 

the icosahedron, b) the poly thymidine (polyT) linker region which gives the monomer 

flexibility to accommodate any steric hindrance and torsional strain and c) the 

complementary region that binds to the other icosahedron. We tested various designs like 

9-10, 10-5 and 12-10 (wherein the first number refers to the complimentary region and 

the second number refers to the linker polyT region). We saw chain formations in both 

the 9-10 and 12-10 cases and not in the 10-5 case proving that a linker length of 10 served 

best for the formation of chains. We further realized from modelling and our experiments 

that 9-10 was the sweet spot to choose such that, the binding was not too strong and yet 

sufficient enough to proceed to the formation of ordered lattice structures.  
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Figure 5.3. Formation of Icosahedral chains. A) Schematic representation of 

Icosahedron showing the position of handles, where red represents the handles for 

connecting to other icosahedrons and yellow represents the handles chosen for the 

anchoring of AuNP on the icosahedron. B) Schematic of a handle sequence C) TEM 

images illustrating the formation of Chains formed by using various handle lengths.  

5.5 Formation of Lattices 

 After the formation of chains, we used the design parameters learnt from our 

previous experiment to form the desired tetrastack lattice (Figure 5.4A). Before we tested 

out the formation of a lattice, we first optimized the formation of a dimer. For this we first 

tested out the amount of staples required for assembly by AGE and realized that 5X staples 

was more than enough for the formation a dimer instead of 8X or 10X (Fig. Supplementary 
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S1B). After this we went onto optimize the annealing protocol (thermal ramp) required 

for the assembly of the dimers. We performed this by using the 9-10 system and tested the 

time required for formation of dimer in high efficiency by AGE. Upon AGE 

characterization we realized that if the thermal ramp was extended from 12 hours to 6 

days, the dimer formation efficiency improved (Figure Supplementary information S1C). 

After this we proceeded to check the formation of the lattices by employing the newly 

optimized conditions (6 days anneal and 5X staples). For this the first experiment that we 

carried out was to check the temperature range at which assembly starts. We probed this 

by both AGE and TEM. The samples were taken immediately from the PCR machine at 

the corresponding temperatures and thereafter applied onto the grid and imaged. Upon 

analysis of the result from AGE (Figure Supplementary information S1D), we realized 

that the smearing of bands started around 33°C and became prominent after into a gradual 

disappearance well in consistent with our previous results indicating the formation of large 

assemblies (being not able to travel into the gel). We confirmed these results by TEM too, 

where we realized the temperature range of assembly was somewhere in between 36°C-

26°C (Figure Supplementary figure S2). 

We then proceeded onto forming assemblies to test out two different designs a two particle 

system AB with the 9-10 design and also the 4 particle design (Figure Supplementary 

information S1E)  wherein 2 and 4 individual monomers were put together to form 

assemblies. We further characterized this by negative stain TEM (Figure 5.4 B). Upon 

characterization, we realized that the formed aggregates do not have an ordered 

arrangement as expected, but are more towards liquid like assembly structures. This was 
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hypothesized to be because of multiple reasons. One possible reason could be the 

connections between the icosahedrons are too flexible and not enough to form an ordered 

assembly. The other reason could be the inherent flexibility of the structural arms (as each 

arm is made of just 2 DNA duplexes). To test out this hypothesis, we wanted to use 

published designs having higher structural rigidity (6 helix arms) as described in the next 

section.  

5.6 Testing New Designs 

Since the formation of a tetrastack lattice was realized to be more challenging than 

envisioned, we proceeded to test whether we could replicate the simple cubic lattice 

formed by octahedrons in literature24 (Figure 5.4 C,D). Since we realized we could, we 

have decided to trouble shoot a few parameters like, 1) the number of handle 

oligonucleotides required for assembling a tetrahedron from an icosahedron, 2) 

temperature of formation of the assemblies and arrive at the exact crystallization 

temperature needed for assembly.  

For the first case, we intend to test out a design having 3 handles per vertex, meaning 9 

per face (instead of 3 per face as before). For the second case, we intend to use dynamic 

light scattering as a tool to probe the temperature at which the formation of assemblies 

takes place.     
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Figure 5.4. Lattice structures. A) Schematic of a tetrastack lattice made from 

icosahedrons. B) Possible formation of a lattice. C) Square lattice formed from 

octahedron monomer demonstrated by a previously published report.24 D) Experimental 

demonstration of the same in our lab.  
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5.7. Conclusions and Future directions 

 We have successfully shown the formation of an Icosahedron monomer, 

conjugation to AuNPs and the formation of 1D chains using the data predicted from the 

modelling end. Although, we are yet to demonstrate the formation of an assembled tetra 

stack, the assemblies formed till now hold promise in this direction. We have also 

demonstrated our capability of replicating and forming a simple cubic super-lattice from 

existing literature. The newer designs show promise in this direction as the monomers 

used are made of 6 helix bundle arms instead of a flexible wireframe structure. The skills 

learnt through the process of characterizing these assembled structures gives us much 

confidence that the system can be debugged efficiently to realize a tetrastack lattice.    
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CHAPTER 6 

CONCLUSIONS AND FUTURE DIRECTIONS 

6.1 Conclusions 

 DNA nanotechnology over the course of nearly four decades has grown from a tool 

for structural assembly tool to the construction of complex nano-robots that could 

someday be used as vaccines. The work covered in my thesis explores various directions 

in trying to advance the field of DNA nanotechnology. One continuing roadblock in 

effective utilization of these nanostructures in living systems is their fundamental 

functional limitation. Towards this end, we probed two novel self-assembling building 

blocks: small molecule host-guest interactions and protein-DNA conjugates.   

For the first direction in chapter 2, I utilized the small molecule adamantane-

cucurbituril[7] (Ad/CB[7]) host-guest binding interactions as the alternative self-

assembling building block. For this purpose, we made conjugates of these small molecules 

with DNA and checked their binding capabilities. We then demonstrated the capability of 

these interactions to assemble 1D origami nanofibers and finally utilized these interactions 

for closing and opening of a DNA nanostructure using a functional peptide. The work 

done in this project demonstrates the capability of these orthogonal interactions to be 

utilized in parallel with DNA hybridization for the construction of smart-nano-vehicles 

for the effective delivery of drugs.  

In chapter 3, I looked at an origami DNA tetrahedral cage with 4 cavities to bind a 

trimeric KDPG aldolase protein with a DNA handle per each monomer. My collaborators 

and I then elucidated an electron density map of this hybrid DNA nanostructure by cryo-
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EM single particle reconstruction. We thereafter simulated various models with varying 

number of proteins bound to the tetrahedral cage, and fit the previously elucidated electron 

density map. Through this study we believe that the methodology developed using our 

simulation and fitting tools could be applied to fit low resolution electron density maps of 

future protein-DNA hybrid nanostructures. This study is the first such example 

demonstrating the structural understanding of protein-DNA hybrid nanostructure that 

incorporates a conjugate as a structural building block. The work also incorporates into it 

various features like small molecule linker modelling and a protein simulation model that 

could be used with oxDNA, making the approach of studying such nanostructures more 

universal.  

In chapter 4, my coworkers and I developed an automation design software for the 

development of curved DNA origami structures. The developments shown in this work 

hold particular promise for two reasons: first, the development of such a software makes 

the capability of designing DNA nanostructures readily available to the larger scientific 

community; and second, because this is the first such demonstration of automation of  

completely enclosed 3D origami curved structures. I believe that through this study, we 

are one more step closer to complete automation of all DNA origami structures.  

In chapter 5, I explored the direction of assembly of higher-order self-assembled 

nanostructures with predictable lattice arrangements. We have successfully demonstrated 

the capability of modelling the lattice arrangements of a tetrastack geometry using DNA 

nanostructures. I have further been able to experimentally demonstrate the ability to make 

the individual components and assemble them into 1D fibers. I have also been able to 
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replicate the 3D assembly of a published lattice arrangements using a DNA octahedron. 

Although we have not been able to demonstrate the formation of a tetrastack using DNA 

origami icosahedrons yet, the directions pursued holds much promise to their possible 

realization and thereby its application to be used as an optical metamaterial.   

Thus, the work covered in my thesis explores various directions in trying to advance 

DNA nanotechnology. I believe that the projects demonstrated through my work covered 

here paves the path for future scientists to explore various directions such as biomimicry, 

DNA based metamaterial constructions, scaffolds for cryo-electron microscopy, tools for 

cellular modulation etc.      

6.2 Future directions 

  Growing advances in DNA nanotechnology have brought much attention to this 

field. Scientists across various disciplines have now started to increasingly use this 

technology for various applications. This brings me to discuss a few directions that I 

envision the field to undertake in the foreseeable future.  

6.2.1 Functional biomimicry  

 Over the span of last decade, construction of diverse higher ordered self-assembled 

DNA architectures1-4 has seen an increasing rise especially after the birth of DNA origami5 

and DNA bricks1. However, very few of these complex architectures have been shown to 

be used for functional purpose. A large part of the vision of making these architectures 

has been to mimic biological assemblies and thereafter function. I personally believe 

construction of functional DNA based nanostructures could be the next big jump within 

the field. A few such directions include: an artificial organelle based of a DNA-lipid 
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conjugates, a simple functional DNA based functional protein like GFP, or a DNA-gated 

ion channel having selective transport capabilities for a particular protein.  

 

6.2.2 Improvements in protein-DNA nanotechnology 

 The next increasing focus within the field of DNA nanotechnology has been to 

improve the functionality of the self-assembled DNA nanostructures. One approach that 

is growing in prominence is to bring proteins into the fold of DNA nanotechnology. There 

have been two such examples: one was to use DNA binding proteins6 to self-assemble and 

build protein-DNA hybrid nanostructures and the other was to use DNA-protein 

conjugates7 as a self-assembling building block for the same. However, the field is yet to 

demonstrate the building of hybrid nanostructures using rationally designed proteins. 

There are multiple reasons inhibiting this transition as of now. One is the lack of a design 

software capable of handling both these technologies. The other reason is that the design 

rules of protein-DNA hybrid systems have yet to be figured out. Although we have made 

a small effort to bridge this gap in my thesis here, there is a lot more work to be done in 

this regard.  

 After the synthesis of these hybrid nanostructures, using them would be the next 

task. A few examples of selective functional proteins have been adhered to DNA 

nanostructures, and they have shown promise to be used as candidates for therapeutic 

applications8-9. But much needs to be done in understanding the exact internalization 

mechanisms and pathways in a living system. Alternate routes of internalization other than 
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the traditionally-known endocytosis need to be explored for effective usage of these 

nanostructures as drug delivery vehicles.  

6.2.3 Automation of DNA nanotechnology 

 For the broader applicability of DNA nanotechnology by scientists, there is an 

increasing need for more access to this technology. This could be done by automation 

software designs that take the desired shape as input and the give the required DNA 

sequences for self-assembly as output. There has been progress to this end by a select few 

groups10-12. However, the software designed to date explore select DNA design 

technologies, some limited to only 2D structures, others to 3D. The field is yet to come 

up with one uniform software reaching across all of DNA nanotechnology and all possible 

shapes.   

6.2.4 Structural DNA nanotechnology  

 DNA nanotechnology has still much to achieve in terms of some of the foundational 

goals, like utilizing DNA scaffolds for programmable orientation of proteins and 

thereafter elucidating their structure using X-ray crystallography. Although the field of 

structural elucidation has evolved by itself with the growing prominence in the technique 

of cryo-EM13, the foundational goal still remains relevant. Efforts in this direction have 

been made by groups both the directions of X-ray crystallography and cryo-EM. Some 

efforts have gone in the direction of expanding cavity sizes in self-assembled DNA 

crystals,14 whereas others have tried to position and orient proteins on DNA origami 

scaffolds15-16 to solve their structure by cryo-EM. The field has yet to demonstrate the 

capability to solve the structure of an unknown protein by either technique. Efforts in 
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multiple directions need to be done to realize this dream. One foundational problem in 

this is the technique needed to anchor proteins on the DNA scaffolds. The present 

strategies use DNA binding sequences or conjugation techniques to DNA followed by 

anchoring them on the scaffold. These strategies are often not realizable by protein 

biochemists, so there is a dire need come up with a really simple and elegant technique to 

do the same. The other direction that needs to be explored by scientists is the construction 

of rationally desired 3D lattice structures of a designed geometrical packing. This is still 

a distant dream as the design rules of construction of such lattice structures are yet to be 

figured out. These architectures when made could have huge potential in the realization 

of electrical and optical metamaterials.  

 Biomimetic reconfigurable structures such as artificial ion channels17 and GPCR 

proteins are yet another direction that DNA nanotechnology has huge potential to grow 

into. Functionally relevant DNA nanostructures mimicking the action of proteins is a 

direction of much interest in the scientific world. These scientific achievements would 

have huge potential in applying these materials in a cell free world and towards real world 

applications.    
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S1. Materials and supplies. 

 All DNA sequences were purchased from Integrated DNA technologies (IDT). 

Triethylammonium acetate buffer, methanol, 1-hydroxyadamantane, and dimethyl 

sulfoxide (DMSO) were purchased from Sigma Aldrich. The DBCO-sulfo-NHS linker was 

purchased from Glen Research (Fisher Scientific). Adamantane-maleimide, βCD-azide and 

CB[7]-azide were synthesized as described in Section S3. The M13 scaffold strand was 

amplified and purified in-house. 

S2. General protocols. 

 Purification by RP-HPLC. Following reaction, DNA conjugates were purified using a 

C-18 column on an Agilent 1220 Infinity LC HPLC. The mixtures were purified using a 

linear gradient method, with Buffer-A (water with 50 mM triethylammonium acetate 

(TEAA)) and Buffer-B (methanol). A linear gradient was run from 10% to 100% Buffer B 

over 60 minutes. Conjugates were monitored and collected based on 260 nm (for DNA) 

and 309 nm (for DBCO) absorbances. Peaks were tested for purity and identified by 

MALDI-TOF mass spectrometry. 

 Mass characterization by MALDI-TOF MS. All purified products were characterized 

on an AB SCIEX 4800 MALDI TOF/TOF in the positive ion mode, with 3-Hydropicolinic 

acid (HPA) as the matrix. Samples were spotted onto a MALDI plate using a sandwich 

technique (sample-matrix-sample). 

 PAGE analysis of conjugates. Small molecule-DNA conjugates were analyzed using 

20% native PAGE. To each lane was added 20 µl of a 1 µM sample, and the gel was 
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electrophoresed using at constant voltage (200 V) for 3 h at 4°C, then stained with ethidium 

bromide and imaged with a Bio-Rad Molecular Imager GelDOC XR+ imaging system. 

S3. Synthesis of small molecules. 

 General methods. Except as noted otherwise, all non-aqueous reactions were carried 

out in oven-dried glassware under a balloon pressure of argon or nitrogen. Reagents were 

commercially available and used as received; anhydrous solvents were purchased as the 

highest grade from Sigma-Aldrich. Reactions were monitored by thin layer 

chromatography using 0.25 mm Silicycle silica gel 60 F254 plates. Flash column 

chromatography was performed using Silicycle 40-60 mesh silica gel. Yields are reported 

as isolated yields of spectroscopically pure compounds. 1H and 13C NMR spectra were 

obtained using 400 and 500 MHz Varian spectrometers. Chemical shifts are reported in 

parts per million (ppm, ) referenced to the residual 1H resonance of the solvent (CDCl3, 

7.26 ppm and DMSO-d6, 2.49 ppm). 13C spectra are referenced to the residual 13C 

resonance of the solvent (CDCl3, 77.16 ppm and DMSO-d6, 39.52 ppm).  Splitting patterns 

are designated as follows: s, singlet; br, broad; d, doublet; dd, doublet of doublets; t, triplet; 

q, quartet; m, multiplet.  
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Scheme S1: Synthesis of βCD-azide (3). 

 6-Mono-O-(p-toluenesulfonyl)-β-cyclodextrin (2). To a cooled (0-5 °C) suspension 

containing β-cyclodextrin (1) (20.0 g, 17.6 mmol) in 0.4 M aq. NaOH (250 mL) was added 

13.4 g of p-toluenesulfonyl chloride (70.3 mmol, 4.0 eq.) in small portions over a 15 min. 

period. The mixture was stirred at 0-5 °C for 45 min. and the insoluble solid was filtered. 

The pH of the filtrate was adjusted to ~ 8.0 by addition of conc. HCl and the mixture was 

stirred for 1 h at r.t. and at 5 °C overnight. The precipitated solid was filtered, washed with 

three 15-mL portions of water and three 15-mL portions of acetone. After drying at 60 °C 

under vacuum for 24 h, 6-mono-O-(p-toluenesulfonyl)- β-cyclodextrin (2) was obtained as 

a white solid: yield 7.92 g (35%); 1H NMR (DMSO-d6)  2.43 (s, 3H), 3.10‑3.45 (m, 14H), 

3.45‑3.66 (m, 28H), 4.10‑4.60 (m, 6H), 4.76 (brs, 2H), 4.83 (brs, 5H), 5.50‑5.91 (m, 14H), 

7.41 (d, 2H, J = 8.2 Hz) and 7.73 (d, 2H, J = 8.2 Hz); mass spectrum (MALDI), m/z 

1310.47 [M-H+Na] (theoretical m/z 1310.36). 

 6-Monodeoxy-6-monoazido-β-cyclodextrin (3). 6-Mono-O-(p-toluenesulfonyl)-β-

cyclodextrin (2) (4.0 g, 3.10 mmol) was suspended in dd H2O (50 mL) and subsequently 
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heated to 80 °C. Sodium azide (1.0 g, 15.5 mmol, 3.0 eq.) was added and the mixture was 

stirred at 80 °C for 20 h. The mixture was filtered while still hot, the filtrate cooled to r.t. 

and added dropwise to 400 mL of acetone under vigorous stirring. The resulting precipitate 

was filtered and washed with two 10-mL portions of acetone. The dried solid was again 

dissolved in 25 mL of water with gentle heating, cooled to r.t. and dripped into 300 mL of 

acetone. The precipitated solid was filtered, washed with two 10-mL portions of acetone 

and dried under vacuum at 50 °C. 6-Monodeoxy-6-monoazido-β-cyclodextrin (3) was 

obtained as a white solid: yield 3.14 g (87%); 1H NMR (DMSO-d6)  3.40‑3.21 (m, 14H), 

3.49‑3.82 (m, 28H), 4.40‑4.57 (m, 6H), 4.76‑4.90 (m, 7H), 5.85‑5.57 (m, 14H); mass 

spectrum (MALDI), m/z 1181.83 [M-H+Na] (theoretical m/z 1181.36); FTIR (KBr) = 

2104 cm-1 (N3). 

 

Scheme S2: Synthesis of Ad-maleimide (6). 

 Adamantane-maleimide (6). To a solution containing adamantane methylamine (4) (38 

mg, 0.23 mmol, 1.5 eq.) in anhydrous THF (1.5 mL) was added triethylamine (63 µL, 45 

mg, 0.45 mmol, 3.0 eq.) followed by 4-maleimidobutyric acid N-succinimidyl ester (5) (46 

mg, 0.15 mmol). The mixture was stirred at r.t. for 20 h. The mixture was quenched by 

addition of satd. aq. NaHCO3 (5 mL) and extracted with EtOAc (2 x 5 mL). The organic 
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layer was washed with 0.5 N HCl (5 mL), water (2 mL) and evaporated under diminished 

pressure. The residue was purified on a silica gel column (1.5 x 10 cm), eluting with 20:1 

CH2Cl2-MeOH (visualization with iodine). The product was obtained a colorless syrup: 

yield 41 mg (82%); 1H NMR (CDCl3)  6.72 (s, 2H), 3.59 (t, J = 6.0 Hz, 2H), 2.96 (d, J = 

6.2 Hz, 2H), 2.17 (t, J = 7.1 Hz, 2H), 2.01‑1.91 (m, 5H), 1.76‑1.57 (m, 6H) and  1.50 (d, J 

= 2.8 Hz, 6H); 13C NMR (CDCl3)  171.9, 171.1, 169.0, 134.2, 51.1, 40.2, 37.2, 36.9, 

33.9, 28.2, 25.6 and 25.1; mass spectrum (MALDI), m/z 358.99 [M+] (theoretical m/z 

358.23) 

 Cucurbit[7]uril-azide. The CB[7]-N3 molecule (as depicted in Figure S2.1B) was 

synthesized according to previously reported methods.1 

S4. Synthesis and characterization of small molecule-DNA conjugates. 

 Synthesis of Adamantane-DNA conjugates. Conjugates were synthesized by 

Maleimide-thiol chemistry (Figure S2.1A). Thiol-DNA was obtained by cleavage of 

disulfide-modified DNA (in 100 mM 1xPBS) with 50 equivalents of TCEP•HCl (Figure 

S2.2A). The solution was agitated at room temperature for 25 minutes and maintained at 

pH of 7.5; we note that TCEP•HCl is acidic and adding a large excess can dramatically 

reduce the pH and potentially degrade the DNA. Following reaction, the mixture was 

passed through a NAP-5 column to remove the excess TCEP•HCl, and the product was 

characterized by MALDI-TOF MS. The thiolated DNA was conjugated to adamantane by 

exposure to 5 equivalents of adamantane-maleimide (as a solution in DMSO) in 1xPBS 

(pH7.5). The reaction mixture was agitated and maintained at 37 °C overnight. After 
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reaction, the desired conjugate was purified through RP-HPLC and characterized by 

MALDI-TOF MS (Figure S2.3).  

 Synthesis of CB[7]-DNA and βCD-DNA conjugates. Conjugates were synthesized 

using strain promoted alkyne azide cycloaddition (SPAAC) chemistry (Figure S2.1B,C), 

similar to previous reports2. Briefly, DBCO-DNA was synthesized by adding 5 molar 

equivalents of DBCO-sulfo-NHS ester (in DMSO) into a 1mM solution of amine modified 

DNA strand in 1xPBS buffer (pH 8.0). Two aliquots were added, at 6-hour intervals.  Care 

was taken to maintain a slightly basic pH; in the event that the pH turned acidic, some 

10xPBS (pH 8.0) was added. Following linker addition, the reaction was agitated and 

maintained overnight at 37 °C. Following incubation, the reaction mixture was passed 

through a NAP-5 column to remove excess linker, and purified via reverse phase HPLC 

(RP-HPLC). The purified products were characterized by MALDI-TOF MS (Figure 

S2.2B). To these DNA-DBCO conjugates (in 1xPBS, pH 8.0) was added 2 molar 

equivalents of CB[7]-azide or βCD-azide, as a solution in DMSO. The reaction mixture 

was agitated and maintained at 37 °C overnight. Following reaction, the mixture was 

purified using RP-HPLC and the conjugate peaks verified using MALDI-TOF MS (Figure 

S2.3).  

 

S5. DNA sequences used. 

All DNA strands for DBCO coupling were obtained from IDT with a 5’-C6-amine 

modification. All DNA strands for adamantane coupling were obtained from IDT with a 
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5’- C6-thiol modification. Stars below indicate complementary sequences. All sequences 

are written 5’3’. 

 DNA1 (10 nt): GGCTGGCTGG 

 DNA2 (21 nt): TGAGTTCCGTCAGGTCTGCTC 

 DNA1* (10 nt): CCAGCCAGCC 

 DNA2* (21 nt): GAGCAGACCTGACGGAACTCA 

S6. Experimental protocols for DNA conjugates and origami. 

 Competition study. Ad-DNA1 and either CB[7]-DNA1 or βCD-DNA1 were combined 

in an equimolar ratio, to a final of concentration 1 µM for each conjugate (Figure 2.2B, 

S2.6D). To study the Keq, the inhibitor small molecule 1-hydroxyadamantane (Ad-OH) was 

added in ratios ranging from 1 to 10 equivalents (final concentration of 1-10 µM). All 

solutions were made to a final volume of 20 µL, and annealed in a PCR machine using the 

annealing protocol described below. The signal attributable to the fused complex of Ad-

DNA1 and CB[7]-DNA1 was plotted as a function of the concentration of Ad-OH inhibitor 

and fit to a 3-parameter least-squares regression model to determine IC50 (GraphPad Prism 

8.0). Then, the ratio of concentrations for Ad-OH to Ad-DNA1 at this value were 

multiplied by the known affinity for Ad-OH to determine Keq,rel (Figure 2.2C,D).   

 Annealing protocol for individual conjugates. Samples were heated to 90°C for 5 min, 

and then cooled according to the following ramp: hold at 86°C for 5min; decrease by 1 

°C/5 min to 71°C; hold at 70°C for 15min; decrease by 1 °C/15 min to 40°C; hold at 39 °C 
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for 10min; decrease by 1 °C/10 min to 26°C; hold at 25 °C for 30min; hold at 20°C for 

15min; hold at 15 °C for 5min; hold at 10°C.  

 Cuboid annealing protocol. To form cuboids, samples were held at 65 °C for 15 min, 

followed by a gradient from 60-40 °C at a rate of 0.5 °C/hour and then quick cooling to, 

and storage at, 4 °C. This protocol was used for the “one pot” annealing of fibers, as well 

as formation of individual cuboids for the hierarchical assembly experiments in Figures 

2.3, 2.4, S2.6A-C. 

 Nano-Box Annealing protocol. To form boxes, samples were held at 90 °C for 5 min, 

followed by a gradient from 86-71 °C at a rate of 1 °C/5 min, followed by a gradient from 

70-40 °C at a rate of 1°C/15min, followed by another gradient from 39-20 °C at the rate of 

1°C/10min, and then quickly cooled and storage at, 10 °C. 

  DNA origami cuboid design. The 3D cuboid “monomer” was based on the design of 

Walther and coworkers.3 Between 1 and 8 of the staples at the edges of the cuboid were 

extended with either DNA1* or DNA2* ssDNA handles (see Section S8 for complete list 

of staples). The staple locations were chosen to give the widest possible interaction 

interface between the cuboids, and are enumerated in Figure S5. 

 DNA origami nano-box Design. The nano-box was designed to have two halves (Figure 

S2.12) with dimensions: 6 duplex lengths for the sides, amounting to 12 nm height per half, 

and 12 duplex lengths for the bottom and the lid, amounting to a length of 24 nm. The 

width was calculated to be around 34 nm. ((88 bases *0.34nm) + 2nm front + 2nm back). 

The top and the bottom half were connected by staples having a poly thymidine linkers of 
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5 bases between them as well. The handle positions on both the halves were chosen such 

that when they closed they would symmetrically align themselves.  

 Origami formation. All origami solutions were made to 100 µL volumes with 20 nM 

of the M13 scaffold and 10 equivalents of staples (200 nM) in 1XTAE-18.5mM MgCl2 

buffer. Staples bearing handles were also added at 10x excess. The samples were heated 

and slowly cooled in a PCR machine using the cuboid/box annealing protocol described 

above. 

 For the one pot assembly (Figure 2.3B), the origami solutions were made with the 

conjugates in 10x excess compared to the handles e.g. for 8 handles these strands were 

added at 80x excess (1.6 µM) with two possible permutations: Ad-DNA1 & CB[7]-DNA2 

(lane7) or Ad-DNA2 & CB[7]-DNA1/βCD-DNA1 (lane 4 and7/ lane5) with respective 

complementary handles (S8).   

 For the control one pot assembly (Figure 2.3B, lanes 8 and 9), the origami solutions 

were made in the same way as above except that the respective handles were replaced with 

poly(T) handles (DNA1* control and DNA2* control, S8).  

 For alternating co-polymer assembly (Figure 2.4A), the origami solutions were made 

with the same conjugates on both sides of the origami, with all four possible permutations: 

Ad-DNA1, CB[7]-DNA1, Ad-DNA2, or CB[7]-DNA2 (corresponding to lanes 1-4 in 

Figure 2.4B). To avoid potential scrambling of handles, we probed two combinations of 

origami: (1) cuboids with Ad-DNA1 + cuboids with CB[7]-DNA2; and (2) cuboids with 

Ad-DNA2 + cuboids with CB[7]-DNA1 (lanes 5 and 6, respectively in Figure 2.4B). We 
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found that sample (2) gave a longer distribution of fibers by AGE, though sample (1) also 

clearly yielded fiber assemblies.  

 For the hierarchical assembly with purified cuboids (Figure 2.4E), the origami 

structures with handles (DNA1* and DNA2*, S8) were annealed first without the 

conjugates. The structures were purified by spin filtration as described below, the 

conjugates were added in two-fold excess, and the mixture was annealed from 45°C to 

40°C at 0.5 °C/hr followed by rapid cooling to 4°C.  

 For all the different versions of the Box (Figure 2.5B), the origami structures were 

annealed with 10x excess of staple and handle sequences (handles (DNA2*). For the 

stimulus responsive demonstration experiments, the nanostructures were incubated with 

120x excess of CB[7]-DNA2 (10 x 12 handles). For the closing experiment, the box was 

incubated with 120x excess of Ad-Peptide-Ad. For the opening back experiment using 

MMP-8 protein, the protein was added in to preformed closed box nanostructures in 1200x 

excess (10X to the Ad-Peptide-Ad) and incubated at 37°C. In all cases except the opening 

back experiment, the nanostructures were formed in a one-pot assembly.   

 Purification of folded origami structures. The origami reaction mixtures were purified 

using 100 kDa molecular weight cutoff filters (Amicon). A fresh Amicon filter was first 

equilibrated with 1xTAE buffer with 12.5 mM Mg2+ at 8000 RCF for 20 minutes. Next, 

0.5 mL of origami solution was added and spun at low centrifugation speeds of 1550 RCF 

for 20 minutes. This process was repeated 5 times with fresh buffer. All spins were carried 

out at room temperature in an Eppendorf centrifuge 5424. 
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 Transmission electron microscopy (TEM) characterization. 5 µL of sample was 

adsorbed on a formvar stabilized carbon type-B, 400mesh copper grid (Ted Pella, part 

number 01814-F) that had been glow-discharged for 1 minute. The sample was stained 

using 5 µL of a 2 wt% aqueous uranyl formate solution containing 25 mM sodium 

hydroxide. The grids were left to sit idle for 5 minutes before the samples applied onto it 

to avoid breakage due to excess charge from the glow discharge process. Samples were 

incubated for 5 minutes. Grids were allowed to float on a drop of the required sample or 

stain before wicking excess liquid using a Whatman filter paper.  

 Characterization of Folded structures. Samples were run on 1.2% Agarose gels made 

in 1xTAE with 20 mM MgCl2 buffer, and pre-stained with ethidium bromide. The running 

buffer was 1xTAE with 12.5 mM MgCl2. To 10 µL of the annealed sample from the PCR 

reaction was added 1 µL of 10x loading dye. The gels were electrophoresed for 1-1.5 hours 

at a constant voltage of 90 V at 4°C. 

 Quantification of array length distributions. TEM images were assessed to determine 

the frequency of different array lengths, with between 2600-6400 origami cuboids counted 

for each of the four experimental conditions shown. The resulting frequency distribution, 

on the basis of mass fraction, as well as the cumulative mass fraction were plotted with 

step-wise increase in length of one origami. Both curves were fit to standard lognormal 

function (GraphPad Prism 8.0) to determine the population mean length, with R2 > 0.98 for 

all fits. 
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S7. Supplementary Figures 

 

 

Figure S2.1: Synthesis of small molecule-DNA conjugates. A) Synthesis of Ad-DNA 

through the Michael addition of 5’-thiolated DNA to an Ad-maleimide linker. B,C) 

Synthesis of CB[7]-DNA and βCD-DNA, respectively, via strain-promoted azide-alkyne 

cycloaddition (SPAAC) between DNA-dibenzocyclooctyne (DBCO) and the 

corresponding azide. 
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Figure S2.2: Synthesis of thiol-DNA and DNA-DBCO. A) TCEP cleavage to yield 

thiolated-DNA, along with MALDI-TOF MS spectra of purified DNA1-thiol and DNA2-

thiol. B) Synthesis of DNA-DBCO from the corresponding DNA-amine and DBCO-sulfo-

NHS, along with MALDI-TOF MS spectra of purified DNA1-DBCO and DNA2-DBCO. 
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Figure S2.3: MALDI-TOF MS of indicated purified DNA conjugates. 
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Figure S2.4: Analytical HPLC traces of indicated purified DNA conjugates. The double 

peak seen in the βCD-DNA conjugate is most likely due to the HPLC resolution of the two 

regioisomers for the triazole product of SPAAC, as both peaks have identical mass spectra. 
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Figure S2.5: Location of handles on origami. For each # of handles, the locations indicate 

which spots on the diagram were extended with handles for Ad (pink) and CB[7] or βCD 

(blue) DNA conjugates. 
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Figure S2.6: Additional gel characterization of assembly. A) AGE of cuboid one-pot 

assembly with indicated number of handles for CB[7]-DNA1 and Ad-DNA2 conjugates. 

The sample with eight handles yields the highest molecular-weight bands. B) AGE of one-

pot assembly of samples with indicated number of handles, and with 50,000 equivalents of 

Ad-OH added as a competitor. No higher molecular weight bands are seen, demonstrating 

that assembly is mediated by the host-guest interaction. C) Dependence of final annealing 

temperature (i.e. end-point of thermal ramp) on fiber assembly. Only at 45 °C and below 

are assemblies seen; higher temperatures yield primarily monomers. D) Native-PAGE of 

host-guest assembly with DNA2 conjugates (compared with Figure 2B, which used DNA1 

conjugates). Lane M: dsDNA ladder (bp); 1: DNA2; 2: Ad-DNA2; 3: CB[7]-DNA2; 8: 

Ad-DNA2 + CB[7]-DNA2. 
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Figure S2.7: Additional TEM images of one-pot assembly of cuboids with Ad-DNA2 + 

CB[7]-DNA1. 
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Figure S2.8: Additional TEM images of one-pot assembly of cuboids with Ad-DNA2 + 

βCD-DNA1. 
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Figure S2.9: Additional TEM images of alternating copolymer assembly. This sample 

corresponds to assembly of cuboids modified with Ad-DNA1 on both sides with cuboids 

with CB[7]-DNA2 on both sides (the sample quantified in Figure 4D). 
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Figure S2.10: TEM images and length distribution of cuboids with CB[7]-DNA2 on both 

sides. No arrays are seen, confirming that the hydrophilic host alone does not drive self-

assembly. 



 

137 

 

 

 

 

Figure S2.11: Additional TEM images of hierarchical assembly of purified cuboids with 

pre-formed DNA1-Ad/CB[7]-DNA2 complex. This sample corresponds to Pathway (2) in 

Figure 4E, and the length distribution in Figure 4H. 
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Figure S2.12: Design details of DNA nano-box.  
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Figure S2.13: Characterization of Ad-peptide-Ad 

 

Figure S2.14: AGE of DNA nano-box. Lane M(1kb)= dsDNA ladder, Lane1: All staple 

nano-box, Lane2: nano-box with 12 handles, Lane3: nanobox with CB[7]-DNA2 attached, 

Lane4: Closed nano-box with Ad-peptide-Ad attached.   
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Figure S2.15: Additional AFM images of the DNA nano-box in its open state, with CB[7]-

DNA2 attached to it. Insets have a scale bar of 30nm.   

 
Figure S2.16: Additional AFM images of the DNA nano-box in its closed state, with 

CB[7]-DNA2 after the addition of Ad-peptide-Ad. Insets have a scale bar of 30nm.   
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Figure S2.17: AFM images of the opened DNA nano-box after the addition of MMP8 

protein to the closed nano-box using Ad-peptide-Ad. Insets have a scale bar of 50nm.   

 

 

 

 

 

 

 

 



 

142 

 

 

 

S8. Sequence of DNA Cuboid origami staples and handles. 
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S9. Sequence of DNA nano-box origami staples and handles. 
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S1. Materials and supplies. 

 All DNA sequences were purchased from Integrated DNA technologies (IDT). The 

M13 scaffold strand was amplified and purified in-house. The protein was expressed in-

house. 

S2. Synthesis and characterization of KDPG aldolase protein-DNA building block, 

tetrahedral origami, 4 turn tetrahedron. 

 Synthesis of KDPG aldolase protein-DNA building block (PDNA-bb).  The protein 

was expressed, purified and conjugated as before1. 

 Origami formation. All origami solutions were made to 100 µL volumes with 20 nM 

of the M13 scaffold and 10 equivalents of staples (200 nM) in 1XTAE-18.5mM MgCl2 

buffer. Staples bearing handles were also added at 10x excess. The samples were heated 
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and slowly cooled in a PCR machine using the tetrahedral annealing protocol described 

below. 

 Origami Tetrahedron annealing protocol. Samples were held at 90 °C for 5 min, 

followed by a gradient from 86-71 °C at a rate of 1 °C/5 min, followed by a gradient from 

70-40 °C at a rate of 1°C/15 min, followed by another gradient from 39-20 °C at the rate 

of 1°C/10 min, and then quickly cooled, and stored at, 10 °C.  

 Annealing protocol for PDNA-bb bound into the tetrahedral origami frame.  

Samples were heated to 45°C for 15 min, and then cooled slowly by a gradient from 40-

4°C for over 12 hours. Pure PDNA-bb was added in 40x excess (4 sites*10X excess) to the 

impure tetrahedron origami structures, following which the sample was gel purified as 

described below.  

 Characterization of Tetrahedral origami structures. Samples were run on 1.2% Agarose 

gels made in 1xTAE with 20 mM MgCl2 buffer, and pre-stained with ethidium bromide. 

The running buffer was 1xTAE with 12.5 mM MgCl2. To 10 µL of the annealed sample 

from the PCR reaction was added 1 µL of 10x loading dye. The gels were electrophoresed 

for 1.5 hours at a constant voltage of 90 V at 4 °C. 

 Purification of tetrahedron origami structures. 20 nM, 200µL samples were run on a 

pre-stained 1.2% Agarose gel as before for 1.5-2 hours. Following which the band of choice 

was excised and put into a freeze and squeeze tube and kept in -80 °C for 1 hour, then 

centrifuged in the cold room at low centrifuge speeds of 1600 rcf for 40 min and 

characterized by TEM for intactness.   

S3. Experimental protocols for TEM, Cryo-TEM and AFM  



 

159 

 

 Transmission electron microscopy (TEM) characterization. 5 µL of sample was 

adsorbed on a formvar stabilized carbon type-B, 400 mesh copper grid (Ted Pella, part 

number 01814-F) that had been glow-discharged for 1 minute. The sample was stained 

using 5 µL of a 2 wt% aqueous uranyl formate solution containing 25 mM sodium 

hydroxide. The grids were left to sit idle for 5 minutes before the samples applied onto it 

to avoid breakage due to excess charge from the glow discharge process. Samples were 

incubated for 5 minutes. Grids were allowed to float on a drop of the required sample or 

stain before wicking excess liquid using a Whatman filter paper.  

 Plunging conditions for Cryo-TEM. 5 µL of sample was absorbed on the carbon side 

of the ultrathin carbon film on lacey carbon support film, 400 mesh copper grid (Ted Pella, 

part number 08124) that had been glow discharged for 1 minute. The grids were left to sit 

idle for 5 minutes before the samples applied onto it to avoid breakage due to excess charge 

from the glow discharge process. Samples were incubated for 5 minutes. Thereafter, the 

grids were plunged using an in-house manual plunger after 5-6 seconds into liquid ethane 

and immediately transferred to grid boxes in liquid nitrogen. The grids were stored in these 

boxes until they were imaged using the microscope.  

S4. Processing of Cryo-EM data 

 Data acquisition. All cryo-EM data collections were completed in the Eyring Materials 

Center (EMC) at Arizona State University (ASU).  The grid specimen was imaged using a 

Thermo Fisher/FEI Titan Krios transmission electron microscope (TEM) (Thermo 

Fisher/FEI, Hillsborough, OR) at an accelerating voltage of 300 keV.  The electron 

scattering was recorded by a Gatan Summit K2 direct electron detector (DED) camera in 
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super-resolution mode (Gatan, Pleasanton, CA).  For the tetrahedron dataset, the nominal 

magnification was set to 30,487x, corresponding to a physical pixel size of 1.64 Å/pixel at 

the specimen level.  The defocus was varied from -0.8 to -2.5 µm.  The camera counted 

rate was calibrated to 3.24 e-/pixel/second.  The exposure time was 8 seconds, 

accumulating to a total dosage of 46.1 e-/Å2.  The procedure of low-dose imaging was 

automated using SerialEM software (version 3.8)2  with customized macros.   

 For the PDNA-bb-bound tetrahedron dataset, the nominal magnification was set to 

37,879X, corresponding to a physical pixel size of 1.32 Å/pixel at the specimen level.  The 

defocus was varied from -0.8 to -2.5 µm.  The camera counted rate was calibrated to 4.33 

e-/pixel/second.  The exposure time was 8 seconds, accumulating to a total dosage of 39.5 

e-/Å2.   

Image processing 

 Image processing was generally conducted using the Relion software (version 3.1-

beta)3-4.  For the tetrahedron dataset, 3,448 cryo-EM movies were unpacked and gain 

normalized using IMOD software package (version 4.9)5. The specimen movements 

between frames were registered and averaged using MotionCor2 (version 1.2.1)6, and the 

CTF (contrast transfer function) parameters of the frame average were estimated using 

CTFFIND4 (version 4.1.13)7. The frame averages were imported into Relion for 

subsequent processing.  25,949 particles were manually selected from the micrographs 

using a Gaussian blob with a diameter of 802 Å.  Iterative reference-free two-dimensional 

(2D) classification was performed using Relion to remove false positives and incomplete 

views.  20,714 selected particle images were used to generate a three-dimensional (3D) 
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initial model using Relion3-4, 8.  The cryo-EM density was then refined against the 

experimental particle images by imposing a tetrahedral symmetry.  The final resolution 

was determined as 26.1 Å using a gold-standard FSC method at the cutoff of 0.1439. 

 

 For the PDNA-bb-bound tetrahedron, 2,619 cryo-EM movies were unpacked and gain 

normalized using IMOD software package5.  The specimen movements between frames 

were registered and averaged using MotionCor26.  The CTF parameters of the frame 

average were estimated using CTFFIND47.  The frame averages were imported into Relion 

for subsequent processing and 10,255 particles were selected from the micrographs.  

Iterative reference-free 2D classification was performed to remove any false positives and 

incomplete views.  7,676 particle images were selected to generate a 3D initial model using 

Relion3-4, 8. The cryo-EM density was then refined against the experimental particle images 

by imposing a tetrahedral symmetry. The final resolution was determined as 27.6 Å using 

a gold-standard FSC method at the cutoff of 0.1439.  

S5. Experimental details of Fluorophore Assay 

 Sample for both the calibration curves, i.e. Cy5 labelled strand and the FAM-DNA1 

KDPG aldolase protein, were prepared by making double stranded versions of each. This 

was first done by annealing the corresponding sample with its complementary strand in 

defined ratios (1X for the Cy5 strand and 3X excess for Protein-conjugate (since there are 

3 DNA per protein)). These double stranded versions were then annealed and measured in 

a Nanolog fluorimeter  (Horiba  Jobin  Yvon)  using  a  quartz  cuvette  of  3-mm  path 
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length having a sample volume of 60 µL at 495 nm for FAM-DNA1 (KDPG aldolase 

protein) and at 647 nm for the Cy5 labeled strand.  

The calibration curves were fit using the equation y =mx + c, where in m is the slope and 

c is the intercept, where the emission peak values were taken at 520 nm for the FAM sample 

and 664 nm for the Cy5 sample.    

S6. Anisotropic Network Model Fitting 

 KDPG Aldolase was fit with an Anisotropic Network model at a cutoff value of 13 Å 

and force constant of 40.815 pN/Å at 100K. The analytical B-factors are plotted against 

the experimental B-factors in supplementary figure S3.6. Both high temp and low temp 

conditions used the same network fitting. 

S7. Cryo Fitting Data 

Tables 1 & 2: The below tables, report the Chimera fitting values for all 10 mean simulation 

models while maximizing the fit for correlation. Fitting values are broken up into large 

boxes by the Cryo Map (bolded text) used to perform the fitting. Within each large box, 

the fitting values for both the low temp and high temp mean models are reported at two 

different levels of the resolution shown in parentheses in each sub box. 
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Table 2 
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S8. Supplementary Figures 

 

Figure S3.1. CADNANO design scheme of the tetrahedral origami cage. (A) Ten helix 

bundles used for each edge. (B) Design details of crossovers and connections. Light blue 

refers to the scaffold routing. Pick refers to the staple strands. Yellow, cyan, black and 

green represent the handle positions for each of the faces of the tetrahedron used for the 

incorporation of the PDNA-bb. (C) Agarose gel characterization of the tetrahedral frame 

with varying lengths of poly-thymidine linkers between arms. The bands shown as lower 

and upper were isolated and purified and characterized by negative stain TEM. Lane 

M(1kb)= 1kb ds ladder, Lanes 5T, 7T, 9T, 11T are origamis assembled with varying poly-

thymidines ranging from 5 to 11 respectively.     



 

166 

 

 
Figure S3.2. Negative stain images of the Lower-monomer band cut out and imaged 
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Figure S3.3. Negative stain images of the Upper-Dimer band cut out and imaged 
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Figure S3.4. Cryo-EM analysis of the empty-cage tetrahedron. (A) Electron micrograph of 

the cryogenic tetrahedron. Black contrast represents the tetrahedrons and white stands for 

the background. Scale bar indicates 50 nm. (B) Representative 2D class averages. Box side 

lengths are 972 Å. (C) Two different views (edge and vertice) of the cryo-EM density map. 

(D) Fourier-shell correlation (FSC) plot of the 3D reconstruction. 
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Figure S3.5. Cryo-EM analysis of the PDNA-bb incorporated tetrahedron. (A) Electron micrograph 

of the cryogenic PDNA-bb bound tetrahedron. Black contrast represents the protein-bound 

tetrahedrons and white stands for the background. Scale bar indicates 50 nm. (B) Representative 

2D class averages. Box side lengths are 1024 Å.  (C) Two different views (vertice and face) of the 

cryo-EM density map. (D) Fourier-shell correlation (FSC) plot of the 3D reconstruction. 

 
Figure S3.6. ANM fitting of KDPG Aldolase. Comparison of calculated and experimental 

B Factors of KDPG Aldolase from PDB file (1WAU). 
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S9. Sequences of DNA origami handles/staples 

Staple sequences for empty tetrahedral origami cage and handle sequences for the 

incorporation of PDNA-bb into the different faces. 
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APPENDIX C 

SUPPLEMENTAL MATERIAL FOR CHAPTER 4  
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 All DNA sequences were purchased from Integrated DNA technologies (IDT). The 

M13p18 and p3120 scaffold strands were amplified and purified in-house. All other 

scaffold strands were bought from New England Biosciences. All buffers were made in 

house and filtered to prior use. 

S2. Protocols for formation, purification, TEM and cryo-TEM 

Formation of DNA origami structures 

 The reaction mixtures contained 20nM of the scaffold strand along with 200nM of 

staple strands (10X molar excess in comparison to the scaffold strand) which were folded 

together in 1XTAE buffer containing 20mM MgCl2 at pH 7.5. Thereafter the mixtures were 

thermally annealed in a PCR machine using different annealing protocols. 

 12 hour annealing protocol: Heat to 90°C for 5 min, jump to 86°C -5min and then 

decrease by 1°C/5min till 71°C, 70°C-15min and decrease by 1°C/15min to 40°C, 39°C-

10min decrease by 1°C/10min to 26°C, 25°C-30min, jump to 20°C-15min, jump to 15°C-

5min and jump to 10°C and maintained at that temperature. 

 24 hour annealing protocol: Heat to 90°C for 5 min, jump to 86°C-5min and then 

decrease by 1°C/5min till 76°C, 75°C-15min and decrease by 1°C/15min till 71°C, 70°C-

20min decrease by 1°C/20min to 61°C, 60°C-30min decrease by 1°C/30min till 30°C, 

29°C-20min decrease by 1°C/20min to 25°C, 24°C-15min decrease by 1°C/15min to 20°C, 

19°C-10min decrease by 1°C/10min to 15°C, jump to 4°C and maintained at that 

temperature. 
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 37 hour annealing protocol: Heat to 80°C for 4 min and then decrease by 1°C/4min till 

61°C, 60.5°C-30min and decrease by 0.5°C/30min till 34.5°C, 34°C-60min decrease by 

1°C/60min to 24°C, and maintained at that temperature. 

 48 hour annealing protocol: Heat to 90°C for 5 min, jump to 86°C-5min and then 

decrease by 1°C/5min till 81°C, 80°C-10min and decrease by 1°C/10min till 75°C, 74°C-

30min decrease by 1°C/30min to 69°C, 68°C-40min decrease by 1°C/40min till 53°C, 

52°C-60min decrease by 1°C/60min to 25°C, 24°C-80min decrease by 1°C/80min to 21°C, 

20°C-30min,19°C/10min decrease by 1°C/10min to 15°C, jump to 4°Cand maintained at 

that temperature. 

Gel electrophoresis of the DNA origami structures 

 Characterization of folded structures: Samples were run on a prestained-1.2% Agarose 

gel (with ethidium Bromide) made in 1XTAE -20mM MgCl2 buffer. The running buffer 

was 1XTAE -12.5mM MgCl2. 10μL of the annealed sample from the PCR along with 1μl 

of 10X loading dye was run in each of the wells of the agarose gel. The gels were ran for 

1-1.5 hours at a constant voltage of 90V at 4°C. 

 Purification of the folded structures: The fully annealed samples were run on a 

prestained-1.2% agarose gel (with ethidium Bromide) with 20μl (18μl of sample+2μl of 

loading dye) being loaded into each well and ran for 90 minutes at a constant voltage of 

90V at 4°C. The running buffer was 1XTAE -12.5mM MgCl2. Thereafter, the second 

lowest band, in some cases the band above that were cut out separately and put into a freeze 

and squeeze tube (the lowest band is the excess staples, so they were left out). Care was 

taken not to further chop up the bands cut out, which if done, was realized to the formation 
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of deformed structures, thus the rationale being to load into smaller wells and take the 

bands out as they appeared. The freeze and squeeze tubes were left in the -80°C freezer for 

over an hour/two (longer periods, did not affect the recovery yield of the structures). After 

which, the frozen tubes were spun down at 1600rcf in a table top centrifuge for 45-50min 

at room temperature (Lower centrifugation speeds ensures that the assembled structures do 

not fall apart and the longer times ensure that maximum recovery from the gel pieces). The 

recovered solution was concentrated using 100kDa amicon filters (pre-run with filtered 

1XTAE-12.5mM MgCl2 to make the membranes compatible) and spun at 1600rcf using a 

table top centrifuge. 

 Cryo-EM sample preparation: The above purified structures were dialyzed to remove 

the excess ethidium bromide in solution, using a 10kDa Float-a-lyser against 1XTAE-

12.5mM MgCl2 and concentrated as before. 

Negative-stain TEM 

 5μl of above prepared sample was adsorbed on a glow-discharged (1minute), 

commercially supplied formvar stabilized carbon type-B, 400mesh copper grids (Ted Pella, 

part number 01814-F) and stained using 5μl of a 0.75% aqueous uranyl formate solution 

containing 25 mM sodium hydroxide. Samples were incubated for 15 to 300 s depending 

on the concentration of the sample. Excess liquid was wicked away with Whatmann filter 

paper and grids left to dry prior to imaging. 

Cryo-EM: Preparation, acquisition, and processing of data 

 Structured DNA complexes were absorbed to a glow discharged ultrathin carbon film 

supported by a lacey carbon film on a 400-mesh grid (Protochips, Morrisville NC) for 1 
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minute with 8 repeated applications. Samples were applied to only one side of the carbon 

support with precaution to ensure that the grids were left a little wet between each 

application. Grids were directly plunge frozen into an ethane slurry at liquid nitrogen 

temperatures. Tilt series images of the samples were collected on a Titan Krios G2 

(FEI/Thermofisher) and K2 summit (Gatan, Pleasanton CA.) camera at 28,735 x 

magnification from -65 to +65º alpha with a 2º increment between images using batch 

methods in Serial EM (1, 2). The IMOD package (3) was used to reconstruction tomograms 

and visualize tilt series to determine the structures. 

 

 

S3. Design Algorithm 

 Several sub-processes are automated to assist in the design of DNA capsules. Manual 

editing capabilities are also enabled in the user interface of CADAxiSDNA at the output 

of each sub-process to enforce manual changes if a user chooses to do so. 

Parsing of Input File 

 An input file is accepted in Stereolithography (.STL) format that describes a shape as 

a tessellation of triangular tiles. As a prerequisite, this shape must be axially symmetric, 

meaning it has radial symmetry with respect to a chosen axis. In order to convert the 

designated shape to helices, the shape must be able to be represented as a mesh of 

latitudinal rings. To create this mesh, CADAxiSDNA first reads the vertices of the STL 

file which forms a point cloud surface. To fill any large tiles in the tessellation and create 

a more uniform distribution of points across the surface, tiles with large area are upsampled 
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using the barycentric method. Due to the geometry, the points can be projected to a 2D 

plane and the boundary of the shape can be obtained using an alpha-concave hull algorithm. 

Filtering for positive 𝑥-axis points effectively unrevolves the structure. The remaining line 

can then be split into equidistant points spaced according to an input interhelical distance 

(default = 2.6 nm). Each point is then revolved about the original axis to produce a mesh 

of the shape using latitudinal rings spaced at the interhelical distance. 

Adjustment of Mesh Rings 

 Rings are then scaled to an appropriate circumference corresponding to expected 

helical geometries. These include the following and help in creating periodicity, symmetry, 

and stability for crossover placements.  

 Crossover factor – An integer value of which the number of crossovers on each ring is 

a multiple of. This value is consistent throughout the structure.  

 Crossover factor multiple – An integer value specific to each ring that describes its 

number of crossovers as a multiple of the crossover factor. The value is specific to each 

ring.  

Base pair circumference – Calculated directly from the metric circumference using an axial 

rise of 0.332 nm.  

 Turns between crossovers – An integer value specific to each ring that describes the 

number of full helical turns between adjacent crossovers of a pair of nearest neighbor 

helical rings.  
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These adjustments contribute to the helical twist in base pairs per turn (bps/turn) and are 

iteratively found (described by the below pseudocode algorithm) until a ring satisfies a 

twist between 9 and 12 bps/turn. 

1. assume ring is unstable // (not 9 < bps/turn < 12) 

2. while unstable 

3. for Turns between crossovers from min to max // default 2 to 5 

4. if 9 < bps/turn < 12 

5. stable 

6. if unstable and bps/turn > 12 

7. crossover factor multiple ++ 

8. else // increase the circumference by one interval of the number of crossovers 

9. circumference += crossover factor * crossover factor multiple 

 

 

Addition of Reinforcing Rings 

 Reinforcing rings can be optionally added. Current software capabilities only allow the 

one-to-one addition of a reinforcing ring to a base layer ring. Positions of the reinforcing 

rings are linearly extended at a selected angle from the base layer ring, and the 

circumference, height, and necessary helical geometry optimizations are calculated to do 

so. Some algorithmic assistance helps to then determine all pairs of nearest neighbor 

helices and the routing pathway of the scaffold strand, but for complex geometries it may 
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not be successful. A user may manually input the data. This step is typically trivial for a 

single layer design. 

S4. Molecular Dynamics Simulations 

 We compare a wide range of structures to study the effects of reinforcement on both 

rigidity and formation yield improvement of local, high-resolution features. Reinforcement 

maintains the size and geometry of the structure but changes the routing of scaffold and 

staples to accommodate additional crossovers spanning between the inner layer and 

additional layers. Previous work has suggested that material and crossover density in DNA 

nanostructures contributes to both rigidity and resistance to degradation and thus should be 

an important design principle to thoroughly investigate, especially for applications of DNA 

capsules (4, 5, 6, 7). Molecular dynamics simulations are performed in oxDNA (8, 9). 

Structures are relaxed for at least 105 time steps with the DNA2 model at a salt 

concentration of 0.5 M, at room temperature (T = 300K), and a snapshot of the molecular 

conformation is saved every 103 time steps. We quantify the rigidity as a measurement of 

the RMSD with respect to the average structure per each molecule, and a mean RMSD 

(mRMSD) is also used to calculate an aggregate value across all molecules. In Figure 2, 

we show simulation results for cylinder and sphere shapes as fundamental examples of 

having in-plane curvature and both in-plane and out-of-plane curvature, respectively. We 

track changes in rigidity as additional reinforcing layers are added. In RMSD 

measurements per molecule, coloration shows a noticeable decrease in molecular 

movement after reinforcement. We also observe more fluctuation near the two endpoints 

of the structure due to less support in those areas where the structure terminates. In addition, 
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an aggregate score also shows a positive increase in rigidity associated with a decrease in 

the mRMS. Typically, we see that the overall rigidity improves upon reinforcement of one 

additional layer, but subsequent trends are less clear. It is important to note that in spite of 

decreases in rigidity with more than one reinforcing layer, all reinforced DNA capsules are 

still more rigid relative to the single layer variant of the shape. The process of reinforcement 

adds more nearest neighbor connections to each original helix, which most notably 

decreases the average continuous binding domain between each staple and the scaffold. 

There may be an inverse relationship between the crossover density and material density 

in curved DNA capsules, such that, counterintuitively, decreasing the crossover factor may 

help to offset loss of rigidity from shortened binding domains. Another option may be to 

design structures with a greater minimum crossover spacing. In lieu of a more thorough 

investigation of these properties in the current work, we suggest that the software now 

enables future studies to be performed on the mechanics of these complex nanostructures. 
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S5. Supplementary Figures 

 

Figure S6. AGE of various structures tested across different annealing protocols. The 

arrows indicate the bands denoting the formation of the structures confirmed by negative 

stained TEM and Cryo-EM afterwards.  
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Figure S7. TEM visualization of formation of the various structures.   
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APPENDIX D 

SUPPLEMENTAL MATERIAL FOR CHAPTER 5  
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S1. Materials and supplies. 

 All DNA sequences were purchased from Integrated DNA technologies (IDT). The 

p3120 scaffold strand was amplified and purified in-house. All buffers were made in house 

and filtered to prior use. 

DNA-Au sequence: /5ThioMC6-D/CTCACTACTACTACTACTCC 

S2. Protocols for making icosahedron origami, AuNP incorporation and formation of 

origami chains and lattices. 

 Origami formation. All origami solutions were made to 100 µL volumes with 20 nM 

of the p3120 scaffold and 5 equivalents of staples (100 nM) (unless otherwise mentioned) 

in 1XTAE-500 mM NaCl buffer. Staples bearing handles were added at 10x excess 

(200nM). The samples were heated and slowly cooled in a PCR machine using the 12 hour 

annealing protocol described below. 

 12 hour annealing protocol for the formation of Icosahedron. Samples were held at 90 

°C for 5 min, followed by a gradient from 86-71 °C at a rate of 1 °C/5 min, followed by a 

gradient from 70-40 °C at a rate of 1°C/15min, followed by am another gradient from 39-

20 °C at the rate of 1°C/10min, and then quickly cooled and storage at, 10 °C.  

 Characterization of origami structures. Samples were run on 1.2% Agarose gels made 

in 1xTAE with 12.5 mM MgCl2 buffer, and pre-stained with ethidium bromide. The 

running buffer was 1xTAE with 12.5 mM MgCl2. To 10 µL of the annealed sample from 
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the PCR reaction was added 1 µL of 10x loading dye. The gels were electrophoresed for 

1.5 hours at a constant voltage of 90 V at 4°C. 

 Purification of origami structures by MWCO filters. 20 nM, 100µL samples were put 

in 100kDa 0.5 ml MWCO filters and filled with 1X TAE-500mM NaCl buffer to make it 

upto the 500µL mark. This tube was then spun at low centrifuge speeds of 1600 rcf for 20 

min to remove the excess staples and handles. This process of washing was repeated 6 

times after which the samples were characterized by TEM for intactness.   

 Purification using Freeze and Squeeze tubes. The bands excised from running the 

agarose gel was kept in these tubes following which they were run down immediately on a 

table top centrifuge at low speeds of 1600 rcf. The dry gel pieces were discarded away and 

the liquid below was characterized by negative stain TEM to check the formation of the 

required product.  

 AuNP DNA formation. 1ml of 5nm AuNP were used from the solution was pipetted 

into a 1.5ml Eppendorf tube. To this 5 uL of 100mM Thiol activated DNA Au was added. 

This was vortexed nicely and frozen in -20°C freezer for 1 hour. Following this, the 

solution was thawed at room temperature and then spun down at maximum speed (16,000 

rcf) at room temperature in a centrifuge. The AuNP became a red pellet at the bottom, care 

was take not to disturb the pellet while the clear supernatant was discarded. Then a fresh 

volume of 1ml of 1XPBS pH 7.5 buffer was added to this tube and vortexed again. This 

step was repeated 5X times to remove the excess unbound DNA to be washed off. 

Following this, AGE was performed in control with bare AuNPs, wherein the samples 
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moved into the gel and bare AuNPS did not, as they did not have DNa conjugated to it 

(Figure 5.2E lane 2 and 3). 

 Incorporation of AuNP into Icosahedrons. 20X excess of AuNP-DNA was taken in a 

tube to which purified Icosahedron monomers were added and annealed in a PCR tube 

from 50°C to 20°C over 12 hours. Following this, AGE was performed and the 

corresponding band was excised and purified using Freeze and squeeze method as 

described above.    

 Formation of Chains/lattices. The purified monomers by MWCO were mixed together 

in equal concentrations and annealed from 50°C to 20°C with a 0.2°C steps over a period 

of varying time scales ranging from 12 hours, 36 hours, 72 hours or 6 days depending on 

the choice of the protocol. 

After optimization longer periods of anneal like 6 days proved better for forming 

larger/longer chains. This was the protocol used for the formation of lattice structures. 

 S3. Experimental protocols for TEM  

 Transmission electron microscopy (TEM) characterization. 5 µL of sample was 

adsorbed on a formvar stabilized carbon type-B, 400mesh copper grid (Ted Pella, part 

number 01814-F) that had been glow-discharged for 1 minute. The sample was stained 

using 5 µL of a 2 wt% aqueous uranyl formate solution containing 25 mM sodium 

hydroxide. The grids were left to sit idle for 5 minutes before the samples applied onto it 

to avoid breakage due to excess charge from the glow discharge process. Samples were 

incubated for 5 minutes. Grids were allowed to float on a drop of the required sample or 

stain before wicking excess liquid using a Whatman filter paper.  
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S4. Supplementary Figures 
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Figure S8. (A) Concentration screen of the homemade p3120 scaffold. (B) Optimization of 

dimer formation – staple excesses required. (C) Anneal protocol optimization of varying 

time scales ranging from 12 hours to 6 days. (D) Characterization of the temperature range 

wherein the formation of lattices takes place. (E) Characterization of lattice formation of 4 

particle system, arrow indicates the lattice.    
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Figure S9. TEM visualization of formation of aggregates of the two particle system over 

various temperatures (from 50°C to 20°C).   



 

198 

 

S5. Sequences of DNA origami handles/staples 
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