
ABSTRACT 

ESTRICH, NICOLE ASHLEY. Self-Assembly Properties of DNA Origami, Gold 

Nanostructures, and Diblock Compatibilizers. (Under the direction of Professor Thomas  

LaBean). 

 

The well-characterized structure and reliable formation of the DNA double-helix 

provides a method for biological self-assembly at the sub-10 nm length scale. The field of 

DNA origami was predicated on this simple and dependable methodology, using the self-

assembling nature of DNA as a structural tool rather than a genetic encoding material, 

through which many structures have been demonstrated. 

Using attachment chemistry, nanoparticles and other nanometer-scaled components 

of a variety of materials can be site-specifically bound at docking positions on DNA origami, 

thus utilizing DNA origami as a templating method for simultaneously synthesizing a large 

number of copies (~10
12

) of a pre-designed architecture. 

With this methodology in place, novel 3D wireframe DNA origami structures were 

designed and imaged using a positive-staining Transmission Electron Microscopy method 

never before used to image DNA origami. These architectures were designed such that 

specific incorporation of other nanocomponents can allow them to satisfy a number of 

intended uses, from applications ranging from optoelectronic sensing and detection to the 

fabrication of electronic device components and new types of computer architectures. 

However, obtaining high-yield products with high stability is a challenge. 

The goal of this dissertation is to explore the capabilities, limitations, and unique 

properties of DNA and gold nanoparticle self-assembly with block polypeptide protection as 

a fabrication tool for plasmonic, optical, and electronic nanostructures. 



By incorporating a compatibilizing diblock protein, stability issues related to 

incompatible solvent requirements of individual components may be overcome. Two 

candidate compatibilizers were characterized herein to determine the amount of 

compatibilizing protein required to saturate 2D and 3D origami structures, surface dependent 

solubilization parameters, and protection in the presence of digestive nucleases. Additionally. 

stability improvements of DNA-coated gold nanosphere and gold nanorod components in the 

presence of compatibilizing proteins allow these nanocomponents to exist in higher salt 

concentrations without aggregation. Finally, hybrids of protein compatibilized DNA origami 

and protein compatibilized DNA-coated gold nanocomponents are explored to ensure that the 

compatibilizing protein does not interfere with the molecular recognition aspects of the 

system. 

The work performed may enable massively parallel self-assembly in solution to 

become commercially relevant and perhaps eventually rival the 2D very large scale 

integration methods such as lithography that dominate commercial device fabrication today. 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© Copyright 2016 Nicole Ashley Estrich 

All Rights Reserved 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Self-Assembly Properties of DNA Origami, Gold Nanostructures, 

and Diblock Compatibilizers 

 

 

by 

Nicole Ashley Estrich 

 

 

A dissertation submitted to the Graduate Faculty of 

North Carolina State University 

in partial fulfillment of the  

requirements for the degree of 

Doctor of Philosophy 

 

 

Materials Science and Engineering 

 

 

Raleigh, North Carolina 

2016 

 

APPROVED BY: 

 

 

_______________________________  _______________________________ 

Thomas LaBean     Joseph Tracy 

Committee Chair 

 

 

 

_______________________________  _______________________________ 

Yaroslava Yingling     Zhen Gu 



 

ii 

BIOGRAPHY 

Nicole Ashley Estrich was born in Raleigh, North Carolina on June 23, 1988 to 

parents Scott and Pamela Estrich. After developing an early love for mathematics, she was 

introduced to the wonders of physics at Broughton High School. 

Nicole studied physics at the University of North Carolina at Chapel Hill and 

graduated in 2010 with a B.S. in Physics and a minor in Mathematics. Nicole then joined Dr. 

Jon-Paul Maria‘s group at North Carolina State University in the department of Materials 

Science & Engineering and successfully defended her M.S. thesis in August, 2012. Nicole 

then went on to complete her PhD in Dr. Thom LaBean‘s lab in the same department, and 

successfully defended her dissertation on March 17
th

, 2016. Following graduation, Nicole 

will join Becton, Dickinson and Company (BD), a medical technology company, as a Senior 

Engineer in their Technology Leadership Development Program. 



 

iii 

ACKNOWLEDGMENTS 

Many thanks are in order. First, a tremendous thanks to Prof. Thom LaBean for his 

friendship and guidance. Not only did he provide insight, wisdom and an opportunity to 

grow, he was full of interesting conversation, and was a wonderful guide in Denmark. Also, 

thank you to my committee for believing in me. And Edna Deas, you are everyone‘s favorite 

person. 

Of course, a thank you to all current and past group members, whose additional brains 

made brainstorming that much more productive, as well as providing friendship in and out of 

the lab: Alexandria Marchi, Ronnie Pedersen, Abhijit Rangnekar, and Jacob Majikes. 

Additionally, I am so grateful for the extremely helpful guidance of Mauricio Pilo-Pais, 

Suchetan Pal, Wei-Chen ―Ivy‖ Wu, and Armando Hernandez-Garcia. 

Nothing is possible without the help and support of a family. I‘m forever grateful for 

the way my parents raised me, for the love and support from my partner, and for the comfort 

provided by Dr. Elijah London Estrich. 



 

iv 

TABLE OF CONTENTS 

LIST OF TABLES .................................................................................................................. vii 

LIST OF FIGURES ............................................................................................................... viii 

 

CHAPTER 1. Introduction........................................................................................................ 1 

1.1 Overview ......................................................................................................................... 1 

1.2 Motivation ....................................................................................................................... 2 

1.3 Self-Assembly and Nanotechnology as it relates to DNA and Nanoparticle 

Organization .................................................................................................................... 3 

1.4 Fundamentals of DNA Self-Assembly ........................................................................... 6 

1.5 Structural DNA Nanotechnology and DNA Origami ..................................................... 8 

1.6 Organization of Inorganic Materials on DNA Origami for Chiral/Optical, Electronic, 

and Biomedical Applications ........................................................................................ 14 

1.7 Gold Nanoparticles ....................................................................................................... 16 

1.7.1 Gold Nanospheres .................................................................................................. 16 

1.7.2 Gold Nanorods ....................................................................................................... 19 

1.8 Nanoparticle Arrangement as it relates to Electronics and Optics ............................... 20 

1.8.1 Chiral Systems ....................................................................................................... 21 

1.8.2 Single-Electron Transistors in 3D .......................................................................... 22 

1.9 Towards Optoelectronic Goals with a Novel DNA Origami Structure ........................ 23 

1.10 Compatibilization/Solubilization using Protein-based Polymers ............................... 25 

1.11 Outline of This Dissertation ........................................................................................ 29 

CHAPTER 2. Novel 3D Wireframe Tetrahedral DNA Origami and Positively Stained TEM 

of DNA Origami ..................................................................................................................... 31 

2.1 Introduction ................................................................................................................... 31 

2.2 Experimental Design Considerations ............................................................................ 32 

2.3 Design, Synthesis, and AFM of Tetrahedron Design 1 ................................................ 33 

2.4 Design, Synthesis, and AFM of Tetrahedron Design 2 ................................................ 37 

2.5 Discussion and Conclusions ......................................................................................... 40 

2.6 TEM Preparation of DNA Origami samples ................................................................ 41 

2.7 Sample Preparation and TEM for Method 1: EtBr and Tungsten Shadowing ............. 43 

2.8 Sample Preparation and TEM for Method 2: Spermidine and Tungsten Shadowing .. 44 



 

v 

2.9 Sample Preparation and TEM for Method 3: Spermidine and Uranyl Acetate Staining

 ...................................................................................................................................... 46 

2.10 Discussion ................................................................................................................... 47 

2.11 Conclusions ................................................................................................................. 49 

CHAPTER 3. Gold Nanoparticle Functionalization and Hybridization ................................. 51 

3.1 Introduction ................................................................................................................... 51 

3.2 DNA-Functionalization of 5 nm diameter Gold Nanospheres ..................................... 54 

3.3 Synthesis of 12 nm diameter, 50 nm length Gold Nanorods ........................................ 63 

3.4 DNA-Functionalization of 12 nm diameter, 50 nm length Gold Nanorods ................. 69 

3.5 Hybridization of Gold Nanoparticles and DNA Origami ............................................. 75 

3.6 Gold Nanospheres on DNA Origami ............................................................................ 76 

3.6.1 AFM and SEM imaging of Gold Nanospheres on Tall Rectangle Origami .......... 77 

3.7 Gold Nanorods on DNA Origami ................................................................................. 80 

3.7.1 SEM imaging of Gold Nanorod, Gold Nanoparticle, or DNA Origami Constructs

......................................................................................................................................... 81 

3.8 Conclusions ................................................................................................................... 82 

3.9 Methods ........................................................................................................................ 83 

3.9.1 AFM Sample Preparation ...................................................................................... 83 

3.9.2 SEM Sample Preparation ....................................................................................... 83 

CHAPTER 4: Diblock Polypeptide Compatibilizer Interactions with Self-Assembled DNA 

Origami and Gold Nanostructures .......................................................................................... 85 

4.1 Motivation ..................................................................................................................... 85 

4.2 Diblock Proteins as Compatibilizing Agents ................................................................ 86 

4.3 Materials and Methods .................................................................................................. 90 

4.3.1 Materials ................................................................................................................ 90 

4.3.2 Design and Production of DNA Tetrahedra........................................................... 91 

4.3.3 Preparation of DNA Origami ................................................................................. 91 

4.3.4 Preparation of DNA-coated AuNSs ....................................................................... 92 

4.3.5 Preparation of DNA-coated AuNRs ...................................................................... 93 

4.3.6 Preparation of Protein-DNA Origami or Protein-AuNP Complexes ..................... 93 

4.3.7 Electrophoretic Mobility Shift Assay (EMSA)...................................................... 94 

4.3.8 Atomic Force Microscopy ..................................................................................... 94 

4.3.9 DNA Protection Test.............................................................................................. 95 



 

vi 

4.3.10 UV-Vis Spectroscopy .......................................................................................... 95 

4.4 Results and Discussion ................................................................................................. 96 

4.4.1 Binding Properties of Diblock Proteins and DNA origami ................................... 96 

4.4.2 AFM Imaging of Protein-DNA Origami Complexes ............................................ 98 

4.4.3 Solubilization and Release-Time Analysis .......................................................... 102 

4.4.4 Enzymatic Accessibility of Protein-Coated DNA ............................................... 105 

4.4.5 Annealing Origami in Protein .............................................................................. 108 

4.4.6 Stability of DNA Origami as a Function of Time................................................ 112 

4.4.7 Stability of protected DNA-AuNPs in High Salt Concentrations ........................ 113 

4.4.8 Analysis of DNA Origami-AuNS Hybridization in the presence of Protein 

Compatibilizers ............................................................................................................. 115 

4.5 Conclusions ................................................................................................................. 118 

CHAPTER 5: Future Directions ........................................................................................... 121 

5.1 Introduction ................................................................................................................. 121 

5.2 Motivations, Goals, and Objectives ............................................................................ 122 

5.3 Exploring the Compatibility of Block Polypeptides with SWCNTs .......................... 124 

5.4 Assembly of Nanocomposite Structures including AuNPs and SWCNTs on DNA 

Origami in the presence of Protein Compatibilizers ................................................... 124 

5.5 Even Dispersion of Supramolecular Complexes within Agarose Hydro/Aerogels and 

Characterization of their Distribution, Homogeneity, and Electrical Properties. ....... 126 

5.6 Introducing Insulating Components............................................................................ 128 

5.7 Conclusions ................................................................................................................. 131 

REFERENCES ..................................................................................................................... 132 

APPENDICES ...................................................................................................................... 168 

Appendix A: Tetrahedra details and sequences from caDNAno .......................................... 169 

A1. Tetrahedron Design 1 ................................................................................................. 169 

A2. Tetrahedron Design 2A .............................................................................................. 177 

A3. Tetrahedron Design 2B .............................................................................................. 189 

Appendix B. Additional figures relating to protein compatibilization ................................. 194 

Appendix C: One-pot Anneals of Tall Rectangle DNA Origami and Gold Nanoparticles, 

Initial Results ........................................................................................................................ 200 

Appendix D: Silica overcoating 12 nm x 50 nm AuNRs...................................................... 204 



 

vii 

LIST OF TABLES 

Table 1. Comparison of Self-Assembly and VLSI features. .................................................... 3 

Table 2. Example of required component quantities for a 1 L batch of AuNRs. For different 

batch sizes, the growth solution components scale linearly, whereas the Seed solution should 

always be measured in the same way so as to avoid errors introduced by measurement 

uncertainties. ........................................................................................................................... 64 

Table 3. DNA staple sequences for Tetrahedron Design 1. Nucleotides written in red or 

green are capture sequences that may be excluded and the staple used only for structural 

purposes, or changed to another sequence to uniquely capture another nanoparticle. ―Crown‖ 

strands hold tetrahedron vertices tightly together and provide capture strands at the vertices.

............................................................................................................................................... 169 

Table 4. DNA staple sequences for Tetrahedron Design 2A. Strand names that include 

―caps‖ indicate purely structural strands that may be used instead of its capture strand 

counterpart. ........................................................................................................................... 179 

Table 5. To create a staple pool for Tetrahedron Design 2B, strands used are identical to 

those in Tetrahedron Design 2A, except for the following exceptions and additions. ......... 191 

 



 

viii 

LIST OF FIGURES 

Figure 1. An example of top-down lithographic techniques. ................................................... 2 

Figure 2. A figure from Rothemund‘s original DNA origami paper
46

, which demonstrates the 

ability and versatility of the method. ........................................................................................ 9 

Figure 3. Conformations of four-way junctions. Four DNA strands are associated to form a 

junction with four duplex arms, A) extended in a square planar geometry, ―extended-X form‖ 

or B) and C) associated to form the ―stacked-X structure‖, of a Holliday junction.
72

 ............ 10 

Figure 4. (Left) The routing scheme of Rothemund‘s Tall Rectangle, in which black 

represents the scaffold and blue represents staple strands, and (Right) Tall Rectangle imaged 

via AFM in our lab. ................................................................................................................. 12 

Figure 5. Zoom-in of a portion of the Tall Rectangle DNA origami scaffold and staple map. 

Black represents the scaffold strand, red represents staple strands, and the blue strand is a 

staple strand with a ssDNA extension, designed to attract complementary ssDNA that may 

carry a cargo. This is an example of how DNA origami can be used as a programmable 

template, providing address labels to template where nanoparticles will bind....................... 13 

Figure 6. Schematic from Alivisatos
47

 demonstrating the ability to use DNA to organize 

nanoparticles. .......................................................................................................................... 15 

Figure 7. Left- and right-handed chiral structures. A) Two AuNRs arranged in different 

conformations on Tall Rectangle DNA Origami, and their corresponding CD spectra
92

. B) 

Different types of nanoparticles— silver, quantum dot, and two sizes of gold—arranged in 

different conformations, and their corresponding CD spectra 
99

. ........................................... 22 

Figure 8. Transistors and resistors arranged into examples of logic gates, A) an AND gate, 

and B) an OR gate
182

. .............................................................................................................. 23 

Figure 9. Schematic of assembly of a single electron transistor (SET), (A) initial plan 

mapped out
186

, (B) experimental results of core-SET nanostructure
87

, and (C) schematic for 

3D SET.................................................................................................................................... 24 

Figure 10. Candidate diblock protein compatibilizers. A) Schematic of C4-B
K12

 and its 

predicted 3D structure, and B) schematic of C4-B
K12

 associated with dsDNA (black). C) 

Schematic and predicted 3D structure and sequence of C8-B
Sso7d

. D) AFM of each diblock 

protein complexed with linear dsDNA (i, iv) or with circular M13mp18 ssDNA (ii, iii, v, vi). 

Images from Refs.
51,239

............................................................................................................ 28 

Figure 11. A) A left-handed and right-handed chiral nanostructures, and B) core 

nanostructure of a 3D single-electron transistor. .................................................................... 31 



 

ix 

Figure 12. CaDNAno helix choices for the cross-sections of tetrahedra arms.  A) For Design 

1, using 4-helix rafts per arm, and B) for Design 2, using 6-helix bundles per arm. .............. 32 

Figure 13. 3D tetrahedral origami design. A) Strand trace for scaffold strand routing. Note 

that top and bottom arms represent a single connected edge with strand connections indicated 

by number labels. B) CanDo model of tetrahedral origami. C) The same model, with added 

single strand handles for binding other nanocomponents. ...................................................... 34 

Figure 14. DNA scaffold and staples are mixed, annealed, filtered, and imaged by atomic 

force microscopy (AFM). ....................................................................................................... 35 

Figure 15. AFM of tetrahedral origami (Design 1). Wide field scan showing high quality of 

purified origami and inset of zoomed image showing an individual structure with the 

designed architecture. ............................................................................................................. 36 

Figure 16. A) A block diagram of Tetrahedron Design 2 scaffold routing, in which each blue 

section represents the scaffold arranged in a six-helix bundle. Seam A is labeled to indicate 

the location of a seam. Seams B and C are shown, but not labeled. These seams indicate 

locations of high stress where it is possible for an arm to break open. B) CanDo output of 

Tetrahedron design 2............................................................................................................... 38 

Figure 17. Selected portions of the caDNAno designs of tetrahedron Design 2A (Left) and 

Design 2B (Right). Each portion is a zoom-in around the seam for one of arms A-C. Light 

blue represents the m13 scaffold, orange represents staple strands, and all other colors 

represent staple strands that may have extended ssDNA captures. The exceptions are the grey 

strands in Design 2B, which represent long staples designed to maintain the seams of each of 

these arms................................................................................................................................ 39 

Figure 18. AFM of tetrahedron A) Design 2A, with short seam staples like those of Tian and 

Gang
267

, in which tetrahedra do not form as designed, but rather break open, and B) Design 

2B, with longer seam staples that hold the tetrahedra in the designed shape. ........................ 40 

Figure 19. TEM images of DNA tetrahedra (Design 1) imaged via method 1 (EtBr and 

tungsten shadowing). .............................................................................................................. 44 

Figure 20. TEM images of DNA origami imaged via method 2 (spermidine and tungsten 

shadowing). (A-E) show images of tetrahedra (Design 1). Stress on the origami, and 

flexibility of the DNA can be seen, due to electrostatic and drying effects. (F-J) show images 

of Tall Rectangle. J) shows Tall Rectangle with AuNSs on the corners. At times, two AuNSs 

bind to one binding site, due to multiple capture strands per binding site. It is also possible to 

see the halo of DNA around each AuNS. ............................................................................... 45 

Figure 21. TEM images of DNA origami imaged via method 3 (spermidine and Uranyl 

Acetate staining). (A-C) tetrahedra (Design 1) and (D-F) Tall Rectangle. ............................ 47 



 

x 

Figure 22. TEM images of DNA origami imaged at 200 kV. A) Tall Rectangle imaged via 

method 2 (spermidine and tungsten shadowing). B) Tall Rectangle and C) tetrahedra (Design 

1) imaged via method 3 (spermidine and Uranyl Acetate staining). ...................................... 48 

Figure 23. Tetrahedra (Design 1) imaged via A) method 1 (EtBr and tungsten shadowing) at 

40 kV, B) method 2 (spermidine and tungsten shadowing) at 40 kV, C) method 3 (spermidine 

and uranyl acetate staining) at 40 kV, and D) method 3 at 200 kV. ....................................... 48 

Figure 24. Overview of the AuNS (top) and AuNR (bottom) DNA functionalization 

procedures. .............................................................................................................................. 53 

Figure 25. A schematic of AuNSs first with BSPP stabilization (Left), and then stabilized by 

functionalization with DNA (Right). ...................................................................................... 54 

Figure 26. (Top and right) Single thiol modified DNA and (bottom left) dithiol modified 

DNA, before and after reduction, and bound to a gold surface. This schematic is modified 

from components in Ref.
311

..................................................................................................... 56 

Figure 27. UV illuminated electrophoretic assay (3% agarose, 1xTAE, stained with EtBr) of 

DNA-AuNSs and excess thiol-DNA. Lane 1 contains as-functionalized DNA-AuNSs, and is 

run to remove any excess thiol-DNA from the DNA-AuNSs. Lane 2 contains DNA-AuNSs 

that were previously centrifuge-filtered. The excess thiol-DNA band indicates that not all 

excess thiol-DNA were removed during centrifuge filtration. ............................................... 59 

Figure 28. UV-vis Absorbance Spectroscopy of DNA-AuNSs (red, short dashes) with excess 

thiol-DNA present, (blue, solid line) after centrifuge filtration to remove most but not all of 

the excess thiol-DNA, and (green, long dashes) gel electrophoresed and Freeze ‗N Squeezed 

to remove any excess thiol-DNA. All samples have been brought to the same AuNS 

concentration (520 nm peaks are aligned), such that the concentration of DNA (260 nm 

peaks) can be analyzed. Inset is a zoom-in around the 260 nm DNA peak, showing slightly 

more DNA in the filtered sample than in the Freeze ‗N Squeezed one. ................................. 61 

Figure 29. UV-vis Absorbance spectroscopy of purified DNA-AuNSs (blue, solid line) on 

the date of synthesis, compared to the same DNA-AuNSs after 11 months‘ aging at 4°C, after 

centrifuge filtration to remove any unbound thiol-DNA that may have detached from the 

AuNSs during the aging process (green, dashed line). Samples have been brought to the same 

AuNS concentration (520 nm peaks are aligned), such that the concentration of DNA (260 

nm peaks) can be analyzed. Inset is a zoom-in around the 260 nm DNA peak showing the 

decrease in DNA concentration for the aged sample. ............................................................. 62 

Figure 30. (A) Photograph of synthesized AuNRs in CTAB at room temperature (B) SEM, 

and (C) TEM of DNA-functionalized AuNRs, ....................................................................... 68 

Figure 31. A schematic of AuNRs in native CTAB (Left), and after thiol-DNA 

functionalization (Right). ........................................................................................................ 69 



 

xi 

Figure 32. (Left) Schematic of AuNR shape and dimensions, in which the radius is 6 nm and 

the full height of the AuNR is 50 nm, making the ―a‖ value 38 nm. (Right) Calculation of 

AuNR surface area, maximum loading of thiols on a AuNR surface, and amount of excess 

thiol-DNA added to solution during the functionalization process. ....................................... 70 

Figure 33. UV-vis absorbance spectroscopy showing the consequences of removing CTAB 

and replacing with DI H2O instead of SDS. AuNRs in CTAB (red, dotted line) vs. AuNRs 

washed and resuspended in water (solid, blue line). The AuNR longitudinal peak is blue-

shifted, indicating partial aggregation..................................................................................... 72 

Figure 34. UV-vis absorbance spectroscopy of AuNRs and single-thiol-DNA (solid, blue 

line) and later, those same AuNRs, fully functionalized with DNA, after NaCl and TAEMg 

addition to show that the peak position is maintained (green, short dashes). Also shown are 

AuNRs with dithiol-DNA (red, long dashes), which shows a peak shift and peak broadening, 

indicating aggregation. ............................................................................................................ 73 

Figure 35. Both native CTAB-AuNRs and lipoic-acid AuNRs are aggregated and cannot 

enter the gel. The thiol-AuNRs migrate into the gel and remain red in color. ....................... 75 

Figure 36. EtBr stained agarose gel electrophoresis (1% agarose, 1xTAEMg) of A) DNA-

AuNSs, B) Design 1 tetrahedra with excess ssDNA, C) filtered Design 1 tetrahedra, and D) 

tetrahedra hybridized with AuNSs, in which the AuNSs are in 5x excess of the origami. 

(Top) White light illuminated image of the gel and (bottom) UV illuminated. ..................... 77 

Figure 37. Tall Rectangle origami with AuNSs A) along one edge, and B) along two edges, 

or C) at each corner. For each of A and B, i) shows a schematic of the desired product, ii) 

shows AFM images of the samples, and iii) shows SEM images of the samples. For C, i) 

shows the schematic, ii) shows SEM images, and iii) shows TEM images using the method 

from Chapter 2....................................................................................................................... 79 

Figure 38. A) Tall Rectangle origami with a AuNR on one edge. i) Schematic and ii) SEM 

images. B) Tall Rectangle origami with a AuNR on each edge. C) Design 1 tetrahedra with a 

AuNR on an arm, and D) the same but with AuNSs at the vertices. E) A core-satellite 

structure with AuNSs bound to a AuNR................................................................................. 82 

Figure 39. Candidate diblock protein compatibilizers. A) Schematic of C4-B
K12

 and its 

predicted 3D structure, and B) schematic of C4-B
K12

 associated with dsDNA (black). C) 

Schematic and predicted 3D structure and sequence of C8-B
Sso7d

. D) AFM of each diblock 

protein complexed with linear dsDNA (i, iv) or with circular M13mp18 ssDNA (ii, iii, v, vi). 

Images from Refs.
51,239

............................................................................................................ 88 

Figure 40. Electrophoretic Mobility Shift Assay for 7.2 kbp Tall Rectangle DNA origami 

complexed with A) C4-BK
12

, and with B) C8-B
Sso7d

. Each lane has ~100 ng of DNA. 

Protein/DNA bp ratio is shown at the top of each gel. ........................................................... 97 



 

xii 

Figure 41. Electrophoretic Mobility Shift Assay for 5.4 kbp Tetrahedral DNA origami 

(Design 1) complexed with A) C4-BK
12

, and with B) C8-B
Sso7d

. Each lane has ~100 ng of 

DNA. Protein/DNA bp ratio is shown at the top. ................................................................... 98 

Figure 42. (Top) Dry AFM images and (bottom) corresponding height maps (in nm) of 

single molecules of Tall Rectangle DNA origami complexed with C4-BK
12

 at different 

protein per bp ratios. (A) 0.054 protein/bp, (B) 0.108 protein/bp, (C) 0.215 protein/bp, (D) 

0.378 protein/bp, (E) 0.538 protein/bp, (F) 0.861 protein/bp. Scale bar is 50 nm. ............... 100 

Figure 43. (Top) AFM images and (bottom) corresponding height maps (in nm) of single 

molecules of Tall Rectangle DNA origami complexed with C8-B
Sso7d

 at different protein per 

bp ratios. (A) 0.013 protein/bp, (B) 0.059 protein/bp, (C) 0.094 protein/bp, (D) 0.125 

protein/bp. Scale bar is 50 nm............................................................................................... 100 

Figure 44. (Top) AFM images and (bottom) corresponding height maps of single molecules 

of Design 1 Tetrahedral DNA origami complexed with C4-BK
12

 at different protein per bp 

ratios. (A) 0.054 protein/bp, (B) 0.108 protein/bp, (C) 0.215 protein/bp, (D) 0.378 protein/bp, 

(E) 0.538 protein/bp, (F) 0.861 protein/bp. Scale bar is 50 nm. ........................................... 101 

Figure 45. (Top) AFM images and (bottom) corresponding height maps of single molecules 

of Design 1 Tetrahedral DNA origami complexed with C8-B
Sso7d

 at different protein per bp 

ratios. (A) 0.013 protein/bp, (B) 0.059 protein/bp, (C) 0.094 protein/bp, (D) 0.125 protein/bp. 

Scale bar is 50 nm. ................................................................................................................ 101 

Figure 46. DNA origami in 1xTAEMg, bound to a mica surface, and imaged over time. 

Panels show the origami imaged after 0, 60, and 120 minutes. ............................................ 103 

Figure 47. DNA origami in 1xTAEMg, bound to a mica surface. At time zero, C4-BK
12

 

protein was added to bring the solution to 0.059 protein/bp, and imaged over time. Panels 

show the origami imaged after 0, 60, and 120 minutes. ....................................................... 103 

Figure 48. DNA origami in 1xTAEMg, bound to a mica surface. At time zero, C8-B
Sso7d

 

protein was added to bring the solution to 0.075 protein/bp, and imaged over time. Panels 

show the origami imaged after 0, 25, and 50 minutes. ......................................................... 104 

Figure 49. Enzymatic protection assay of Tetrahedra DNA A) without protein protection, B) 

complexed with C4-BK
12

 (0.861 protein/bp), and C) complexed with C8-B
Sso7d

 (0.188 

ptn/bp). Samples were incubated with DNAse I and aliquots of reaction samples were 

stopped with EDTA at different times. Aliquots were run in an agarose gel to detect the 

degradation of DNA (stained with EtBr). Top numbers are incubation time in minutes. .... 107 

Figure 50. Tall Rectangle origami annealed in varying amounts of C4-BK
12

 protein and 

TAEMg buffer. A) 0.538 protein/bp, 2 mM Mg
2+

, B) 0.538 protein/bp, 6 mM Mg
2+

, C) 0.538 

protein/bp, 12.5 mM Mg
2+

, D) 0.108 protein/bp, 2 mM Mg
2+

, E) 0.108 protein/bp, 6 mM 

Mg
2+

, F) 0.108 protien/bp, 12.5 mM Mg
2+

, G) 0.054 protein/bp, 2 mM Mg
2+

, H) 0.054 



 

xiii 

protein/bp, 6 mM Mg
2+

, I) 0.054 protein/bp, 12.5 mM Mg
2+

. Large scan area scale bar is 500 

nm. Inset scale bar is 50 nm; scale bar for inset A is for inset A only. Scale bar for inset I is 

the scale bar for all other insets............................................................................................. 109 

Figure 51. Tall Rectangle origami annealed in varying amounts of C8-B
Sso7d

 protein and 

TAEMg buffer. A) 0.5 protein/bp, 2 mM Mg
2+

, B) 0.5 protein/bp, 6 mM Mg
2+

, C) 0.5 

protein/bp, 12.5 mM Mg
2+

, D) 0.188 protein/bp, 2 mM Mg
2+

, E) 0.188 protein/bp, 6 mM 

Mg
2+

, F) 0.188 protien/bp, 12.5 mM Mg
2+

, G) 0.05 protein/bp, 2 mM Mg
2+

, H) 0.05 

protein/bp, 6 mM Mg
2+

, I) 0.05 protein/bp, 12.5 mM Mg
2+

. Large scan area scale bar is 500 

nm. Inset scale bar is 50 nm. ................................................................................................. 110 

Figure 52. AFM of Tall Rectangle origami and Tetrahedral origami (Design 1), who share 

the same scaffold strand sequence, and were mixed in solution in 1xTAEMg containing (A) 

no protein, (B) C4-BK
12

 at 0.054 protein/bp, or C) C8-B
Sso7d

 at 0.075 protein/bp and allowed 

to incubate at room temperature for four days. ..................................................................... 113 

Figure 53. (Left) DNA-AuNS control without protein and (Right) DNA-AuNSs with 0.125 

C8-B
Sso7d

 protein/bp before (red, solid lines) and two hours after (blue, dotted lines) exposure 

to 25 mM Mg acetate. The control shows a drop in absorbance after Mg
2+

 addition, whereas 

the protein-protected sample does not exhibit this drop in absorbance. ............................... 114 

Figure 54. (Left) DNA-AuNR control without protein and (Right) DNA-AuNRs with 0.125 

C8-B
Sso7d

 protein/bp before (red, solid lines) and two hours after (blue, dotted lines) exposure 

to 25 mM Mg acetate. The control shows a drop in absorbance after Mg
2+

 addition, whereas 

the protein-protected sample does not exhibit this drop in absorbance. ............................... 115 

Figure 55. Dry AFM images of Tall Rectangle hybridized with AuNSs on the corners A) 

protected with 0.188 C8-B
Sso7d

 protein/bp before hybridization, and B) control without 

protein protection. ................................................................................................................. 117 

Figure 56. Analysis of origami-AuNS complexes in clusters vs. alone in a control sample 

without protein (blue) and with protein (red). ...................................................................... 117 

Figure 57. TEM of silica-coated 12 nm x 50 nm AuNRs. ................................................... 129 

Figure 58. Schematic of proposed mechanism for DNA-functionalizing silica-coated 

AuNRs. First, silane-PEG-alkyne molecules are attached to the silica surface of the nanorod, 

coating the surface, followed by click chemistry to attach azide-DNA molecules. ............. 130 

Figure 59. CaDNAno (top) cross-section of arm helices and (bottom) strand routing map for 

Tetrahedron Design 1. ........................................................................................................... 169 

Figure 60. CaDNAno (top) cross-section of arm helices and (bottom) strand routing map for 

Tetrahedron Design 2A. ........................................................................................................ 178 



 

xiv 

Figure 61. CaDNAno (top) cross-section of arm helices and (bottom) strand routing map for 

Tetrahedron Design 2B. ........................................................................................................ 190 

Figure 62. Additional time-points for solubilization and release of DNA origami from mica 

surface after 0.075 C8-B
Sso7d

 protein/bp addition. Scale bar is 500 nm. ............................... 194 

Figure 63. 0.8% Agarose, 1xTAEMg gel with samples mixed with 0.09 U DNase / ug DNA 

at various time points. Tall Rectangle origami A) with 0.188 C8-B
Sso7d

 protein/bp, B) with 

0.861 C4-B
K12

 protein/bp, or C) control without protein addition. ....................................... 195 

Figure 64. Agarose gel electrophoresis (1% agarose, 1xTAEMg) stained with EtBr showing 

that protein-complexed samples are charge neutral and do not enter the gel whereas control 

samples without protein addition migrate into the gel. ......................................................... 196 

Figure 65. Dry AFM images of A) Control samples of AuNSs on the corners of Tall 

Rectangle origami, with no protein addition, and B) the same samples complexed with 0.188 

C8-B
Sso7d

 protein/bp. .............................................................................................................. 197 

Figure 66. Dry AFM of Tall Rectangle and AuNSs incubated on mica in 1xTAEMg. ...... 198 

Figure 67. White light illuminated gel image of standard method samples vs. one-pot 

samples. The bands marked ―Origami-AuNPs‖ were cut out and recovered via Freeze ‗N 

Squeeze centrifuge filtration. ................................................................................................ 201 

Figure 68. Example fluid AFM images of the standard control method vs. the one-pot 

method after gel purification and Freeze ‗N Squeeze recovery. Both show ~100% yield of 

AuNS to Tall Rectangle binding site. ................................................................................... 202 

 



 

1 

CHAPTER 1. Introduction 

1.1 Overview 

The goal of this project is to explore the capabilities, limitations, and unique 

properties of DNA and gold nanoparticle (AuNP) self-assembly with block polypeptide 

protection as a fabrication tool for plasmonic, optical, and electronic nanostructures. In 

addition to using the standard 2D planar DNA origami structure, Tall Rectangle, in order to 

create structures more useful for these applications, two novel DNA origami with 3D 

wireframe tetrahedral structure were designed, synthesized, and imaged. In order to better 

understand the structures, DNA origami was imaged via Transmission Electron Microscopy 

using a positive stain method never before used with DNA origami. It is known that DNA 

self-assembly and AuNP attachment is possible, though high assembly yields and high 

stability in solution are often tricky or impossible to obtain. Thus, the use of block 

polypeptide compatibilizing agents is explored herein to extend our knowledge and 

capabilities with regard to structural stability in different environments. This investigation 

included exploration of DNA origami, and DNA functionalized gold nanospheres (AuNSs) 

and gold nanorods (AuNRs). The work performed will enable massively parallel self-

assembly in solution to become commercially relevant and perhaps eventually rival the 2D 

very large scale integration methods such as lithography that dominate commercial device 

fabrication today. 
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1.2 Motivation 

In the electronics industry today and for the past many decades, top-down lithography 

has been employed to create the transistors and circuitry that are used in all of our 

conventional computing hardware. 

The process starts with a substrate that is coated with a photo-sensitive polymer resist. 

A patterned mask is placed over the resist, and then it is exposed to UV light, either 

crosslinking or depolymerizing the resist, depending on the type of polymer. The resist is 

then introduced to a developing solution, in which the depolymerized portions are washed 

away, uncovering the underlying substrate. A material of interest can then be deposited onto 

the substrate, and the remainder of the photoresist removed. Then perhaps the process would 

be repeated to coat subsequent layers of other materials until a device formed. 

 

 

Figure 1. An example of top-down lithographic techniques. 

This process, while robust and reliable, has a few drawbacks. For one, the theoretical 

resolution limit of the process is around 10 nm
1
, as the lenses used are diffraction limited

2
; 
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even with tricks for patterning at fractional wavelengths, the wavelengths of UV light 

obscure features any smaller. Secondly, while this process can be performed in parallel – 

with many structures on a single substrate – there is a limit to how many can be produced on 

a chip. There are, likewise, multiple lithographic iterations per device, limiting the 

throughput. Lastly, and perhaps most importantly, is that lithography is inherently 2D. 

In this document, I will focus on an idea that has the ability to solve these shortcomings. 

Using the self-assembling nature of DNA, which forms double helical structures reliably and 

on the molecular level, nanoscale structures can be attained with features resolved down to 

1.5 nm in one direction, the diameter of a DNA helix, and about 3.5 nm in a second direction, 

the length between one full helical turn of DNA, 10.5 base pairs. Not only that, since 

molecular assembly is inherently 3D, it enables new types of computer architectures. 

Table 1. Comparison of Self-Assembly and VLSI features. 

Feature Self-Assembly VLSI 

Fabrication scale >10
12

 components ~10
9
 components 

Dimensionality Inherently 3D 2D / planar 

Resolution limit 1.5-3.5 nm 10 nm 

 

1.3 Self-Assembly and Nanotechnology as it relates to DNA and Nanoparticle 

Organization 

The primary goal of nanotechnology is to control the structure of matter at length 

scales in the low nanometer range and below, down to the placement of individual atoms 
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where possible
3,4

. Because of this low nanometer size range, conventional top-down tools are 

not realistically able to assemble nanostructures. Instead, self-assembly can be utilized to, 

without human intervention, organize components into patterns or structures with natural, 

bottom-up organization or formation in response to external stimuli
5,6

. Self-assembly and 

nanotechnology have thus piqued the interest of scientists worldwide because of their 

potential effects in so many fields, from medicine to communications, and electronics. That 

is because the chemical and physical behavioral properties of nano-scaled materials can 

allow us to explore and develop novel devices and strategies within this miniaturized scale. 

Much of what has been explored is the synthesis and control of noble metal nanoparticles, as 

the miniaturization of these materials help us to understand the physical and chemical 

differences between bulk materials and the scaled down clusters of a limited number of 

atoms
7–10

. These synthesized particles are often formed as fairly monodisperse, solution 

phase colloids which come in a variety of compositions and shapes, from wires, spheres, 

rods, disks, prisms, cubes, and branched structures
7–37

. In this nanoscale regime, materials 

have larger than normal surface area to volume ratios, thereby affecting their surface energies 

and interactions with their surroundings, where the effects are most profound the smaller the 

dimensions
38

. As scientists gain understanding of these effects and how to control them, 

more nanomaterials are being synthesized and tailored for optical, electrical, mechanical, 

magnetic, or chemical properties serving applications from biodiagnostics to catalysis
39–43

. 

In order to manipulate these nanoparticles and organize them in a templated, 

predetermined fashion, polymeric materials are often used to direct the location of these 

particles in order to further control the structure of matter on the nanoscale. In particular, the 
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highly predictable base-pairing of DNA allows us to use DNA not as a genetic material, but 

as a structural material, and programmably fabricate designed nanostructures from the 

bottom up, resolved down to 1.5 nm, creating billions of copies of a structure in a droplet of 

water. Perhaps the greatest feature of DNA self-assembly is that it‘s inherently 3D, which 

can afford certain traditionally 2D architectures, such as logic circuits and motherboards, to 

be built in 3D. 

Nadrian Seeman led the way in introducing DNA as a programmable, self-assembling 

structural material when, after contemplating the M.C. Escher work Depth, he was inspired 

to find a means of producing periodic matter with regularly spaced binding sites—to use 

DNA lattices to orient molecules in three dimensions
44

. His work assembling DNA-based 

junctions in the 1980s
44,45

 led the way for the field of DNA origami. Years later, when 

specifically desired DNA sequences could be reliably and inexpensively synthesized, the 

field of DNA origami was brought to life by Paul Rothemund in 2006
46

, as will be described 

later. 

Even before the advent of DNA origami, scientists, starting with Alivisatos and 

Mirkin in 1996, were manipulating and controlling the placement of nanoparticles and other 

nanoobjects using DNA
47,48

, though high yields and high stability are often tricky or 

impossible to obtain with DNA and the objects alone. To improve structural stability and 

allow these components to exist in a variety of different environments, stabilization 

treatments such as crosslinking
49

, and compatibilizing agents such as the use of block 

polypeptide protection
50,51

 are being explored. Organization of metal nanoparticles, with the 

help of templating DNA and compatibilizing agents will aid the process of building from the 
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bottom-up, not just from the atomic and nanoscale but to the macro scale, to create massively 

parallel self-assembly in solution. Eventually, this assembly technique should allow these 

technologies to become commercial relevant and perhaps eventually rival the 2D very large 

scale integration methods such as lithography that dominate device industries today. 

1.4 Fundamentals of DNA Self-Assembly 

Since DNA will be the main self-assembly tool used in this document, it is important 

to note some fundamentals of DNA before moving forward with DNA-functionalized 

nanoparticles and compatibilization agents.  

DNA is a fundamental component of living organisms, and stores information 

required to build cells
52

. It is made up of four nitrogenous bases, which pair 

complementarily. There is Adenine (A), which binds with Thymine (T), and Guanine (G) 

which binds with Cytosine (C). The nucleoside of a base is linked to a carbon of a 

deoxyribose sugar. A nucleoside can form ester bonds with phosphates on the 3‘ and 5‘ 

carbons of the sugar moieties. A chain of these unpaired nucleosides makes up a single-

stranded DNA molecule (ssDNA). Two complementary ssDNA run antiparallel to one 

another and wrap around in a helical fashion to form two distinct grooves, called the minor 

and major grooves, and thus become double-stranded DNA (dsDNA)
53

. There are two main 

interactions holding these structures together. One is an electrostatic interaction in which 

hydrogen bonding exists between complementary bases, and the other, stronger effect is 

base-stacking. Base-pairing between G and C comprise three hydrogen bonds, whereas A and 

T comprise only two hydrogen bonds. Base-stacking occurs via pi-pi interactions of the 
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aromatic rings of neighboring bases. The most common dsDNA form, and the one used in 

this dissertation, is the right-handed B-helix, which makes a full helical turn every 10.4 base 

pairs, which covers a distance of 3.4 nm and has a diameter of approximately 2 nm
54

. 

DNA Nanotechnology uses DNA base pairing as an assembly mechanism, rather than 

as a means of storing genetic information, exploiting the predictable complementarity of 

these base sequences to create supramolecular structures that are programmed to form 

particular shapes, for particular functionalities. For example, it is possible to precisely 

engineer DNA structures such that single-stranded overhangs called ―sticky ends‖ exist 

beyond the body of the double-helix; these can be used to selectively recognize other, 

complementary strands and thus build DNA structures. In order to utilize the predictable 

assembly mechanisms of DNA, it is important to understand the thermodynamic effects on 

DNA hybridization and melting. DNA has a transition temperature (annealing or melting 

temperature) at which the strands cooperatively transform from the single-stranded state to 

the double-stranded state or vice-versa. This temperature is determined by the DNA sequence 

(nucleotide makeup), length, concentration, and by the composition of the solvent, i.e. the 

solvent‘s polar strength, permittivity, and overall ion makeup which contributes to charge 

screening
55

. By taking these thermodynamic effects into account, DNA can be selectively 

hybridized or dehybridized through temperature control. 

With these fundamentals in place, the following sections explore how DNA is utilized 

in nanotechnology. 
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1.5 Structural DNA Nanotechnology and DNA Origami 

DNA-based nanotechnology encompasses the engineering of synthetic DNA strands 

to encode information necessary for formation of desired structures on the molecular level
56–

59
. Properly designed sets of DNA oligonucleotides self-assemble into highly-organized 

structures with nanometer-scale feature resolution. 

The major advantage of DNA as a self-assembling structural material over other 

supramolecular systems is that DNA‘s well-understood Watson-Crick base-pairing rules act 

as a programming language with which to input organizational instructions. B-form DNA, 

the structure adopted by double-stranded DNA (dsDNA) under standard solution conditions, 

readily forms during the annealing of complementary strands. This specifically 

programmable molecular recognition, as well as the large vocabulary of available sequences, 

makes it ideal for controlling the assembly of nanostructures. 

In-between the realization that DNA could be used as a structural material and the 

advent of DNA origami, there were intermediate DNA structures built that were not 

scaffolded origami, but rather simpler periodic structures. For example, Seeman and Fu‘s 

double-crossover structures
60

, which link two helical domains via a crossover, which can 

then be made more complex by creating more arms or branches at a junction or by linking 

together many crossover structures to make woven lattices, called tiles, which could be 

assembled into lattices of repeating units, or using crossovers to create multi-helical planar or 

bundled helix molecules or other types of 2D periodic networks
61–70

. Longer strands were 

also shown to fold into shapes such as William Shih‘s octahedral structures made out of one 
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long and some shorter strands of ssDNA
71

. Then in 2006 came Paul Rothemund with the 

larger, higher yield, scaffolded DNA origami structures
46

. 

 

Figure 2. A figure from Rothemund‘s original DNA origami paper
46

, which demonstrates the 

ability and versatility of the method. 

The field of DNA origami is a technique that comprises the specific nanoscale folding 

of DNA to create arbitrary two- and three-dimensional shapes by exploiting the physico-

chemical self-assembly of DNA to specifically position atoms using the aforementioned 

crossovers and Holliday junctions. Figure 3 shows an example of an open crossover 

structure comprised of four DNA strands, which is easy to see and draw in a flat manner. 

However, the shown flat, open state is not a stable solution structure. Base stacking 

predominates, and the stacked version is the actual solution structure
72

. This base stacking is 

what allows larger, woven DNA origami structures to exist stably. 
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Figure 3. Conformations of four-way junctions. Four DNA strands are associated to form a 

junction with four duplex arms, A) extended in a square planar geometry, ―extended-X form‖ 

or B) and C) associated to form the ―stacked-X structure‖, of a Holliday junction.
72

 

 

Using one long biological strand of single-stranded DNA as a scaffold (usually 

M13mp18 bacteriophage single-strand genome) and many synthetic helper strands known as 

staples to fold the scaffold back and forth upon itself, one can design a rastered shape using 

crossovers called Holliday junctions such that a larger, woven DNA structure will form in 

solution. The staple strands force the scaffold strand to fold into the shape that is dictated by 

the staple set‘s design. Annealing of complementary strands is achieved by mixing the 

scaffold strand and a large excess of staple strands in the presence of appropriate buffer and 

cations in a one-pot reaction vessel, and then heating above their dissociation temperature 

and subsequently cooling slowly, thus allowing strands to find and bind to their sequence 

complements, their lowest energy states, to form the designed structures in high yield. This 
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idea has been shown to be a versatile strategy for assembling any arbitrary shape, both two
46

 

and three-dimensional
73–77

, and displaying any desired pattern with feature resolution down 

below 6 nm
46

. The successful formation of these DNA origami structures is due to a number 

of factors. One is that the staple sequences are chosen such that more than one possible 

equilibrium structure is unlikely. Second is that defects are minimized by mixing a large 

excess of staples per scaffold so as to bias the formation towards having a fully coated 

scaffold. Thirdly, slow thermal annealing prevents the structures from forming non-lowest 

energy, local minimum energy conformations, and instead allows enough time for strand 

displacement of more energetically favorable pairings to occur
46

. The standard M13 DNA 

origami provides dimensions of approximately 70x90 nm and requires around 220 synthetic 

staple strands, and a new larger origami has recently been prototyped in the LaBean lab by 

utilizing a single strand scaffold of 51.4k bases and 1600 staple strands that provides 

rectangular origami of approximately 200x300 nm
78

. 
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Figure 4. (Left) The routing scheme of Rothemund‘s Tall Rectangle, in which black 

represents the scaffold and blue represents staple strands, and (Right) Tall Rectangle imaged 

via AFM in our lab. 

The birth of the field of DNA origami, while novel and interesting, did not on its own 

provide functional nanostructures that would be useful in other fields. However, it was 

obvious that that these origami structures could be utilized as a programmable, functional 

nano-breadboard, a tool capable of arranging other materials with different, perhaps more 

functional properties (Figure 5). Unpaired, single-strand regions (ssDNA) extending from 

the ends of double-strand domains can be used to specifically bind other dsDNA or 

nanomaterials displaying a complementary ssDNA sticky-end. Regions of ssDNA therefore 

act as address codes capable of orienting attached substructures to neighboring points in 
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space. Anything that can be labeled with single-stranded DNA, for example, DNA-

functionalized AuNPs, quantum dots, carbon nanotubes, etc., can be specifically labeled to 

self-assemble onto pre-defined locations on DNA origami structures. Motivated by the 

possibility of providing an alternative to conventional top-down fabrication methods, this 

dissertation focuses on the DNA-functionalization and incorporation of AuNPs with 

programmable molecular assemblies. 

 

Figure 5. Zoom-in of a portion of the Tall Rectangle DNA origami scaffold and staple map. 

Black represents the scaffold strand, red represents staple strands, and the blue strand is a 

staple strand with a ssDNA extension, designed to attract complementary ssDNA that may 

carry a cargo. This is an example of how DNA origami can be used as a programmable 

template, providing address labels to template where nanoparticles will bind. 
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1.6 Organization of Inorganic Materials on DNA Origami for Chiral/Optical, 

Electronic, and Biomedical Applications 

The ultimate goal of this project is to assemble functional objects at the nanometer 

scale, and although DNA itself doesn‘t always have the properties needed to make functional 

materials, it can be used as a smart material to arrange other objects that are functional. By 

doing so, nanoscience can manipulate matter on length scales that fall between those 

explored by traditional chemists and physicists, who manipulate atoms and bonds on the 

scale of approximately 0.1 to 10 nm, and biological engineers, who investigate structures on 

the micron scale. 

As mentioned, Alivisatos and Mirkin et al. first demonstrated the ability to use DNA 

to organize nanoparticles in 1996
47,48

. In this work, the staple strands are further 

functionalized with a nanocomponent. Using this idea, the origami becomes a programmable 

breadboard for placement of other nanoscale objects. 
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Figure 6. Schematic from Alivisatos
47

 demonstrating the ability to use DNA to organize 

nanoparticles. 

 

Since Alivisatos‘ idea, many scientists have functionalized a variety of objects 

(AuNSs, AuNRs, silver nanoparticles, quantum dots, carbon nanotubes, etc.) with DNA and 

incorporated them into DNA origami structures
58,79–99

. This has been done for investigations 

into the chiral and optical realms as well as electronic realms. 

Since the main objects functionalized and used herein are AuNSs and AuNRs, a brief 

overview and uses of AuNPs in general will be given here, followed by a section on their 

applications related to chirality, optics, and electronics. 
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1.7 Gold Nanoparticles 

 This section details the history and uses of AuNSs as well as gold AuNRs. 

1.7.1 Gold Nanospheres 

Spherical AuNPs have been used throughout history, as exemplified by the Lycurgus 

Cup and stained glass windows, to dyes and pigments, to medicinal remedies
100

. The 

nanoparticles have a unique red color, due to its strong surface plasmon resonance band in 

the visible region of the electromagnetic spectrum
101

. This band exists due to the excitation 

and oscillation of the electron cloud at the surface of the gold particles, which arises in the 

presence of incoming light with frequencies matching the resonant frequencies of the 

particles. As the particles grow in size, the peak wavelength red-shifts, moving to longer 

wavelengths
102

. This tunability and detectability makes AuNSs remarkable objects of study. 

Michael Faraday reported a synthetic strategy to produce colloidal AuNSs in 1857
103

. 

He used phosphorus to reduce gold chloride, AuCl4; since then, his ion-reduction strategy has 

influenced many protocols that have since been developed to improve control of the 

nanoparticle products
104–106

. AuNSs synthesized via these citrate-reduction methods, are 

negatively charged, and therefore electrostatically repel one another in solution. However, 

changes in temperature, pH, and ions in solution can decrease the stability of the system and 

cause the gold colloids to aggregate and clump together
107

. This aggregation can cause the 

particles to lose their nanoscale features and becomes useless towards their intended 

applications, and thus conditions must be kept such that the particles remain protected and 

discrete. To maintain stability of the AuNSs, they can be surface protected with molecular 

moieties more robust than citrate-stabilization, which only weakly stabilizes the AuNSs with 
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a layer of negatively-charged, non-specifically bound molecules
107

. In 1993, scientists began 

to explore replacing the citrate molecules with thiols, alkanethiols, amines, polymers, 

dendrimers, proteins, peptides, or DNA to act as a barrier between individual particles and 

prevent aggregation
100,108,109

. In particular, the use of thiolated DNA can protect as well as 

provide functionality through chemical recognition abilities, and will be used heavily 

throughout this dissertation. 

In 1996, two groups, Alivisatos et al. and Mirkin et al, were able to use thiol-modified 

oligonucleotides of short, synthetic DNA sequences to stabilize AuNSs
47,48

. Alivisatos 

worked to functionalize these particles with a low density of oligos per particle, where 

Mirkin densely packed oligos on the particle‘s surface. The electrostatic repulsion of the 

negatively charged phosphate-sugar backbones of the DNA made dense packing difficult, 

and thus limited stability was reached, unless monovalent salts such as NaCl were added. 

These salts screen charges, reducing the repulsive interactions of the DNA backbones, to 

allow for denser DNA packing and better surface coverage, and thus better stability of the 

gold colloids. Careful design of the oligos chosen for functionalization has led to unique 

assembly possibilities, as are detailed below. 

AuNSs functionalized with a particular single-stranded DNA sequence and a second 

set of AuNSs functionalized with the complementary DNA sequence, when mixed, form 

double-stranded DNA, linking the particles together into aggregate matrices, changing the 

surface plasmon resonance. Unlike unstable nanoparticle aggregation, this type of 

aggregation is reversible, based on changing the temperature above and below the DNA 

melting temperature, and can be used in detection applications
48,110

. By varying the number 



 

18 

of bound strands present, the length of the strands, the nucleotide make-up of the sequence, 

size of the particle, or other factors such as the presence and length of an intermediate linker 

strand, the formation of aggregates can be tailored to have different interparticle distances, 

and form 1D, 2D, or 3D structures, either in amorphous, short-range ordered structures or 

even into well-defined face-centered cubic or body-centered cubic crystal lattice systems
111–

120
. Similarly, providing a large excess of one type of DNA-conjugated nanoparticle can yield 

discrete core-satellite structures rather than bulk aggregates
121–125

. With these parameters and 

abilities, DNA-AuNSs have been used in different nanoassembly strategies
47,48,126

, as 

biodiagnostic probes
39,127,128

, and in nanotherapeutics
129–132

. 

Likewise, beyond simple particle-particle bonds, DNA-conjugated nanoparticles can 

be designed to function as a ―smart glue‖ for these particles to self-assemble in particular 

places on surfaces or substrates. For example, monolayers of DNA on surfaces such as gold, 

silica, or DNA tiles, can attract particles, which can then be used to create multi-layered 

DNA-AuNS assemblies in a layer-by-layer assembly fashion
133–143

. In this way, these 

assemblies can be used for nanocircuit integration, biological nano-array fabrication, 

catalysis, and sensing applications
144–147

. DNA-AuNSs have been used as probes to detect 

metal ions, small molecules, protein, and DNA using detection methods such as absorbance, 

fluorescence, Raman spectroscopy, light scattering, and electrical signal readouts
48,136,139,148–

163
. DNA-AuNS-based colorimetric assays have also been used to screen for potential drug 

candidates in serial and multiplexing formats
128,149,150,157–162

. 
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1.7.2 Gold Nanorods 

Wet chemical AuNR synthesis has evolved over time, as each evolution in synthesis 

method comes with improvement of material quality and ease of synthesis. First were 

templated synthesis methods, introduced by Martin et. al. in 1992
16,164,165

, in which gold was 

electrochemically deposited within the pores of nanoporous template membranes. Next came 

another electrochemical route by Wang et. al. in 1997 in which transition metal clusters were 

synthesized within reverse micelles in organic solvent systems
166,167

. The current method, 

used within this dissertation, is a seeded growth of monodisperse colloidal particles to first 

grow spherical gold nanoparticles in solution, and then preferentially nucleating gold onto 

only certain crystal faces of the seed particle, thereby producing a rod shape. The formation 

mechanism is not fully understood, however, the accepted hypothesis is that a micellar 

bilayer surfactant called CTAB absorbs onto the growing AuNRs with trimethylammonium 

headgroups of the first monolayer preferentially binding to the crystallographic faces of gold 

that exist on the sides of pentahedrally twinned parts of the gold on the sides of the rods, 

rather than at the tips of the rods
168,169

. Thus, preferential adsorption of CTAB to certain 

crystal faces during growth influences the growth of gold onto the nanoparticle seeds. These 

methods and variations on each have been reviewed
170

. 

These AuNRs, which are anisotropic materials, show quite unique optical 

properties
170

. They have a high extinction coefficient for visible and near infrared 

wavelengths and strong local plasmon fields at the ends of the rods due to the lightning rod 

effect
171,172

. Not only that, higher order assemblies of AuNRs have different optical 

properties, depending on the size of the rods (and aspect ratio of diameter and length), 
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distance between rods, and orientation
92,98,173

. These unique optoelectronic properties have 

made AuNRs quite useful in the cellular imaging and cancer therapy realms as well as in 

biosensing, as they allow for quantitative evaluation of target yields
174–179

. 

Although the use of CTAB is effective in providing directional growth, its bilayer 

nature makes subsequent ligand exchange challenging, and is one of the obstacles facing 

AuNR use in large-scale applications. Additionally, these nanorods can be difficult to 

precisely position in a massively parallel fashion, and it becomes more difficult to obtain 

high yields as the complexity of multi-component architectures increases. Recent works 

reporting the arrangement of AuNRs on DNA origami have not shown the organization of 

more than three AuNRs per structure
92,180,181

. Furthermore, nanorods and conjugated forms of 

them have a limited shelf-life and require careful storage conditions. These issues have made 

AuNRs a challenge, however, the use of compatibilizing agents may make them more viable. 

Possible applications of AuNRs and AuNSs will be discussed, as it is likely that the 

difficulties in using AuNRs will be overcome in the near future. 

1.8 Nanoparticle Arrangement as it relates to Electronics and Optics 

While AuNRs, AuNSs, and DNA origami have already begun being shown to be 

applicable in many different ways, there is still room for innovation and growth. The 

following contains information regarding possible applications of my designed DNA origami 

tetrahedron and the aforementioned gold particles. 
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1.8.1 Chiral Systems 

Chirality is the overall handedness of a system, which affects its dichroic response, 

that is, the system‘s differential interaction with right versus left circularly polarized light. 

These changes can be detected when optically active components are plasmonically coupled 

to form a chiral superstructure. Plasmons are periodic oscillations within a particle‘s electron 

density, caused by interactions with photons whose energy match the particle‘s resonant 

frequency. Plasmonic coupling is when particles are sufficiently close, that the oscillations 

become synchronized and coupled particles act as a single system. Using Circular Dichroism 

spectroscopy (CD), various changes can be visualized in particle systems relating to size, 

shape, type of material, and conformation, which change the frequencies at which the 

plasmons resonate. In Figure 7A, a 2D planar DNA origami is formed with extensions on 

chosen staple strands. Then, AuNRs coated in DNA complementary to the displayed staple 

extensions are added and bound within plasmonic coupling distance of one another. The left- 

and right-handed configurations have different chirality and will therefore display inverse 

CD responses
92

. Figure 7B shows another 3D plasmonic chiral structure, this time with 

different sizes of AuNSs, as well as a silver nanoparticle and a quantum dot. Again, the left 

and right configurations have different chirality and will therefore display inverse CD 

responses
99

. 
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Figure 7. Left- and right-handed chiral structures. A) Two AuNRs arranged in different 

conformations on Tall Rectangle DNA Origami, and their corresponding CD spectra
92

. B) 

Different types of nanoparticles— silver, quantum dot, and two sizes of gold—arranged in 

different conformations, and their corresponding CD spectra 
99

. 

1.8.2 Single-Electron Transistors in 3D 

For electronic applications, perhaps the most desirable device to build is a transistor. 

The core nanostructure for a single-electron transistor has recently been formed by Wang et 

al.
87

, but what remains unpublished is electronic tests of these core nanostructures, likely due 

to the burden of precisely placing these transistors and connecting them to electrodes. 

This task is feasible with classic lithographic techniques and electron-beam 

lithography. Jennifer Cha‘s group has shown that it is possible to pattern holes on a substrate 

where DNA origami can land
89

. If subsequent lithography was performed to pattern 
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electrodes onto individual transistor structures, it would be possible to test individual 

structures. This work is likely on its way from the Wang group. If accomplished, transistors 

and other components can be synthesized into logic-gate formations and other larger-network 

structures. 

 

Figure 8. Transistors and resistors arranged into examples of logic gates, A) an AND gate, 

and B) an OR gate
182

. 

1.9 Towards Optoelectronic Goals with a Novel DNA Origami Structure 

This document will seek to utilize gold as a functional material, as it can serve a 

purpose in many types of applications. Many examples of DNA-templated metallic 

nanostructures have been demonstrated, described, and reviewed
80,82,84,85,87,91,92,180,181,183–185

 

Most relevant to this project are examples using clusters of metal nanoparticles ordered to 

resemble single-electron transistors (SETs) and organized using DNA
87,186

. These structures 

are interesting because they are, theoretically, electrically active, although no electrical 

measurements on DNA-assembled SETs have been published to date. This is likely due to 

difficulties with maintaining such structures during subsequent processing steps. 
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Figure 9. Schematic of assembly of a single electron transistor (SET), (A) initial plan 

mapped out
186

, (B) experimental results of core-SET nanostructure
87

, and (C) schematic for 

3D SET. 

Each step involved in these functionalization and hybridization processes has some 

degree of error, inherent in molecular assembly, thus requiring purification steps, producing 

side-products and wasted material
187

. This is a major drawback compared to traditional 

lithographic techniques. Designed assemblies must either be useful even when not exactly 

wired as designed, through the pursuit of architectures that show robust behaviors even with 

some non-deterministic assembly and allowances for some level of fabrication errors, or else 

the problems associated with the cause of the fabrication errors must be solved. 

While some researchers have experimented with reducing this waste by changing the 

number of nucleotides used as capture sequences or the nucleotide make-up of the sequences 

(e.g. perhaps lowering the GC content to reduce synthesis error), these variants only change 
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the overall waste and yield by a small margin. In order to enter the realm of viability, larger 

leaps must be made, and to do that, one must investigate the cause of these losses. 

 

1.10 Compatibilization/Solubilization using Protein-based Polymers 

At least part of the cause for low yield is a discrepancy in the solubilities of different 

components under the same solution conditions, thus limiting the mixing time available for 

the system to find its desired, low energy conformation states. DNA origami requires fairly 

high salt concentrations to shield internal negative charges and stabilize desired compact 

folded structures, however high salt also screens charges on AuNPs and promotes their 

aggregation. Using a compatibilizing agent to protect the different components under 

somewhat non-ideal solution conditions should lead to increased time available to find their 

lowest energy states and increased assembly yield of the desired structure. The 

compatibilizing agents used in this dissertation are made up of modular artificial proteins. 

The modular artificial proteins used herein are macromolecular materials that are 

genetically encoded and synthesized polypeptide sequences
188–197

. These ―protein-based 

polymers,‖ a phrase coined by Tirrell and Capello in 1990, were first reported via the 

production of artificial, repetitive sequences of amino acids using a synthetic gene sequence 

found in E. coli
189,194,195

. This form of recombinant production through ribosomal synthesis 

provides precise control over sequence and chain length, which are necessary for creating 

new, functional polymers, and cannot always be provided through chemical synthesis. By 

precisely controlling polymer sequences, many other properties of materials that contain 
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these polymers may in turn be controlled. Similar to the way in which DNA sequences are 

made up of the four nucleotides A, C, G, and T, protein-based polymers are made up of the 

20 natural amino acid units, as well as the incorporation of some unnatural amino acids
198–203

. 

By using amino acids to build polymers, it is possible to use biomimetics to take advantage 

of nature‘s head-start on research, and copy certain functional sequences from naturally 

occurring proteins such as blocks/domains like the alpha-helix or beta-sheet, and then 

incorporate these structures with protein-domains to make polymer-protein hybrids
204–207

, 

thereby creating new functional materials with a combination of desired 

properties
189,194,195,208,209

. 

It is possible for long, repetitive sequences of protein-based polymers to be 

genetically unstable. An alternate method to chemically synthesize long polypeptides is to 

use block polypeptides. 

Once an amino acid sequence of a protein-based polymer has been designed, there are 

a variety of ways to produce the molecules of synthetic artificial genes. Some techniques 

include concatemerization
189,190,194,209,210

, overlap extension rolling circle amplification 

(OERCA)
211,212

, and the method used for the block polypeptides explored in this dissertation, 

recursive directional ligation (RDL)
51,189,190,194,196,209,210,212–215

. In this method, developed in 

2002, stepwise addition of the basic sequence units is performed until the final desired length 

is formed
196

. 

Using the RDL method, artificial DNA-binding proteins can be produced using 

lessons learned from natural DNA-binding proteins. Often, DNA-binding domains interact 

with DNA via electrostatic interactions with the phosphate backbone
216–220

 or by extra 
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hydrogen bonding within the minor or major grooves of the DNA
216–218,221–228

, and thus many 

of the naturally binding protein domains end up with characteristic structural motifs
216,217,223–

225,229
. The block polypeptides explored in this dissertation mimic viral coat proteins, which 

bind to nucleic acids by mediating the condensation of the nucleotides into regular and stable 

supramolecular structures. There is a basic region that binds to DNA, a hydrophobic region 

that leads to protein-protein self-assembly, and a hydrophilic region that shields the bound 

entity from further interactions with other constituents. The basic region or block that binds 

DNA works via electrostatic complexation. That is, counterions are released from a 

positively charged amino acid, for example lysine, histidine, or arginine, which is on the 

protein, and from the negatively charged phosphate groups of the nucleic acid backbones. 

The protein-protein interactions occur via lateral cooperative self-assembly of allosteric 

conformational changes upon binding to the DNA, whereby many weak bonds such as 

hydrogen bonding, van der Waals forces, pi-pi stacking or beta-sheet stacking occur at once 

to form larger structures. The shielding block gives colloidal stability to the other assembled 

parts so that they do not aggregate, by modulating particle interactions through surface 

modifications. 

By using DNA-binding proteins, it is possible to form artificial viruses and DNA 

delivery systems
210,230–236

, optically map and sequence single DNA molecules
237

, or, as is 

relevant to this dissertation, create protein-based polymers for the protection of DNA-based 

nanomaterials. 

The de Vries group at Wageningen University in the Netherlands has created a family 

of diblock and triblock proteins that coat dsDNA and modulate their physical 
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properties
50,51,238

. The artificial proteins, synthesized in recombinant yeast cells, contain a C-

block or colloidal domain and a B-block or binding domain and have been shown to complex 

with DNA molecules to form structures reminiscent of filamentous viruses (Figure 10A-C). 

Proposed uses include nonviral gene delivery and modulation of interactions with other 

solution components during nanoscale self-assembly. 

 

Figure 10. Candidate diblock protein compatibilizers. A) Schematic of C4-B
K12

 and its 

predicted 3D structure, and B) schematic of C4-B
K12

 associated with dsDNA (black). C) 

Schematic and predicted 3D structure and sequence of C8-B
Sso7d

. D) AFM of each diblock 

protein complexed with linear dsDNA (i, iv) or with circular M13mp18 ssDNA (ii, iii, v, vi). 

Images from Refs.
51,239

 

Of particular interest here are two of this group‘s monodisperse diblock polypeptides, 

one of which is known as C4-BK
12

 that contains a large, hydrophilic colloidal C-block (400 

amino acid, gelatin-like domain
212

) and a short, cationic, polylysine B-block (12 amino acids, 
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able to bind to DNA,) that alter the properties of dsDNA by neutralizing charge, increasing 

apparent diameter (Figure 10A,B,Di-iii), minimizing non-specific aggregation, and 

protecting DNA from enzymatic degradation
51

. The other is known as C8-B
Sso7d

, which 

contains a DNA-specific binding B-block and a similar, hydrophilic, gelatin-like C-block 

(Figure 10C,Div,v,vi). These diblock proteins thereby maintain desired DNA structures that 

would otherwise degrade, disassemble, and/or aggregate over time. It has been shown that 

their block polypeptides bind extremely well to plasmid DNA without causing intramolecular 

collapse or intermolecular clustering
51

. 

Herein, the C4-BK
12

 and C8-B
Sso7d

 diblock polypeptides have been tested in 

association with more complex DNA structures, corroborating their results with simpler 

dsDNA molecules, as will be shown in Chapter 4. 

1.11 Outline of This Dissertation 

This chapter has outlined the background of DNA origami, nanoparticle attachment, 

and block polypeptides that may act as compatibilizing agents. 

Chapter 2 describes two novel designs of 3D wireframe DNA tetrahedra, as well as a 

method to positively stain and image DNA origami via Transmission Electron Microscopy 

(TEM). 

Chapter 3 describes the methods used to DNA functionalize AuNSs and AuNRs, and 

documents their hybridization onto DNA origami. 

Chapter 4 describes the use of two diblock protein molecules to examine their 

behavior with DNA origami and AuNPs. This chapter characterizes the interactions of these 
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DNA-protein complexes in solution, on surfaces, and in different environments, including 

high salt concentrations as well as environments containing digestive nucleases, and 

describes my findings and their significance. 

Chapter 5 describes the future outlook of the projects undertaken in this dissertation, 

from incorporating new and different materials, to creating large-scale networks. 
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CHAPTER 2. Novel 3D Wireframe Tetrahedral DNA Origami and Positively Stained 

TEM of DNA Origami 

2.1 Introduction 

A variety of 2D and 3D nanostructures have been engineered from DNA origami, 

with a broad range of geometries and complexities
74,76

. Most of the 3D structures have been 

bulk structures, though some wireframe structures exist
77,240

, and due to size limitations of 

DNA scaffolds, the size of existing 3D structures has been fairly limited
67,75,78,241–243

. In order 

to create a structure that can be useful for many types of experiments, from chiral and optical 

experiments to creating the building blocks for nanoelectronic circuitry production, we 

imagined a wire-frame DNA tetrahedron large enough to allow for independent 

programming of materials onto each arm and vertex. In particular, we ensured that the 

structure could accommodate a nanorod (up to 50 nm in length) per edge and nanoparticle 

(up to 25 nm in diameter) per vertex (Figure 11). Note that while other DNA tetrahedra 

exist
70,84,99,244–264

, none are as large as those designed herein, and thus none of the previously 

published tetrahedra are capable of organizing nanorods on their edges. 

 

Figure 11. A) A left-handed and right-handed chiral nanostructures, and B) core 

nanostructure of a 3D single-electron transistor. 
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2.2 Experimental Design Considerations 

To design these wire-frame DNA tetrahedra, a variety of factors were considered. The 

tetrahedron must be stiff enough to maintain its shape during various processing steps in 

order to be viable as a device template. It was also necessary to ensure that the structure 

would form with high yield, without tangling during formation. Finally, the functional staples 

must be populated enough to allow 2-5 capture strands per binding site, or else particles 

would not remain bound. 

During the course of my PhD, I designed and synthesized two tetrahedral structures, 

with some designed differences, as will be explained below. One of the main differences is in 

the structure of the tetrahedra arms (Figure 12). This allowed for variances in stiffness, as 

well as surface area available to bind to a substrate. 

 

Figure 12. CaDNAno helix choices for the cross-sections of tetrahedra arms.  A) For Design 

1, using 4-helix rafts per arm, and B) for Design 2, using 6-helix bundles per arm. 

 

Further details of each design are described in the following sections. 
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2.3 Design, Synthesis, and AFM of Tetrahedron Design 1 

To accommodate large aspect ratio materials, this design comprises 50 nm arm 

lengths, which were created using a designed routing scheme (Figure 13A) for the single-

strand M13mp18 DNA scaffold strand in which each arm consists of four DNA helices. 

Four-helix arms were chosen to increase the rigidity of the structure, whereby arms made of 

fewer helices would be less rigid. The helices of each arm are bound to one another using 

Holliday junction-like crossovers, so that the scaffold rasters smoothly through the 3D 

structure without undesirable tangling. In the scaffold routing design, the strands never cross 

so as to further lessen the chance for the scaffold to become tangled. Lastly, there is roughly 

the same number of connections from each arm at the vertices, so as to keep the structure as 

symmetrical as possible upon formation, with approximately equal amounts of stress at each 

of the four vertices. The vertices are not simply held together with staple strands, which 

could easily be displaced or removed, but rather held in place by using the scaffold itself to 

maintain the shape of the tetrahedron. 

The scaffold routing scheme was then input into a design software program called 

CaDNAno
265

 to generate the base sequences of the corresponding staple strands which 

complement the scaffold strand and fold it back upon itself, thus fastening the scaffold into 

our designed shape. These staples are the necessary components responsible for forming the 

designed origami shape.  Certain staple strands can be extended with ssDNA sticky-ends to 

act as affinity strands for later base-pairing with other DNA-functionalized nanocomponents 

(Figure 13C). 
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The CanDo finite element modeling software
266

 was used to confirm that our scaffold 

plus staples strands were predicted to fold up in solution as designed in the caDNAno 

software, the output of which is shown in Figure 13B. The 3D solution shape and flexibility 

of DNA nanostructures in CanDo are predicted based on the assumption that the mechanical 

response of the DNA double-helix is well approximated by a homogeneous elastic rod with 

axial, twisting, and bending moduli that have been measured experimentally. The designed 

staple sequences are compiled and ordered through Integrated DNA Technologies (IDT). 

 

Figure 13. 3D tetrahedral origami design. A) Strand trace for scaffold strand routing. Note 

that top and bottom arms represent a single connected edge with strand connections indicated 

by number labels. B) CanDo model of tetrahedral origami. C) The same model, with added 

single strand handles for binding other nanocomponents. 
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Figure 14. DNA scaffold and staples are mixed, annealed, filtered, and imaged by atomic 

force microscopy (AFM). 

The tetrahedral origami was assembled in the lab by mixing 100 uL of solution 

containing M13mp18 scaffold (5 nM, New England Biolabs, 7249 nt long), with the 

designed staple strand pool (50 nM). The solution was buffered at pH 8.0 with 40 mM Tris, 

20 mM acetic acid, 1 mM EDTA, and 12.5 mM Mg
2+

 (1xTAEMg ),  in which the Mg
2+

 is 

present to allow DNA folding and close packing of the backbone phosphate negative charges. 

The solution was heated well above the dsDNA melting temperature (80°C) and then slowly 

cooled (2 hours to 20°C) to allow the strands to find their lowest free energy conformations. 

The assembled structures were then subjected to buffer exchange in centrifuge filter units 

(Millipore Microcon-30kDa Centrifugal Filter Unit) to remove excess ssDNA (diluting with 
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1xTAEMg buffer, centrifuging at 2400 g for 2 minutes, adding extra buffer, and repeating 

the centrifugation process for 4 total filtrations). 

The purified origami structures were then pipetted onto a freshly cleaved mica surface 

and imaged via AFM (Figure 15). The negatively charged mica surface attracts the positive 

Mg
2+

 ions in solution as well as the Mg
2+

 ions sitting on the phosphates in the DNA itself, 

which in turn attract the negatively charged DNA, and bind the origami to the surface. The 

wide field AFM image and the zoomed image in Figure 15 demonstrate that the tetrahedral 

origami forms as designed and in very high yield (little visible byproduct). The 3D tetrahedra 

typically appear flattened in the AFM mages, which is to be expected due to the strong 

association of the DNA with the mica surface. 

 

Figure 15. AFM of tetrahedral origami (Design 1). Wide field scan showing high quality of 

purified origami and inset of zoomed image showing an individual structure with the 

designed architecture. 
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2.4 Design, Synthesis, and AFM of Tetrahedron Design 2 

In order to create a tetrahedron structure with slightly different parameters, such as 

the amount of surface area available to come in contact with a substrate, as well as a change 

in stiffness of the arms and a change in how the vertices are bound together, a second 

tetrahedron was designed with 6-helix bundled arms rather than the 4-helix rafts used in 

design 1. This tetrahedron was adapted from Ye Tian and Oleg Gang‘s octahedron
267

, but 

altered such that each vertex comprises three arm-ends as opposed to the four used in the 

octahedron, and the length of each arm is much longer for the tetrahedron design than for the 

octahedron design (increased from 29 nm to 50 nm in length). The scaffold routing of the 

tetrahedron arms are roughly shown in Figure 16A, in which each blue line comprises a six-

helix bundle. Staple strands are then incorporated to hold the scaffold in place. The six-helix 

tetrahedron design is divided into two subsequent versions, 2A and 2B, which are 

distinguished by the staple strands used to hold the scaffold in place at the center of each of 

the bifurcated arms (arms A-C, as shown in Figure 16A), an area called the ―seam.‖ In the 

case of design 2A, which comprise seams identical to those in Tian/Gang octahedron source, 

stresses induced by the longer lever arms of the tetrahedra can cause the arms to break open, 

as are shown in Figure 18A. In design 2B, the seam staples of arms A-C are redesigned such 

that the stresses induced by the longer lever arms do not overcome the ability of the DNA 

strands at the seam to hold the shape in place. These design differences can be seen in the 

partial snapshots of the caDNAno designs, shown in Figure 17. The entire caDNAno design 

and staple sequences can be found in Appendix A. The CanDo output from these designs are 
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identical, as the only differences are not staple locations but where staple breaks occur. The 

output from CanDo is shown in Figure 16B.  

Synthesis of these tetrahedra is identical to that of Design 1, and AFM images of 

Design 2A and 2B can be found in Figure 18. 

 

Figure 16. A) A block diagram of Tetrahedron Design 2 scaffold routing, in which each blue 

section represents the scaffold arranged in a six-helix bundle. Seam A is labeled to indicate 

the location of a seam. Seams B and C are shown, but not labeled. These seams indicate 

locations of high stress where it is possible for an arm to break open. B) CanDo output of 

Tetrahedron design 2. 
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Figure 17. Selected portions of the caDNAno designs of tetrahedron Design 2A (Left) and 

Design 2B (Right). Each portion is a zoom-in around the seam for one of arms A-C. Light 

blue represents the m13 scaffold, orange represents staple strands, and all other colors 

represent staple strands that may have extended ssDNA captures. The exceptions are the grey 

strands in Design 2B, which represent long staples designed to maintain the seams of each of 

these arms. 
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Figure 18. AFM of tetrahedron A) Design 2A, with short seam staples like those of Tian and 

Gang
267

, in which tetrahedra do not form as designed, but rather break open, and B) Design 

2B, with longer seam staples that hold the tetrahedra in the designed shape. 

2.5 Discussion and Conclusions 

The AFM of these tetrahedra are more three-dimensional, i.e. less flattened than the 

four-helix tetrahedra from the previous section. It is likely that this tetrahedron design will be 

useful in future experiments. In addition to the opportunities afforded by the tetrahedron 

structure as designed, the open tetrahedra of Design 2A can be used in tensegrity experiments 

with minor adjustments, such as ordering seam staples with a long portion of ssDNA that can 

be unlocked with a particular DNA key, similar to unlocking and tensegrity experiments 

performed in other groups
73,268–270

. 

In order to characterize 3D wireframe structures along with the 2D planar structures 

such as Tall Rectangle origami, new methods of characterizing DNA origami via TEM 

methods were explored, as will be explained in the next section. 
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2.6 TEM Preparation of DNA Origami samples 

Since measuring dimensions and sizes are often important for investigations of 

various parameters regarding DNA origami structures (and especially DNA structures with 

nanoparticles, for example, gold nanoparticles (AuNPs) that have been metallized), AFM is 

not the best microscopy method available, due to the effects of tip broadening (the effects of 

tip radius, curvature, and cone angle). Dimensions are better measured using electron 

microscopy, as tip effects are not at play, and instead are measured by the deflection of 

electrons. In this section, TEM is utilized as a method of examining DNA origami systems. 

It is not straightforward to perform TEM of DNA structures, or of mixtures of high 

and low electron density materials at once, as is the case with DNA and AuNPs, which will 

be discussed later. In order to image DNA at all, which is made up of light elements, one 

must take care to perform electron microscopy gently, that is, at a low voltage, so that the 

beam does not simply pass through without detecting the sample. Secondly, in order to 

clearly visualize DNA, it is necessary to stain with heavier elements, the most common of 

which is uranyl acetate
74,75,268,271–273

. However, staining alone is often not the only necessary 

practice to visualize DNA. In order to arrest the DNA on the surface of a carbon grid, 

preventing it from simply rinsing away during the rinse of excess uranyl acetate, it is 

necessary to incorporate an intermediate constituent that has both the proper charge to 

promote binding as well as the proper size so as to allow the DNA‘s helical structure to 

remain intact. For example, spermidine is the proper size and charge to bind into the major 

groove of DNA without distorting it, and also has enough charge to bind the DNA to a 

carbon grid. Neither of the related molecules most similar in size to spermidine, spermine 
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and putrescine, are suitable. Spermine has too many charges, and putrescine, not enough. 

Another viable candidate is ethidium bromide (EtBr). Usually used to stain DNA in 

electrophoretic assays, EtBr is also an intercalating agent with DNA, and able to bind DNA 

to the surface of a carbon grid. The following procedures were adapted from those developed 

by Professor Jack Griffith (at the Cancer Research Center at University of North Carolina 

Medical School, Chapel Hill, NC)
274–277

. 

Herein are 3 methods used to visualize DNA via TEM: 

Method 1. EtBr and tungsten shadowing: Charge grids with EtBr, add sample, and then 

tungsten shadow to add a thin layer of metal. 

Method 2. Spermidine and tungsten shadowing: Charge grid using ion discharge, add 

positively charged spermidine buffer to the DNA, and incubate DNA/spermidine sample onto 

grid, then tungsten shadow similar to method 1. 

Method 3. Spermidine and uranyl acetate staining: Same as the spermidine method, but 

instead of tungsten shadowing, stain with uranyl acetate. (Note that it is also possible to 

produce results using the EtBr method with uranyl acetate staining.) 

 

For all methods, DNA origami is diluted to 0.5 nM using 40 mM Tris / 6 mM Mg 

acetate. Any water used was deionized and distilled. TEM grids are 400 mesh copper grids, 

with in-house, thin carbon films on them, as they are made to be thinner than the carbon grids 

available from retailers such as Ted Pella. 
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2.7 Sample Preparation and TEM for Method 1: EtBr and Tungsten Shadowing 

EtBr stock solutions are diluted to 0.03 mg/mL. On parafilm, a droplet of diluted EtBr 

is pipetted, and a grid floated on top of the domed drop, protected from light with a cover, 

and incubated for 30 minutes. The grids are then placed on filter paper to dry. Then, using 

self-closing tweezers, the grids are held in air as up to 20 uL of DNA sample is incubated on 

them for 3 minutes. Next, the grid is swirled in ~95% ethanol (EtOH) for 5-10 seconds, and 

then put on filter paper to dry. The grid is then placed into a vacuum system equipped with 

liquid nitrogen and a tungsten wire between two electrodes. After pumping the chamber 

down to 2x10
-6

 Torr, the grids are rotated as tungsten is deposited at ~3.5x10
-6

 Torr, with 6.5 

A through the tungsten wire, for 2-5 min, depending on deposition rate and desired film 

thickness. TEM images of DNA tetrahedra (Design 1) from this method are shown in Figure 

19. 
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Figure 19. TEM images of DNA tetrahedra (Design 1) imaged via method 1 (EtBr and 

tungsten shadowing). 

2.8 Sample Preparation and TEM for Method 2: Spermidine and Tungsten Shadowing 

Carbon TEM grids are negatively charged by ion discharging them for ~2 min. In this 

way, the surface of the carbon grid is bombarded with charged ions and creates carboxyl 

groups on the surface. Thus, the carbon becomes more hydrophilic. Six petri dishes are set 

up, two of which are filled with deionized water (DI H2O), the next with 25% EtOH, 50% 

EtOH, 75% EtOH, and ~95% EtOH. Using 10x spermidine buffer, 19 uL of DNA sample is 

mixed with 1 uL of spermidine buffer and pipette up and down ~10x to mix. Grids are held 

in self-closing tweezers, and the sample pipetted onto the grid and incubated for 3 minutes. 

The grid is then swirled in the first DI H2O petri dish for 5-10 sec, then quickly moved into 
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second water bath (exposing the grid to air as little as possible in each transition), swirled in 

the second DI H2O dish and left in this bath for 3 minutes. Similarly, the grid is moved to 

each subsequent dish, swirled, and left for 5 minutes in each EtOH pool. After 5 minutes in 

the last bath, the grid is placed face-up on filter paper to air dry. Tungsten shadowing is then 

performed the same as in method 1. Images of DNA tetrahedra (Design 1) and Tall Rectangle 

from this method are shown in Figure 20. 

 

 

Figure 20. TEM images of DNA origami imaged via method 2 (spermidine and tungsten 

shadowing). (A-E) show images of tetrahedra (Design 1). Stress on the origami, and 

flexibility of the DNA can be seen, due to electrostatic and drying effects. (F-J) show images 

of Tall Rectangle. J) shows Tall Rectangle with AuNSs on the corners. At times, two AuNSs 

bind to one binding site, due to multiple capture strands per binding site. It is also possible to 

see the halo of DNA around each AuNS. 
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2.9 Sample Preparation and TEM for Method 3: Spermidine and Uranyl Acetate 

Staining 

A note about this method: Spermidine and uranyl acetate have the potential to create 

unwanted side products, however if simply TAE buffer or similar were used without the 

spermidine, rinsing away the uranyl acetate could also remove the DNA. 

The carbon grids are negatively charged by ion discharging for ~2 min. Using 10x 

spermidine buffer, 19 uL of DNA sample are mixed with 1 uL of spermidine buffer and 

pipetted up and down ~10x to mix. Grids are then held in self-closing tweezers, and the 

simple incubated on the grid for 3 minutes. The grid is then swirled in a petri dish filled with 

DI H2O for ~5-10 sec, then allowed to sit for 3 min. The grid is again held in self-closing 

tweezers, and a drop of 2% uranyl acetate is added and incubated for 3 min. The grid is then 

put onto filter paper to remove excess UA, and then onto a clean sheet of filter paper to dry 

for ~5 minutes, and then imaged via TEM. Images of DNA tetrahedra (Design 1) and Tall 

Rectangle are shown in Figure 21. 
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Figure 21. TEM images of DNA origami imaged via method 3 (spermidine and Uranyl 

Acetate staining). (A-C) tetrahedra (Design 1) and (D-F) Tall Rectangle. 

2.10 Discussion 

The previous TEM images were collected at 40 kV on a Tecnai/FEI TEM. At higher 

voltages, resolution is improved but contrast is decreased. The same samples prepared and 

imaged above were imaged on a JEOL 2000 FX TEM at 200 kV to demonstrate this 

decreased contrast effect. Images are shown in Figure 22. 
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Figure 22. TEM images of DNA origami imaged at 200 kV. A) Tall Rectangle imaged via 

method 2 (spermidine and tungsten shadowing). B) Tall Rectangle and C) tetrahedra (Design 

1) imaged via method 3 (spermidine and Uranyl Acetate staining). 

In order to compare each method, an image of DNA tetrahedra (Design 1) from each 

imaging method is reprinted for side-by-side comparison in Figure 23 below. 

 

 

Figure 23. Tetrahedra (Design 1) imaged via A) method 1 (EtBr and tungsten shadowing) at 

40 kV, B) method 2 (spermidine and tungsten shadowing) at 40 kV, C) method 3 (spermidine 

and uranyl acetate staining) at 40 kV, and D) method 3 at 200 kV. 

 

It is clear that imaging at 40 kV provides better contrast than imaging at 200 kV. It is 

also noted that tungsten shadowing provides darker contrast images than uranyl acetate 

staining (comparing Figure 23A and B to C) and that features are slightly thicker with 
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tungsten shadowing, as the layer of tungsten is thicker than the few uranyl acetate atoms that 

stain samples via method 3. 

 

2.11 Conclusions 

One main issue with electron microscopy for these samples is that they are designed 

to exist in 3D, however, to image, the samples become flattened on a surface due to 

electrostatic interactions, as well as drying effects from capillary forces of adhesion, and 

finally, due to the vacuum environment necessary to perform electron microscopy. 

It is also possible to image in situ via fluid TEM,
278–280

, though these methods are new and 

have only begun to be characterized for low density, biological samples. In the future, this 

method will likely be more commonplace and very applicable and helpful for 

characterization of 3D DNA origami samples. 

Having successfully designed, assembled, and imaged wireframe tetrahedral DNA 

origami structures, it is possible to extend our toolbox to include more diverse materials. 

Different types of particles or rods, or even materials with high aspect ratio like extended 

polymers can be functionalized and attached
281,282

. Since gold is a material suitable for 

creating both chiral and electronic structures, it was chosen as the main material to 

functionalize with DNA and to hybridize with origami structures in this dissertation. 

Evidence that the DNA structures are capable of binding nanocomponents will be 

shown in the next chapter, where gold nanospheres (AuNSs) and gold nanorods (AuNRs) are 

incorporated. 
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Future efforts will be able to take these architectures and incorporate them into larger 

networks, of which there is a variety, from random networks to organized networks. Both 

could have interesting applications, such as for negative refractive index materials. 
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CHAPTER 3. Gold Nanoparticle Functionalization and Hybridization 

This chapter describes the methods used to DNA functionalize gold nanoparticles 

(AuNPs), both gold nanospheres (AuNSs) and nanorods (AuNRs), with ssDNA, as well as 

the hybridization methods used to bind these DNA-nanoparticles to DNA origami templates. 

General principles about molecular conjugation will be discussed throughout. 

3.1 Introduction 

Conjugation is the link connecting two things, in our case, the process of attaching 

two molecular or nano-scale components together. Using thiols, amines, or other appropriate 

chemical crosslinking agents, DNA can be conjugated with a chosen type of nanoparticle. 

Functionalization means conjugating ligands, including potential crosslinkers, to a 

component. In this study, this means attaching DNA strands to AuNPs. 

Functionalizing nanoparticles with DNA has been partially realized in specific 

situations, although there are many areas in which the field has not been explored and 

perfected. For example, many labs are able to functionalize conducting nanomaterials, such 

as AuNSs
82–84,86,91,99,111,115,117,119–121,126,127,135,137,184,252,283–291

. Yet, only a handful of labs are 

able to DNA-functionalize AuNRs
87,90,92,123,180,181,184,288,291–302

, due to added complexities 

such as larger particle sizes (which decreases solubility in aqueous solutions) and an inherent 

bilayer surfactant present during the nanorod growth process (which causes difficulty for 

DNA interactions). Similarly, a few labs are able to functionalize semiconducting materials 

such as quantum dots
93–95,303,304

. A thorough search of the literature revealed one protocol for 

DNA-functionalization of insulating nanorods, such as silica-coated AuNRs
305

, and 
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alternative protocols are likely possible, as the chemistry has been demonstrated on substrate 

surfaces
306

. (For an example of an additional DNA-functionalization method, see Figure 58 

in Chapter 5.) 

For the studies herein, gold is the functionalized material used, specifically, 5 nm 

diameter AuNSs and 12 nm x 50 nm AuNRs. In summary, to functionalize AuNPs, it is 

crucial to fight the tendency of these particles to fall out of solution by aggregation and keep 

them soluble. Aggregation can be prevented by carefully using salts and surfactants. Full 

details will be provided below, however, in short, for AuNSs, the process begins with 

purchased citrate stabilized AuNSs which were then further stabilized using a surfactant 

called bis(p-sulfonatophenyl)phenylphosphine (BSPP). The AuNSs were then concentrated, 

and thiol-DNA added, allowing the sulfur of the thiol to bind to the gold surface of the 

particles. The solution was allowed to incubate for 48 hours, and then excess thiol-DNA was 

removed by agarose gel electrophoresis. The process for AuNRs is similar, but with a couple 

of added difficulties. The process begins with AuNR synthesis, which I performed in Dr. 

Joseph Tracy‘s laboratory following a modified version of a procedure developed there
307

. 

The procedure involves a cationic surfactant called cetyl trimethylammonium bromide 

(CTAB) to grow the rods from a gold seed into a rod shape. The excess CTAB was then 

washed away and replaced with an anionic surfactant, sodium dodecyl sulfate (SDS), 

although a bilayer of CTAB still remains on the AuNRs, or else they aggregate in solution. 

Removing enough, but not too much CTAB, is one of the difficulties of AuNR 

functionalization. Thiolated DNA was then added, which must displace the CTAB bilayer to 

bind to the gold. In order to induce this process, charges must be screened slowly by adding 
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aliquots of NaCl in a slow salt aging to allow the thiolated DNA to fully coat the AuNRs. 

After 3 days of salt aging, excess thiol-DNA was removed by centrifugation. These two 

processes are compared in Figure 24. The following sections will describe the 

functionalization processes in further detail, possible pitfall areas, and hybridization results 

for each. 

 

Figure 24. Overview of the AuNS (top) and AuNR (bottom) DNA functionalization 

procedures. 
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3.2 DNA-Functionalization of 5 nm diameter Gold Nanospheres 

 

Figure 25. A schematic of AuNSs first with BSPP stabilization (Left), and then stabilized by 

functionalization with DNA (Right). 

Following three developed recipes 
85,308,309

, 3 mg of BSPP (Sigma-Aldrich) were 

added to 10 mL of purchased AuNS solution (British Biocell International). This step is to 

take the AuNSs, which were originally citrate stabilized, and stabilize them with another 

ligand that can then be displaced by thiolated DNA. This method works well for AuNSs of 

fairly small diameter, 15 nm or less, but if larger AuNSs are used (or AuNRs, as will be 

discussed later), the charge associated with BSPP itself could cause the particles to 

aggregate, and thus other surfactants must be employed, such as SDS. An alternate approach 

involves slow salt addition, as outlined by Mirkin
48

, in which the larger the AuNS, the slower 

the salt addition must occur. 

These AuNSs incubated with the BSPP were then concentrated so that they could be 

useful for most applications. After 48 hours‘ incubation, the AuNSs were concentrated by 

adding ~260 mg of NaCl until the solution changed from red to slightly purple and 

centrifuged for 30 min at 800 g at room temperature. In this step, the NaCl was included so 
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that the negative charges inherent in the gold as well as the negative charges of the surface 

ligands could be screened, and thus each particle would not electrostatically repel one 

another, and the particles could come in closer contact. This way, the AuNSs could be 

temporarily and reversibly aggregated, and thus concentrated into a pellet-like liquid. A 

change from red to slightly purple is indicative of the AuNSs coming close to or even 

touching other AuNSs. This causes a blue-shift in the absorption spectroscopy of the AuNSs. 

The BSPP protection acts to prevent any temporary aggregation from becoming permanent. 

However, if an exorbitant amount of NaCl is added, BSPP will no longer protect against 

permanent aggregation. 

While the AuNSs were being centrifuged and concentrated, thiol-modified DNA 

strands were chemically reduced from their protected disulfide form to their more reactive –

SH form. When choosing the type of thiol modification appended to the DNA strands, it is 

important to note that monothiol crosslinkers can pack more densely onto a gold surface than 

bulkier dithiol crosslinkers, and thus provide additional stability to the nanoparticle, although 

dithiols are bonded to gold through two dative bonds and therefore are more stably attached 

to the particle
310

. Figure 26 shows schematics explaining monothiol- and dithiol-DNA 

reduction and binding. For an additional monetary price, a possible modification includes a 

hydrophilic polyethylene glycol (PEG) spacer between the thiol and the DNA. The PEG, 

neutral in charge, allows thiolated DNA to pack even more tightly
127

. Likewise, shorter 

oligos are able to pack more tightly than longer ones, as longer ones are more negatively 

charged, increasing the electrostatic repulsion between strands, and also are more likely to 

cover the gold surface and inhibit other thiols from reacting. In this dissertation, monothiol 
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linkers were used with T5 spacers between the thiol and 20-30 nucleotide DNA capture 

sequence, rather than the more expensive PEG spacers. 

 

Figure 26. (Top and right) Single thiol modified DNA and (bottom left) dithiol modified 

DNA, before and after reduction, and bound to a gold surface. This schematic is modified 

from components in Ref.
311

. 

Chemical reduction was achieved by mixing 5 times the number of moles of thiolated 

DNA as moles of AuNSs with 3.3 uL of tris(2-carboxyethyl)phosphine (TCEP) coated 

styrene beads for every nanomole of DNA, and adding 100 mM tris, 10 mM EDTA (10xTE, 

pH 8.0) buffer to bring the final concentration to 0.75xTE. The solution was then mixed by 

inversion for 1 to 24 hours. The TCEP-coated beads are employed so that the TCEP on the 

beads can reduce the purchased, protected DNA-S-S-alkane to the more reactive, DNA-SH 

form. The beads themselves are dense enough that the solution can later be centrifuged, 
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causing the beads to sink and leaving the reduced thiol-DNA in the solution‘s supernatant, 

available to be collected. The solution was allowed to mix for 1 to 24 hours, so that the 

reduction of the thiols was allowed to reach completion. The amount of capture strands 

chosen, 5 per AuNS, is so that the AuNSs are not over functionalized, that is, that they have a 

few strands to allow them to later interact with and bind to DNA origami, but that if there are 

too many capture strands, the AuNSs would be able to bind to too many origami structures, 

and also the length of the capture strands would mean that the DNA would potentially block 

certain areas of the AuNS from further thiol binding, and later risk exposure of the gold 

surface to other gold surfaces, and cause aggregation. The most stable AuNSs were achieved 

when a small, discrete number of functional DNA strands around 20 bases in length were 

conjugated, followed by a ―backfilling" of shorter oligos such as TTTTT, abbreviated as T5. 

After centrifuging the AuNSs/BSPP/NaCl solution, the supernatant was removed 

without disturbing the visible Au pellet. At this point, trace amounts of NaCl still exist in 

solution. After adding 200 uL of BSPP solution (3 mg BSPP in 10 mL DI H2O), 200 uL 

methanol was added to allow the AuNSs to be pelletized a second time, in the absence of 

additional NaCl. The solution was centrifuged a second time for 30 min at 800 g at room 

temperature. This second centrifugation removes any remaining NaCl from the initial 

centrifugation step. The addition of BSPP is to again ensure that the AuNSs, when 

concentrated in the pellet phase, are not permanently aggregated, only temporarily 

aggregated. The addition of methanol, a miscible solvent, is to allow the AuNSs to come 

close to one another and precipitate without introducing NaCl. The supernatant was again 

removed and the AuNSs were resuspended in the same BSPP solution to a total volume of 
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200 uL. These AuNSs are much more concentrated than the purchased stock solution, and 

can be resuspended at a desired concentration. The AuNSs were then ready to be introduced 

to the thiol-DNA. 

The reduced, thiol-modified DNA strands were then centrifuged at 500 g for 2 

minutes to separate the DNA from the styrene beads. The clear supernatant containing the 

thiol-DNA was pipetted and added to the AuNS solution, at which time the buffer was 

adjusted to 1xTAE/50 mM NaCl. The thiolated DNA must be added quickly thereafter. 

Waiting for too long gives the AuNSs a chance to become un-protected and aggregate 

permanently. (AuNRs, as will be shown later, must be introduced to the thiol-DNA in 30 

minutes or less to avoid aggregation. While AuNSs are more stable than AuNRs, the same 

principle applies.) The buffer was adjusted to 1xTAE in order to stabilize the pH (tris acetate 

buffer is able to maintain the pH at approximately 7.2), and protect the DNA (EDTA chelates 

divalent cations and thus protects against DNases). The NaCl is again to allow for charge 

screening so that the negatively charged DNA can approach and bind to the negatively 

charged AuNSs without facing too much electrostatic repulsion. After 48 hours of 

incubation, thiolated T5 strands were added at a Au:T5 ratio of 1:60 to fully backfill the 

AuNS-DNA conjugates, and the solution was again incubated for 48 hours. This backfilling 

process ensures that the AuNSs do not have exposed gold, but rather, thiol and DNA 

protection from gold-gold interactions with other AuNSs, which causes aggregation. The 

backfill strands are short so that they do not have a high risk of the DNA laying down on the 

gold surface, which could then diffuse and expose the gold surface. The backfill sequence is 
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chosen as T5 because polyT tends to remain hydrated and ―stand up‖ in the solution rather 

than lying down upon the gold surface, as has been observed for polyA
312,284

.  

 

Figure 27. UV illuminated electrophoretic assay (3% agarose, 1xTAE, stained with EtBr) of 

DNA-AuNSs and excess thiol-DNA. Lane 1 contains as-functionalized DNA-AuNSs, and is 

run to remove any excess thiol-DNA from the DNA-AuNSs. Lane 2 contains DNA-AuNSs 

that were previously centrifuge-filtered. The excess thiol-DNA band indicates that not all 

excess thiol-DNA were removed during centrifuge filtration. 

The next step involves removing any excess, unbound thiolated DNA from solution. 

This process is necessary because, if left unperformed, excess thiol-DNA in solution would 

compete with the nanocomponent for the target strand, i.e. it would be allowed to satisfy 

capture strands on the DNA origami, resulting in a binding site without a nanoparticle 

present and thus the sample would suffer from reduced binding yields due to the presence of 

excess thiol-DNA. Excess DNA strands were removed from the AuNS-DNA conjugates by 

running the conjugate solution on a 3% agarose gel (1xTAE) for 20 min, at 10 V/cm. While 

it is possible to label the excess DNA with EtBr, this is not necessary as the AuNSs 

themselves are red and can be seen with the naked eye. Assuming the solution is run for a 
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long enough time in the gel, the AuNSs should be well separated from any excess ssDNA. As 

proof, an example aliquot of DNA-AuNSs with excess thiol-DNA was stained with EtBr and 

run on an agarose gel, and is shown in lane 1 of Figure 27. The AuNS-conjugate band was 

extracted by cutting out the band of interest, squishing it with a flat surface and centrifuging 

it using a Freeze ‗N DNA Gel Extraction Spin Column (Bio-Rad Laboratories). The Freeze 

‗N Squeeze process unfortunately leaves a great amount of waste behind. Recovery of the 

DNA-AuNSs is often only 10-20% yield. While it is tempting to remove the excess thiolated 

DNA by simply centrifuge filtering the mixture and thus obtaining a higher yield of DNA-

AuNS product than is possible using the Freeze ‗N Squeeze method, four centrifuge filtration 

steps is shown to still leave trace amounts of thiol-DNA in the solution, as can be seen in 

lane 2 of Figure 27. Other methods of purification have been explored
187

, but no perfect 

resolutions have been found as of yet. From UV-vis absorbance spectroscopy shown in 

Figure 28, it is easy to see that both centrifuge filtered and Freeze ‗N Squeezed products 

have less DNA than unpurified DNA-AuNSs, and a zoom-in around the 520 nm DNA peak 

shows that the centrifuge filtered samples contained slightly more DNA than the Freeze ‗N 

Squeeze purified sample. 

Typical conjugate concentrations were 100-700 nM. This value is dependent on how 

concentrated the nanoparticles are during the concentration steps, how well the pellet is 

formed (and how well one can avoid disturbing the pellet when removing supernatant), as 

well as how concentrated the thiolated DNA stocks are. The final buffer of the AuNS-

conjugates is presumed to be 1xTAE, with some residual BSPP and NaCl. There may also be 

some residue from the Freeze ‗N Squeeze product and from the agarose gel. These 



 

61 

functionalized nanoparticles have a shelf-life of around 6 months at 4°C. After this period of 

time, the nanoparticles are often still suspended in solution (not aggregated) but tend to have 

much reduced binding yields. This is likely due to detached thiol-DNA, which can then 

satisfy capture strands on the origami and leave a binding site without a nanoparticle. This 

can be remedied by using a centrifuge filter to remove excess ssDNA from the AuNSs, 

however, the binding yield is never as good as with freshly functionalized AuNSs, as is likely 

due to the detached thiols which are removed. UV-vis absorbance spectroscopy of new 

versus aged AuNSs can be seen in Figure 29. 

 

 

Figure 28. UV-vis Absorbance Spectroscopy of DNA-AuNSs (red, short dashes) with excess 

thiol-DNA present, (blue, solid line) after centrifuge filtration to remove most but not all of 

the excess thiol-DNA, and (green, long dashes) gel electrophoresed and Freeze ‗N Squeezed 

to remove any excess thiol-DNA. All samples have been brought to the same AuNS 
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concentration (520 nm peaks are aligned), such that the concentration of DNA (260 nm 

peaks) can be analyzed. Inset is a zoom-in around the 260 nm DNA peak, showing slightly 

more DNA in the filtered sample than in the Freeze ‗N Squeezed one. 

 

In order to test the stability of functionalized AuNSs, an aliquot can be brought to 

conditions similar to those used during hybridization, for example, 12.5 mM Mg
2+

, and the 

spectroscopy of the particles monitored to test for aggregation, indicated by color changes. 

Assuming no color change occurs, these functionalized particles are ready for hybridization 

experiments or for storage at 4°C. 

 

Figure 29. UV-vis Absorbance spectroscopy of purified DNA-AuNSs (blue, solid line) on 

the date of synthesis, compared to the same DNA-AuNSs after 11 months‘ aging at 4°C, after 

centrifuge filtration to remove any unbound thiol-DNA that may have detached from the 

AuNSs during the aging process (green, dashed line). Samples have been brought to the same 

AuNS concentration (520 nm peaks are aligned), such that the concentration of DNA (260 
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nm peaks) can be analyzed. Inset is a zoom-in around the 260 nm DNA peak showing the 

decrease in DNA concentration for the aged sample. 

3.3 Synthesis of 12 nm diameter, 50 nm length Gold Nanorods 

Based on the procedures by Kozek and Tracy et al.
307

 and El-Sayed et al.
12

, AuNRs 

were synthesized by first growing gold seed particles, and then preferentially growing the 

seeds on one of the crystal faces (via surfactant binding) to form rods. To obtain smaller 

AuNRs of 12 nm x 50 nm with peak absorbance wavelength between 830-940 nm, only one 

growth was performed instead of the normal two performed by others, which produce 20 nm 

x 80 nm AuNRs. 

Clean glassware was set up so that all needed supplies were readily available. Three 6 

mL vials and six 20 mL vials for measuring out powders, one 1 L jar and a 500 mL graduated 

cylinder were used. 

The chemicals needed and amounts were determined using Table 2. Regardless of 

desired batch size, it is important to maintain the seed solution quantities, as the seed solution 

is sensitive to any measurement error, and small batch sizes introduce higher error due to 

pipetting limitations. However, the volume of growth solution can be changed to synthesize a 

desired batch size, from a small batch, 100-200 mL, to larger batches, 1-2 L.  
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Table 2. Example of required component quantities for a 1 L batch of AuNRs. For different 

batch sizes, the growth solution components scale linearly, whereas the Seed solution should 

always be measured in the same way so as to avoid errors introduced by measurement 

uncertainties. 

Growth Solution component MW (g/mol) Weight (g) Water (mL) 

CTAB 364.45 34.309 450 

KBr (potassium bromide) 119.002 1.12 10 

AgNO3 (silver nitrate) 169.87 0.03255 10 

HAuCl4 (chloroauric acid) 411.85 0.3789 518.95 

AA (ascorbic acid) 176.12 0.18565 15 

Seed solution component MW (g/mol) Weight (g) Water (mL) 

CTAB 364.45 0.364 8 

KBr 119.002 0.011872 1 

HAuCl4 411.85 0.001 1 

NaBH4 (sodium borohydride) 37.83 0.000378 0.6 

 

The exact amount of CTAB needed for the growth solution was measured into the 

250 mL jar. (It is important to note that different batches of CTAB, and from different 

companies, can produce different results.) The notated amount of DI H2O from Table 2 was 

added to the CTAB powder. The solution was swirled and a heat gun was used to dissolve 

CTAB while swirling the bottle. The solution was only heated until it became clear with 

some precipitates, and was not heated further. The solution was then sonicated for ~30 min to 

dissolve the large precipitates. While it was sonicating, the exact amount of CTAB needed 

for the seed solution was measured into a 20 mL vial. The noted DI H2O was added and the 
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solution swirled. Again, a heat gun was used to dissolve the CTAB while swirling the bottle, 

and the solution only heated until clear with some precipitates. This solution was also 

sonicated to dissolve the large precipitates. While the two CTAB solutions were being 

sonicated, the glassware was labeled, and any spatulas to be used were cleaned with acetone, 

then toluene, then IPA. These are polar and nonpolar solvents to ensure that the spatulas are 

clean. After the 30 minutes of sonication, both CTAB solutions were checked to ensure that 

they were clear and free of precipitates. The lid of each container was removed and heated 

with the heat gun briefly to remove any bubbles on top of the CTAB solution. Both bottles 

were recapped and put into a 30°C bath. Thirty minutes were allowed to pass before 

proceeding to the next steps. 

The appropriate amounts of potassium bromide (KBr), silver nitrate (AgNO3), and 

ascorbic acid (AA) were measured into glass vials for the growth and seed solutions. For 

each, slightly more than what the recipe calls for was measured into the vials and 

corresponding amounts of water were then added to maintain the desired concentrations. It is 

of note that AgNO3 can be varied to tune the aspect ratio of the AuNRs produced. More 

silver produces longer rods, less silver produces shorter rods, but a lack of silver produces 

very long rods. Each of the vials was then vortexed for two sets of 10 seconds each to ensure 

proper mixing. 

To prepare for the later need for ice cold NaBH4, a basin was filled with ice and two 

20 mL vials were each filled with 9 mL of DI H2O and kept on the ice. A high concentration 

batch of NaBH4 will be made and diluted in later steps. 
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The calculated amounts of each ingredient from Table 2 were added in the following 

way. KBr for the growth solution was added to the already mixed CTAB for the growth 

solution. The mixture was then swirled using gentle, wide circular motions so as to avoid 

producing bubbles. Then the proper amount of AgNO3 growth solution was added to the 

CTAB + KBr growth solution mixture and swirled in a similar fashion. The solution will 

remain transparent. Bubbles were removed using a heat gun. This mixture was then returned 

to the 30°C bath. 

Similarly, the proper amount of KBr seed solution was added to the CTAB seed 

solution, swirled, and returned to the 30°C bath. 

The appropriate amounts of HAuCl4 and NaBH4 were measured, each of which were 

stored in a glove box. The HAuCl4 is stored at 4°C in the glove box, and was allowed to 

reach room temperature before being opened and measured. In the meantime, the NaBH4 was 

measured using a metal spatula. The appropriate amount of HAuCl4 was then measured using 

a glass pipette tip as a spatula so as to avoid using a metal spatula which would react with the 

HAuCl4. 

The appropriate amount of water was added to the HAuCl4 and pipetted up and down 

to mix. Then, HAuCl4 stock was added to the appropriate amount of water in a graduated 

cylinder for the growth solution. Likewise, the appropriate amount of HAuCl4 and water 

were mixed in a vial for the seed solution. The HAuCl4/water in the graduated cylinder was 

then added to the growth solution jar. The growth solution becomes dark orange in color. 

Any bubbles were removed with a heat gun. The appropriate amount of AA solution was 

then added to the growth solution. The AA will turn Au
2+

 into Au
1+

, making the gold seeds 
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grow. The solution will return to clear. If it is yellow, the HAuCl4 was likely not measured 

precisely enough. The jar was then returned to the 30°C bath. The appropriate amount of 

HAuCl4 seed solution was then added into the seed solution vial. This mixture will be dark 

yellow. A stir bar was added to the vial and returned to the 30°C bath, and stirred at 1150 

rpm. 

The next step is the most difficult and the most critical. It is the step in which the 

NaBH4 is added. This step needs to happen quickly—within 3-4 minutes. The appropriate 

amount of room temperature water was added to the NaBH4 powder and dissolved by 

vortexing for 10 seconds. The mixture will be whitish in color. It was then immediately put 

on ice. It was then diluted by adding 1 mL of this stock solution to 9 mL of ice cold water 

and vortexed for 3-5 seconds. Using a new pipette tip, 1 mL of this secondary dilution was 

added to the next vial of 9 mL of ice cold water to dilute a second time, and was then 

vortexed for 3-5 seconds and returned to the ice bath. An appropriate amount of this tertiary 

stock was then added to the seed solution while stirring at 1150 rpm. The solution turns 

brown. The solution was allowed to remain stirring for 2 minutes. Then the stirring was 

ceased and the solution was allowed to incubate for 3 minutes. The appropriate amount of 

seed solution was then added to the growth solution. The jar was then gently overturned three 

times and returned to the 30°C bath. The solution will become light pink after ~10 minutes. 

After 1 hour, UV-vis spectroscopy of the AuNR solution will show a peak around 800 nm, as 

shown in Figure 33 (red dotted line). The mixture was held at 30°C for 24 hours to allow the 

reaction to reach completion. 
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To store the AuNRs in CTAB, the jar of AuNRs was covered with foil to protect from 

degradation from light, and refrigerated at 4°C. A photograph of the CTAB-AuNRs, as well 

as a Scanning Electron Microscopy (SEM) and TEM image of the synthesized AuNRs after 

DNA functionalization (functionalization is explained in the next section) can be seen in 

Figure 30. The synthesized AuNRs are stable for approximately 6-12 months. 

 

Figure 30. (A) Photograph of synthesized AuNRs in CTAB at room temperature (B) SEM, 

and (C) TEM of DNA-functionalized AuNRs, 
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3.4 DNA-Functionalization of 12 nm diameter, 50 nm length Gold Nanorods 

 

Figure 31. A schematic of AuNRs in native CTAB (Left), and after thiol-DNA 

functionalization (Right). 

Following a revised procedure developed by Pal, Yan et al.
180

, small, first growth 

AuNRs from the previous section were functionalized with thiolated DNA. 

The first step involves reducing the thiolated DNA. As noted in the AuNS 

functionalization section, single-thiol DNA more densely packs on the surface of gold than 

dithiol DNA. In the case of AuNSs, it is possible to functionalize the particles with dithiol 

DNA, however, with AuNRs, only single thiols are densely packed enough to prevent 

aggregation, as is shown in Figure 34. In order to reduce the thiol-DNA strands, 6000 moles 

of thiol-DNA per mole of AuNRs were mixed with 3.3 uL of TCEP-coated styrene beads for 

every nanomole of DNA, and the solution was then brought to 0.75xTE using 10xTE buffer, 

and were then rotated to mix for a minimum of 1 hour (up to 24 hours). The descriptions for 

each of these components can be found in the AuNS functionalization section. This molar 

ratio is well above the amount of thiols that can theoretically fit onto the AuNR surface (see 
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Figure 32), as 0.2 oligonucleotides/nm
2
 is the highest reported surface density of 

oligonucleotides on a nanoparticle surface
283

. 

 

Figure 32. (Left) Schematic of AuNR shape and dimensions, in which the radius is 6 nm and 

the full height of the AuNR is 50 nm, making the ―a‖ value 38 nm. (Right) Calculation of 

AuNR surface area, maximum loading of thiols on a AuNR surface, and amount of excess 

thiol-DNA added to solution during the functionalization process. 

 

Nanorods synthesized via the previously outlined procedure were stored in CTAB, 

which is a positively-charged surfactant. The CTAB is in a crystallized state at room 

temperature. When an aliquot of AuNRs was needed, the jar of synthesized AuNRs was 

taken out of the refrigerator and sonicated to break up large chunks of CTAB. A clipped 

pipette tip was then used to take the desired amount from the stock solution, commonly 1-5 

mL. 

To ensure that AuNRs had not expired, the UV-vis absorbance of the AuNRs was 

measured before being used for an experiment. The AuNRs have a shelf-life, much like the 

AuNSs, and a change in UV-vis absorption helps to notify the user if the AuNRs have 

expired. To check the UV-vis absorbance, CTAB must first be melted. To melt the CTAB, 
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the aliquots of CTAB-coated AuNRs were placed into a 39°C bath and swirled periodically 

until all CTAB was melted (5-10 minutes). The change from opaque, crystallized CTAB to 

transparent solution occurs suddenly, and a spectrum can be taken. 

Before functionalization of the AuNRs, they must be washed of excess CTAB, such 

that the AuNRs themselves have a thin coating of CTAB remaining to prevent aggregation, 

but where CTAB does not freely exist in excess in solution. To remove the excess, the 

AuNRs/CTAB was centrifuged at 4700 g for 10 minutes. Without disturbing the gold pellet, 

the supernatant was then removed via pipetting. The pellet was then resuspended in 0.01% 

SDS and vortexed for a few seconds. SDS is a surfactant to protect the AuNRs from 

aggregating in the absence of CTAB. The tube was then observed to ensure homogeneity. 

The previous centrifugation and supernatant removal steps were repeated twice more, for a 

total of three centrifugations. Upon the last centrifugation and removal of supernatant, the 

solution was resuspended to one tenth of its original volume, in order to concentrate the 

AuNRs from ~1 nM starting concentration to ~10 nM final concentration. To check that the 

concentration is around 10 nM, UV-vis absorbance spectroscopy was measured. (The Beer-

Lambert law, A=εlC was used to determine concentration, where the extinction coefficient ε 

for the peak around 780-800 nm is 10
9
 cm

-1
 M

-1
). 



 

72 

 

Figure 33. UV-vis absorbance spectroscopy showing the consequences of removing CTAB 

and replacing with DI H2O instead of SDS. AuNRs in CTAB (red, dotted line) vs. AuNRs 

washed and resuspended in water (solid, blue line). The AuNR longitudinal peak is blue-

shifted, indicating partial aggregation. 
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Figure 34. UV-vis absorbance spectroscopy of AuNRs and single-thiol-DNA (solid, blue 

line) and later, those same AuNRs, fully functionalized with DNA, after NaCl and TAEMg 

addition to show that the peak position is maintained (green, short dashes). Also shown are 

AuNRs with dithiol-DNA (red, long dashes), which shows a peak shift and peak broadening, 

indicating aggregation. 

Without delay, the reduced thiolated DNA was centrifuged at 500 g for 2 minutes to 

separate the polystyrene beads from the thiolated DNA. The clear supernatant was pipetted, 

containing the thiolated DNA, without disturbing the white polystyrene pellet, and the DNA 

was added to the AuNRs/SDS solution. The solution was then shaken for a few hours or 

overnight. Then, the solution was brought to 40 mM Tris, 20 mM boric acid, 1 mM EDTA 

(1xTBE) using 10xTBE/0.01% SDS solution. The reason for waiting to add TBE is because 

the EDTA that it contains can chelate metals, therefore allowing thiolated DNA to bind first 

is essential. The mixture was again shaken for a few hours or overnight. 
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The next step involves slow salting to induce binding. Using a solution of 5 M 

NaCl/0.01% SDS/1xTBE, aliquots of 0.075 M NaCl were added, 2+ hours apart, until a final 

concentration of 0.5 M NaCl was achieved. Then the mixture was shaken for 6 hours or 

overnight. It is important not to abandon the solution for more than 1-2 days after this step, as 

it is possible that the excess NaCl as well as being at room temperature is a detriment to the 

shelf-life of the AuNRs. 

Then, the excess thiolated DNA and NaCl were removed. To do so, the solution was 

centrifuged at 3500 g for 10 min at 4°C. The supernatant was removed and the pellet was 

resuspended in 1xTBE/0.01% SDS. This centrifugation, removal, and resuspension process 

was repeated a minimum of five times. The final resuspension volume was reduced so as to 

increase the concentration of the AuNRs. The functionalized AuNRs were then stored at 4°C. 

The shelf life of these AuNRs is around 6 months. 

To examine the stability of these rods, they were electrophoresed into a gel to observe 

their behavior. DNA-functionalized AuNRs are negatively charged and thus migrated into 

the gel. If they were not properly DNA-functionalized, the applied voltage removed the 

positively charged CTAB layer from the AuNRs, migrating the CTAB in the reverse 

direction of the DNA-AuNRs. Because of the lack of CTAB or other stabilizing agent, the 

AuNRs aggregated in the well. Results of this experiment are shown in Figure 35. 
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Figure 35. Both native CTAB-AuNRs and lipoic-acid AuNRs are aggregated and cannot 

enter the gel. The thiol-AuNRs migrate into the gel and remain red in color. 

3.5 Hybridization of Gold Nanoparticles and DNA Origami 

 Using DNA-DNA self-complementarity, this section will discuss a method to attach 

nanocomponents onto DNA templates. DNA origami stability is reliant upon the use of 

highly ionic buffers, the most common combination of which is 1xTAEMg, as is used during 

DNA origami formation. If DNA origami is to be bound to a silicon substrate for SEM 

characterization, the ionic concentration must increase, such that the Mg
2+

 concentration is 

around 100 mM. For these highly ionic buffers, care must be taken when introducing 

functionalized nanocomponents such as the AuNSs functionalized above, as these 

components tend to aggregate in such highly ionic solutions. As the size of metallic 
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nanoparticles increase, their stability in ionic environments decreases, as is apparent when 

using AuNRs, which are significantly larger than AuNSs. This section will explore the 

binding properties of AuNPs onto DNA origami without the help of compatibilizing agents, 

which will be explored in the next chapter. 

3.6 Gold Nanospheres on DNA Origami 

Hybridizing AuNSs onto DNA origami can be accomplished by one of two methods. 

One method involves first incubating DNA origami onto a substrate, and then adding 

AuNSs
85

. This method has some positive outcomes, in that it produces high yields of AuNSs 

per binding site and has a low probability for one AuNS binding to more than one DNA 

origami structure. However, this method does not provide the ability to purify the product 

and remove excess AuNSs. Likewise, it produces small batch sizes, which are difficult or 

impossible to remove from a substrate surface to be used in further processing
313

, neither of 

which are ideal if these procedures are to be scaled up for industrial purposes. 

The second method involves mixing DNA origami and AuNSs in solution, aliquots of 

which can then be incubated on a surface for imaging. This method provides the ability to 

vary the mixing environment. For example, the solution can be heated or shaken during 

mixing. Oftentimes, yields of AuNSs per binding site are not as high as with surface 

hybridization, however, a benefit of this method is that it provides the ability to purify the 

solution after hybridization has occurred, if desired. This can be done in a variety of ways
187

, 

the most popular of which is via gel electrophoresis and collection by cutting out the desired 
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band and subjecting it to filtration in a Freeze ‗N Squeeze column. An example of these 

constructs in an agarose gel is shown in Figure 36. 

 

Figure 36. EtBr stained agarose gel electrophoresis (1% agarose, 1xTAEMg) of A) DNA-

AuNSs, B) Design 1 tetrahedra with excess ssDNA, C) filtered Design 1 tetrahedra, and D) 

tetrahedra hybridized with AuNSs, in which the AuNSs are in 5x excess of the origami. 

(Top) White light illuminated image of the gel and (bottom) UV illuminated. 

3.6.1 AFM and SEM imaging of Gold Nanospheres on Tall Rectangle Origami 

 Samples that contain DNA origami and hybridized AuNSs are often analyzed by 

microscopy, and the microscopy method chosen could depend on sample parameters or on 

the importance of precision for measuring particle size or distance between adjacent 
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particles. One main method is AFM, and another is electron microscopy (EM), either TEM 

or SEM. Each has advantages and disadvantages. 

 Imaging samples via AFM allows for dry as well as in situ fluid imaging, in which 

the buffer surrounding the sample can be chosen. Also, only small amounts of Mg
2+

 are 

needed to bind the DNA to the mica substrate. AFM is also very good at imaging soft, low 

electron density materials such as DNA with very good resolution. However, AFM also 

contacts the sample, and resolution is dependent upon the sharpness and cleanliness of the 

AFM tip; excess DNA, salts, or other components can easily attach to the tip and cause 

artifacts in the images, regardless of whether the images are taken in fluid or dry.  These 

effects can increase sample preparation time, and make measurement of sample dimensions 

difficult. For example, in Figure 37, the AFM images do not properly resolve the AuNSs on 

the DNA origami. 

Imaging samples via EM methods can provide sharper images of high electron 

density materials such as gold, as the images are dependent on the scattering of electrons 

rather than on a needle-like tip. However, EM is a difficult method with which to image low 

electron density materials such as DNA, and can require additional staining techniques such 

as adding uranyl acetate in order to image DNA. In the case of SEM, it is possible to gain an 

understanding of where DNA origami exists in the sample without additional staining, based 

on the sample scattering electrons which would otherwise be reflected from the silicon 

substrate, but resolution of small details or areas of the origami where there are a small 

number of helices are nearly impossible to see this way. In Figure 37, the SEM images 

resolve the AuNSs very well but visualizing the DNA origami is difficult, and there is only a 
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faint trace of it. Additionally, these methods generally require samples to be dry and under 

vacuum, such that they may not remain in their native buffers; drying effects also cause some 

AuNSs to appear hybridized to DNA origami when in actuality, they are only held in place 

by capillary and electrostatic forces. For example, Figure 37Aiii shows more than five 

AuNPs bound to the origami when there are only five binding sites present. Also with SEM, 

binding DNA origami to a silicon or silica substrate requires high Mg
2+

 concentrations, 

generally around 100 mM, which tend to aggregate AuNPs. For example, Figure 37Biii 

shows many clusters of samples and very few desired products of lone origami-AuNS 

complexes. This phenomenon can also exist in AFM samples, as will be discussed in the next 

chapter in the context of the usefulness of compatibilizing agents. 

 

Figure 37. Tall Rectangle origami with AuNSs A) along one edge, and B) along two edges, 

or C) at each corner. For each of A and B, i) shows a schematic of the desired product, ii) 

shows AFM images of the samples, and iii) shows SEM images of the samples. For C, i) 

shows the schematic, ii) shows SEM images, and iii) shows TEM images using the method 

from Chapter 2. 
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3.7 Gold Nanorods on DNA Origami 

The process of DNA-functionalizing AuNRs is nontrivial and has only been 

successfully realized by a few groups worldwide
92,112,180,293

. Additionally, high yield 

assembly of complex architectures containing 3 or more AuNRs per origami has been 

difficult to obtain, which is another reason to explore the use of compatibilizing agents. The 

hybridization process and pitfalls therein will be explained in this section. 

Unlike hybridizing DNA origami and AuNSs, AuNRs do not properly bind to DNA 

origami on a substrate surface. This is likely due to the large size and mass of the AuNRs, 

such that electrostatic forces cannot easily influence the movement of the AuNRs in solution. 

To hybridize AuNRs and DNA origami, they are mixed in solution such that the AuNRs are 

in at least 3x excess of the number of binding sites available on the origami. The mixture is 

brought to 1xTAEM and charges are screened with 0.5 M NaCl, and the mixture is annealed 

so that the added heat will move the constituents in the solution, increasing their chances of 

finding complementary DNA and hybridizing. For these experiments, the DNA origami and 

AuNR solution was slowly heated from room temperature to 45°C over 8 hours, held at 45°C 

for two hours, and slowly cooled back to 25°C over 12 hours. Even with this heating 

procedure, desired product yields are low, and many side products are present. To overcome 

this issue, the mixture is purified via gel electrophoresis. The final volume of AuNR/origami 

mixture must be small enough to fit into the premade gel wells (~30 uL or so). If the volume 

is larger, it can be centrifuged, the supernatant removed, and the pellet resuspended in a 

smaller volume. To ensure that the sample remains in the well, glycerol is added to a final 

concentration of 10%. The samples are run in a 1% agarose, 1xTAEM gel, in 1xTAEM 
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running buffer at 100 V for 30 minutes. The desired band is cut out, squished so that it is 

jelly-like, put into a Freeze ‗N Squeeze column, frozen for 5 min, and centrifuged at 7600 g 

for 2 min. The sample can then be stirred and centrifuged a second time to recover more of 

the product. Some of the supernatant can be removed, and the product resuspended in 0.5x or 

1xTAEMg while keeping the total volume small, in order to maintain a high sample 

concentration. The sample is then ready to be imaged. This can be accomplished via TEM or 

SEM. It is also possible to image via AFM, though it is difficult to find an AFM tip that is 

sufficient to image both soft biological samples (DNA) at the same time as imaging hard 

metal samples (the AuNRs). 

3.7.1 SEM imaging of Gold Nanorod, Gold Nanoparticle, or DNA Origami Constructs 

Issues similar to those discussed in 3.6.1 are also applicable here. Especially that 

DNA is difficult to see via SEM. In Figure 38, results for various architectures involving 

AuNRs are displayed. As in Figure 38C and D, properly positioned AuNRs are often not in 

high yield, and also, via SEM it is difficult to determine exactly where on the origami AuNPs 

are positioned, as the DNA is difficult to see, especially for wireframe DNA origami, where 

the DNA is less densely packed than in planar origami. 
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Figure 38. A) Tall Rectangle origami with a AuNR on one edge. i) Schematic and ii) SEM 

images. B) Tall Rectangle origami with a AuNR on each edge. C) Design 1 tetrahedra with a 

AuNR on an arm, and D) the same but with AuNSs at the vertices. E) A core-satellite 

structure with AuNSs bound to a AuNR. 

3.8 Conclusions 

 This chapter has outlined the synthesis of AuNRs, and the DNA functionalization of 

both AuNSs and AuNRs. It has also discussed hybridization of AuNPs to DNA origami, the 

shortcomings therein such as clustering of origami-AuNP complexes and the difficulty in 

obtaining high yields, as well as the shortcomings of different imaging methods. The next 

chapter will address some of these shortcomings, especially clustering and aggregation, with 

experiments in compatibilization. 
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3.9 Methods 

3.9.1 AFM Sample Preparation 

 For AFM, a mica puck was cleaved to expose a fresh, clean layer of mica. 10 uL of 

50 mM NiCl2 were pipetted onto the surface and incubated for 1 minute to introduce a layer 

of divalent cations. 5 uL of 0.1-1 nM DNA origami sample in 1xTAEMg were pipetted onto 

the surface and incubated for 3 minutes. Then 50 uL of 1xTAEMg or 50 mM NiCl2 were 

added and the samples were imaged in fluid. 

3.9.2 SEM Sample Preparation 

 SEM samples were imaged using silicon substrates. The silicon wafers, 1 cm x 1 cm 

in size, were cleaned via the following method: The first step is 10 minutes incubation in a 

mixture of 20 mL sulfuric acid (H2SO4) and 5 mL hydrogen peroxide (H2O2) at 100°C for 10 

minutes. After 10 minutes, the silicon wafers are immersed in an EtOH bath, followed by 

immersion in a second ethanol bath. The second step is 12 minutes incubation in a 1:1:6 

mixture of hydrochloric acid (HCl):H2O2:DI H2O at 200°C. The wafers are again immersed 

in EtOH, and then dried with N2.These wafers are stored in a closed container until they are 

ready to be used. Just before being used for sample incubation and SEM imaging, silicon 

wafers are submitted to 5 minutes of plasma ashing. 

 To incubate a sample on the silicon surface for SEM imaging, it is important to 

minimize the amounts of carbonaceous materials that will cause charging of the sample due 

to the electron beam. To minimize this effect, concentrated sample is diluted using 125 mM 

Mg acetate (without TAE buffer) such that the final origami concentration is 0.1-1 nM and 
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immediately pipetted onto the silicon surface and incubated for 30 minutes. The wafer is then 

dipped and gently swished in a DI H2O bath for 4-8 seconds and then dried with N2. 
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CHAPTER 4: Diblock Polypeptide Compatibilizer Interactions with Self-Assembled 

DNA Origami and Gold Nanostructures 

 

This chapter explores two candidate compatibilizing block polypeptides on two types 

of DNA origami and on gold nanospheres (AuNSs) and gold nanorods (AuNRs) to examine 

solubilization, protection capabilities and hybridization effects. 

4.1 Motivation 

DNA-based nanotechnology strategies have advanced to the point where properly 

designed molecular assemblies can be expected to reliably self-assemble into desired 

nanometer-scale constructs, bringing with them whatever chemical moieties and/or nano-

materials are covalently attached to them. However, nanomaterials of diverse nature and 

increasing complexity display very different physicochemical properties and therefore very 

different interactions with solvent molecules and each other under different solution 

conditions. This results in difficulties finding solution conditions under which all desired 

components are equally soluble. 

In the case of DNA origami, high salt concentrations are commonly required (8-12.5 

mM Mg
2+

, or 1.2-3.4 M NaCl)
314

 to allow for shielding of phosphate negative charges on the 

DNA backbone so that high charge density can accumulate in tightly folded DNA structures. 

High salt concentrations are also commonly required for physiological samples (150 mM 

NaCl and 260 mM KCl)
315–318

. For gold nanoparticle (AuNP) systems, high salt 

concentrations cause aggregation and precipitation due to the charge shielding that occurs, 

which reduces the electrostatic repulsion between neighboring AuNPs, allowing them to 
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come in contact with one another and fuse into clusters. If more diverse components are 

added to the system, such as carbon nanotubes, quantum dots, etc., this problem of 

incompatible solution conditions will only worsen. For example, carbon nanotubes are 

notoriously difficult to dissociate from one another and to suspend as individual tubes rather 

than clusters. There is a clear need for understanding and optimizing solution 

compatibilization if larger macromolecular assemblies are to be formed and maintained over 

significant periods of time. This is especially true in situations where high concentrations of 

components (~10 uM) are needed such as network or gel formation. Thus there is a need for 

investigation of viable compatibilizing agents. 

This investigation could bring DNA Nanotechnology from a promising bottom-up 

self-assembly technique to as a viable, reliable technology for the biomedical, optical, or 

electronics industries by allowing final device structures to have a longer shelf-life, higher 

yields, and more relaxed buffer requirements. 

4.2 Diblock Proteins as Compatibilizing Agents 

Similar to the way in which DNA sequences are made up of the four nucleotides A, 

C, G, and T, protein-based polymers are made up of the 20 natural amino acid units, as well 

as the incorporation of some unnatural amino acids
198–203

. By biomimetically copying certain 

functional sequences from naturally occurring proteins, and then incorporating these 

structures with protein-domains to make polymer-protein hybrids, our collaborators have 

recently developed a family of block polypeptides as viral coat proteins
50,51,239

. 
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This chapter describes the investigation of two of the diblock proteins within this 

family that bind to DNA and modulate its physical properties and interactions with other 

molecules and surfaces. Each contains a hydrophilic, gelatin-like amino acid ―C block‖ 

which increases the solubility of its bound constituents
212

. The second, binding block, or the 

―B block‖ is modular, and can be tailored for specific applications. 

One diblock protein that was examined, C4-BK
12

, contains a 400 amino acid long 

gelatin-like C block, and a polylysine B block that has been shown to nonspecifically 

associate via electrostatic attraction with phosphates along the backbone of single molecules 

of linear, double-stranded DNA (dsDNA)
51,238

. The second protein examined, C8-B
Sso7d

, 

contains a similar C block, but 800 amino acids in length, and a nucleic acid-specific binding 

domain, or B block, making interactions more targeted
213,225,227,239,319–321

. While the 

interactions of these diblocks with single DNA strands is well controlled and understood, 

interactions with DNA nanostructures such as DNA origami, and further its interactions with 

other nanocomponents such as DNA-coated AuNPs, were unexamined until now. 

 



 

88 

 

Figure 39. Candidate diblock protein compatibilizers. A) Schematic of C4-B
K12

 and its 

predicted 3D structure, and B) schematic of C4-B
K12

 associated with dsDNA (black). C) 

Schematic and predicted 3D structure and sequence of C8-B
Sso7d

. D) AFM of each diblock 

protein complexed with linear dsDNA (i, iv) or with circular M13mp18 ssDNA (ii, iii, v, vi). 

Images from Refs.
51,239

 

These proteins may act as a compatibilizing agent for nanostructures made not just of 

DNA, but also other materials such as AuNPs or carbon nanotubes and therefore hold 

promise to act as a synthetic surfactant, protecting and compatibilizing multiple components, 

allowing them to remain in salty solutions for longer periods of time, making them more 

likely to find their lowest energy, thermodynamic equilibrium conformations. This work 

characterizes the polypeptide‘s interactions with larger DNA structures, in this case DNA 

origami, as well as with AuNP nanoassembly components. 
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In order to characterize the incorporation of the protein to DNA origami, two DNA 

origami designs with different properties were utilized. One of the structures used is 

Rothemund‘s Tall Rectangle
46

, which is a 2D, planar structure which, when bound to a 

substrate surface, maintains a high amount of surface area on the substrate itself. In contrast, 

an origami structure was designed (details can be found in Chapter 2) that is a 3D, 

wireframe structure, tetrahedral in shape, which, when bound to a substrate surface, has only 

a small surface area in contact with the substrate. Herein, we discover in parallel the amount 

of compatibilizing protein required to saturate the 2D rectangular and our 3D tetrahedral 

origami structures (Chapter 2, Design 1) as well as discovering their surface dependent 

solubilization parameters, and then explore the amount of time in which each DNA-protein 

complex can survive after exposure to DNAse I, a nuclease that digests DNA. Next, we 

explore the ability to compatibilize DNA-coated AuNS and AuNR components so as to allow 

these nanocomponents to exist in higher salt concentrations when protected by the protein. 

Finally, hybrids of protein compatibilized DNA origami and protein compatibilized DNA-

coated gold nanocomponents are explored to ensure that the compatibilizing protein does not 

interfere with the molecular recognition aspects of the system. 

The intellectual merit of this approach stems from its use of fundamental chemistry 

and chemical engineering principles to allow molecular assembly constructs to not only 

improve molecular recognition at the nanometer length scale (allowing AuNPs to achieve 

higher binding yield), but also to find usefulness in eventually moving up into higher length 

scales such as in networks and gels. The knowledge developed herein can eventually have 

significant beneficial impacts on the fabrication and energy consumption of electronic 
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devices for computation, communications, and sensing applications. The aim is to expand 

bionanomanufacturing strategies for construction of optoelectronic devices as 

biomanufacturing is inherently more sustainable and ―green‖ due to its decreased reliance on 

rare earth elements and its process facilities that are many orders of magnitude less expensive 

to construct and run than a conventional lithographic electronics fabrication facility. 

4.3 Materials and Methods 

4.3.1 Materials 

M13mp18 single stranded DNA 7249 nt (ssDNA) was purchased from New England 

Biolabs (Ipswich, MA, USA). All short ssDNA staples used for DNA origami formation and 

thiolated captures trands of ssDNA were purchased from IDT (Integrated DNA 

Technologies, Inc.). The precise sequence of staples and scaffold/staple layout for the ―Tall 

Rectangle‖ design can be found in Ref.
46

. The precise sequence of staples and scaffold/staple 

layout for the 3D Wireframe Tetrahedron can be found in Appendix A1. Centrifuge filter 

units were purchased from Millipore (Microcon-30kDa Centrifugal Filter Units). Citrate 

stabilized gold nanoparticles, herein called AuNSs (5 nm, British Biocell International) and 

bis(p-sulfonatophenyl)phenylphosphine (BSPP) were purchased from Sigma Aldrich. AuNRs 

were synthesized following the first growth step of the previously described procedure
307

 

(detailed in Chapter 3). TCEP was purchased from ThermoFisher Scientific. Freeze ‗N 

Squeeze columns were purchased from BioRad Laboratories. Electrophoresis was performed 

using Agarose A purchased from Bio Basic Inc. EtBr nucleic acid stain was purchased from 

Genesee Scientific. Bovine pancreas DNase I lyophilized powder was purchase from Roche 
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Applied Science (Mannheim, Germany). Proteins C4B
K12

 and C8-B
Sso7d

 were produced and 

purified following previously published methods
50,322

 and provided by the authors of  Ref.
51

. 

4.3.2 Design and Production of DNA Tetrahedra 

A 3D wireframe tetrahedron (Chapter 2, Design 1) was designed to be comprised of 

a similar number of base pairs as the 2D planar ―Tall Rectangle‖ origami, but with a smaller 

area of occluded nucleotides (larger exposed surface area), and a smaller surface area that 

comes in contact with a substrate when bound to a surface. The scaffold routing map of the 

DNA origami can be seen in Figure 13A. Each arm of the tetrahedron is comprised of four 

helices of dsDNA and designed staples hold the scaffold in the desired conformation. The 

experimentally realized tetrahedra can exist alone, or, using staples with single-stranded 

―sticky ends‖ allows the structure to programmably attract other components, such as 

AuNPs, at desired locations. For further details, see Chapter 2 and Appendix A1. 

4.3.3 Preparation of DNA Origami 

To assemble the DNA origami, 100 uL of solution were prepared such that the final 

solution is comprised of 5 nM single-stranded M13mp18 DNA scaffold, 50 nM single-

stranded DNA staple strands, and 1xTAEMg. The solution was heated to 80 °C and then 

cooled to 20 °C over two hours and subsequently kept at 4 °C. To remove excess ssDNA, the 

mixture was subjected to centrifuge filtration using a Microcon Centrifuge Filter and 

centrifuging at 2400 g for 2 minutes, repeated 4 times. 
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4.3.4 Preparation of DNA-coated AuNSs 

Following the recipe of Refs.
85,308,309

, and as outlined in Chapter 3, 3 mg of BSPP 

were added to 10 mL of purchased AuNS solution. After 48 hours‘ incubation, the AuNSs 

were concentrated by adding ~260 mg of NaCl until the solution changed from red to slightly 

purple and centrifuged for 30 min at 800 g. In the meantime, thiol-modified DNA capture 

sequences were reduced by mixing thiol-DNA with TCEP-coated styrene beads in 0.75xTE 

buffer and rotated to mix for 1 hour. After centrifuging the AuNSs/BSPP/NaCl solution, the 

supernatant was removed without disturbing the visible Au pellet. 200 uL of BSPP solution 

(3 mg BSPP in 10 mL DI H2O) were added, followed by 200 uL methanol, after which the 

solution was centrifuged a second time for 30 min at 800 g. The supernatant was again 

removed and the AuNSs were resuspended in the same BSPP solution to a total volume of 

200 uL. The now-reduced, thiol-modified DNA sequence was then centrifuged at 500 g for 2 

minutes to separate the DNA from the styrene beads. The clear supernatant containing the 

thiol-DNA was pipetted and added to the AuNS solution, at which time the buffer was 

adjusted to 1xTAE/50 mM NaCl. After 48 hours of incubation, thiolated T5 strands were 

added at a Au:T5 ratio of 1:60 to fully backfill the AuNS-DNA conjugates, and again 

incubated for 48 hours. Excess DNA strands were removed from the AuNS-DNA conjugates 

by running the conjugate solution on a 3% agarose gel (1xTAE) for 20 min, at 10 V/cm. The 

AuNS-conjugate band was extracted by cutting out the band of interest, squishing it with a 

flat surface and centrifuging it using a Freeze ‗N Squeeze kit. Typical conjugate 

concentrations were 100-300 nM. The final buffer of the AuNS-conjugates is presumed to be 
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1xTAE, with some residual BSPP and NaCl. There may also be some residue from the 

Freeze ‗N Squeeze product and from the agarose gel. 

4.3.5 Preparation of DNA-coated AuNRs 

Following the recipe of Ref.
180

, and as outlined in Chapter 3, thiolated DNA strands 

are reduced using TCEP-coated styrene beads and 0.75xTE buffer. AuNRs are then washed 

of excess CTAB by melting the CTAB and subsequently centrifuging the AuNR/CTAB 

solution at 4700 g for 10 minutes so that the AuNRs form a pellet in the bottom of the tube. 

The supernatant is removed and replaced with 0.01% SDS, and the centrifuge purification is 

repeated for a total of 3 times, wherein the last resuspension comprises one tenth of the 

original volume so as to concentrate the AuNR solution. Reduced, thiolated DNA is 

immediately added to the solution and shaken for a few hours. The solution is then brought to 

1xTBE and shaken overnight. The solution is then slowly brought to 0.5 M NaCl over 24-48 

hours and incubated overnight. Excess thiolated DNA is then removed by centrifuging the 

AuNRs into a pellet, removing the supernatant, and replacing it with 1xTBE/0.01% SDS for 

a total of five rinses.  

4.3.6 Preparation of Protein-DNA Origami or Protein-AuNP Complexes 

Protein-DNA origami complexes were prepared by mixing aliquots of DNA origami 

stock solution (in 1xTAEMg) and protein stock solution (0.25 to 2 g/L in 10 mM acetate 

buffer, pH 4.85). Protein-AuNP complexes were prepared by mixing aliquots of AuNP stock 

solutions (1xTAE or 1xTBE for AuNSs or AuNRs, respectively) and protein stock solution. 

Mixtures were vortexed for 10 seconds. Volumes of the mixed portions of stock DNA or 
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AuNP and protein solutions were varied according to their initial concentration and the 

desired final protein/DNA-bp (protein/bp) ratio. 

4.3.7 Electrophoretic Mobility Shift Assay (EMSA) 

Aliquots of 5 nM origami (40 ng/uL) in 1xTAEMg were mixed with different 

volumes of a C8-B
Sso7d

 solution (0.25 to 2 g/L) in 10 mM acetate buffer, pH 4.85. Mixtures 

were vortexed for 10 seconds and then incubated for 60 min at room temperature. The 

solutions were mixed with 50% glycerol to a final concentration of 10% glycerol and 

subjected to electrophoresis in an agarose gel (1% agarose, 1xTAEMg) for 30 min at 90 V 

using 1xTAEMg running buffer. Bands were visualized using EtBr. 

4.3.8 Atomic Force Microscopy 

Dry imaging: 1 uL of Protein-DNA origami(-AuNP) complex (1-5 nM origami) 

solution was mixed with 9 uL of filtered Milli-Q water and immediately added to a freshly 

cleaved mica surface (1 cm diameter) and left for 3 min. Then it was rinsed with 50 uL of 

filtered Milli-Q water for 2 seconds to remove salts and non-absorbed particles, followed by 

slow drying under a N2 stream. Samples were analyzed using an Asylum Cypher equipped 

with a silicon nitride DNP-S probe (Bruker) with a spring constant of 0.35 N/m in AC 

Molecule tapping mode. Images were recorded at 1.95 Hz and 512 samples per line. Height 

profile measurements were performed with Igor software. For control samples without 

protein, wet imaging was performed, as below. 

Wet imaging (for solubilization and release-time experiments): 5 uL of solution 

containing equal molar amounts of two DNA origami shapes (~0.5 nM of each origami type) 
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in 1xTAEMg were pipetted onto a freshly cleaved mica surface and left for 3 minutes. Then 

50 uL of 1xTAEMg were added and samples were analyzed using an Asylum Cypher 

equipped with a silicon BioLever Mini probe in AC Molecule fluid imaging tapping mode. 

After an initial image was recorded, C8-B
Sso7d

 solution (0.25 to 2 g/L) in 10 mM acetate 

buffer, pH 4.85 was added to bring the final protein/bp concentration to a given value. The 

solution was pipetted up and down for mixing, and AFM was performed every few minutes 

for up to 2 hours. Images were recorded at 1.95 Hz and 512 samples per line. 

4.3.9 DNA Protection Test 

DNA origami 7.2 kbp (concentration of 20-40 ng/uL) was complexed with C8-B
Sso7d

 

in 10 mM acetate buffer (0.188 protein/bp final) for 1h at room temperature. Then the 

enzyme DNAse I dissolved in reaction DNAse I buffer (100 mM Tris-HCl, pH 7.5, 25 mM 

MgCl2, 1 mM CaCl2) was added to bring the final concentration to 0.4 U DNAse I / ug DNA. 

Aliquots of 3.5 µL were taken at different times and mixed with 3.5 µL of 50 mM EDTA. 

After addition of loading buffer (final concentration of 10% glycerol) the sample was 

electrophoresed in agarose gel (1%, 1xTAEMg) at 100V for 20 min. DNA bands were 

visualized using EtBr.  

4.3.10 UV-Vis Spectroscopy 

Solutions of 100 nM DNA-coated AuNPs were mixed either with C8-B
Sso7d

 in 10 mM 

acetate buffer (to bring the final solution to 0.188 protein/bp) or an equal volume of 10 mM 

acetate buffer without any protein (for the control sample). Aliquots of 1.5 uL were pipetted 

onto the sample stage of a Nanodrop UV-vis spectroscopy machine and data was collected 
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from 260 nm to 780 nm wavelengths. The samples were then brought to 25 mM Mg
2+

 using a 

1 M Mg acetate stock solution, and 1.5 uL aliquots were taken to collect UV-vis 

spectroscopy data at various times. The same procedure was done for 80 nM DNA-coated 

AuNR solutions. 

4.4 Results and Discussion 

4.4.1 Binding Properties of Diblock Proteins and DNA origami 

To examine the rate at which the DNA origami was coated with different proteins, 

aliquots of Tall Rectangle or tetrahedra were mixed with varying amounts of C4-BK
12 

or C8-

B
Sso7d

 in order to obtain various protein/bp ratios, as can be seen in Figure 40 and Figure 41. 

The samples were incubated at protein/bp ratios from 0 to 1.614 and subjected to agarose gel 

electrophoresis to determine the saturation point at which the origami were fully coated in 

protein. Similar to the results reported in Ref.
51

, a clear inflection point can be seen, 

indicating the point at which the DNA becomes saturated with protein. For the C4-B
K12 

protein, the Tall Rectangle and tetrahedra both begin to experience a change in overall charge 

due to the positive nature of the protein, and migrate more slowly into the gel starting at a 

protein/bp ratio of 0.108 and become fully saturated with protein around a protein/bp ratio of 

1.614. A similar trend is observed for Tall Rectangle and tetrahedra mixed with the C8-B
Sso7d

 

protein, however, the migration changes occur for much lower protein/bp ratios than with the 

previous protein. For both the Tall Rectangle and tetrahedra, the change in migration begins 

around 0.013 and become saturated around 0.125 protein/bp. This discrepancy of mobility 

shift and prtn/bp concentration for the two proteins likely arises due to the high binding 
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affinity and specificity for DNA that the Sso7d domain has, requiring less protein to saturate 

the DNA than with the unspecific K12 binding domain. 

 

Figure 40. Electrophoretic Mobility Shift Assay for 7.2 kbp Tall Rectangle DNA origami 

complexed with A) C4-BK
12

, and with B) C8-B
Sso7d

. Each lane has ~100 ng of DNA. 

Protein/DNA bp ratio is shown at the top of each gel. 
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Figure 41. Electrophoretic Mobility Shift Assay for 5.4 kbp Tetrahedral DNA origami 

(Design 1) complexed with A) C4-BK
12

, and with B) C8-B
Sso7d

. Each lane has ~100 ng of 

DNA. Protein/DNA bp ratio is shown at the top. 

4.4.2 AFM Imaging of Protein-DNA Origami Complexes 

To examine the final structure of origami-protein complexes, AFM was performed at 

various protein/bp ratios. Different sample preparation was necessary for protein-coated 

samples than were used for control samples without protein. This is because of the 

differences in charges present in the systems. For control samples of DNA origami in 

1xTAEMg with no diblock protein addition, pipetting the sample onto negatively charged 

mica substrate causes the mica to be coated with a layer of Mg
2+

 from the TAEMg buffer, 

allowing the negatively charged DNA to bind to the Mg
2+

 layer and be imaged in either fluid 
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or dry conditions. However, for samples in which DNA origami is complexed with a diblock 

protein, the presence of the protein on the DNA brings the overall charge from negative to 

neutral or positive, and thus the samples are less likely to be attracted to a positively charged 

Mg
2+

 layer, and more likely to be attracted to negatively charged mica. As such, the 

positively charged Mg
2+

 layer was reduced or eliminated by diluting the protein-DNA 

complexes in 1xTAEMg with DI H2O, and then pipetting this diluted sample onto mica 

followed by sample drying. 

AFM of these samples showed interesting results. Control samples of DNA origami 

at 0 protein/bp, which are negatively charged, did not stick to mica, which is also negatively 

charged. However, with even small concentrations of protein, below the saturation point seen 

in the gel images, the origami was able to stick to the negatively charged mica. Figure 42-

Figure 45 show dry AFM and corresponding height maps of each origami type and each 

diblock protein at various protein/bp ratios. At higher protein concentrations, the texture of 

the DNA origami is markedly different with C4-BK
12

 protein, whereas the texture of the 

DNA origami is unaltered at high C8-B
Sso7d

 concentrations. This is likely due to the 

unspecific binding nature of the B
K12

 domain, which strongly interacts along the major 

grooves of the DNA and changes or possibly disturbs the precise spacing of nucleotides of 

the DNA helices. It is also possible that the B
K12

 domain competes with Mg
2+

 cations, which 

are responsible for the allowance of Holliday junctions. If the Mg
2+

 are crowded out by the 

protein, the Holliday junctions may be disturbed or destroyed. Conversely, the DNA-specific 

binding of the B
Sso7d

 domain in the C8-B
Sso7d

 protein does not disturb the structure of either 

origami shape, even at high protein/bp ratios where the origami are saturated with protein. 
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The similarities between the behavior of Tall Rectangle and tetrahedra origami are of 

note in this section. In later sections, the behavioral differences between these different 

origami shapes will be examined. 

 

Figure 42. (Top) Dry AFM images and (bottom) corresponding height maps (in nm) of 

single molecules of Tall Rectangle DNA origami complexed with C4-BK
12

 at different 

protein per bp ratios. (A) 0.054 protein/bp, (B) 0.108 protein/bp, (C) 0.215 protein/bp, (D) 

0.378 protein/bp, (E) 0.538 protein/bp, (F) 0.861 protein/bp. Scale bar is 50 nm. 

 

 

Figure 43. (Top) AFM images and (bottom) corresponding height maps (in nm) of single 

molecules of Tall Rectangle DNA origami complexed with C8-B
Sso7d

 at different protein per 

bp ratios. (A) 0.013 protein/bp, (B) 0.059 protein/bp, (C) 0.094 protein/bp, (D) 0.125 

protein/bp. Scale bar is 50 nm. 
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Figure 44. (Top) AFM images and (bottom) corresponding height maps of single molecules 

of Design 1 Tetrahedral DNA origami complexed with C4-BK
12

 at different protein per bp 

ratios. (A) 0.054 protein/bp, (B) 0.108 protein/bp, (C) 0.215 protein/bp, (D) 0.378 protein/bp, 

(E) 0.538 protein/bp, (F) 0.861 protein/bp. Scale bar is 50 nm. 

 

 

Figure 45. (Top) AFM images and (bottom) corresponding height maps of single molecules 

of Design 1 Tetrahedral DNA origami complexed with C8-B
Sso7d

 at different protein per bp 

ratios. (A) 0.013 protein/bp, (B) 0.059 protein/bp, (C) 0.094 protein/bp, (D) 0.125 protein/bp. 

Scale bar is 50 nm. 
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4.4.3 Solubilization and Release-Time Analysis 

The two types of DNA origami, Tall Rectangle and Design 1 Tetrahedra, were mixed 

together in their native 1xTAEMg, pipetted onto a mica surface, and imaged via wet AFM. 

After adding a given amount of diblock protein and conducting AFM every few minutes, 

tetrahedral origami was noticeably solubilized and removed from the surface before the 

solubilization and removal of Tall Rectangle origami, regardless of protein type. The control 

sample in which no protein was added showed that both types of origami remained bound 

after two hours, indicating that the protein was the cause of the solubilization. This 

interesting result implied that the selective properties of the DNA-protein association may be 

useful and controllable. AFM images from the control are shown in Figure 46, with the 

addition of C4-BK
12

 in Figure 47, and with C8-B
Sso7d

 in Figure 48. Additional time points for 

the C8-B
Sso7d

 sample are available in Appendix B Figure 62. 

The surface area of Tall Rectangle on the substrate is 4736 nm
2
, whereas the surface 

area of a tetrahedron on the substrate is 1236 nm
2
. The lack of surface area on the surface for 

the tetrahedron likely makes it easier to remove from the surface. Likewise, the perimeter of 

the Tall Rectangle on the surface is 276 nm whereas the perimeter of the tetrahedron is 357 

nm. The extra perimeter space of the tetrahedron makes its edges more accessible to the 

incoming, solubilizing protein and is another reason that the tetrahedron is lifted first. 
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Figure 46. DNA origami in 1xTAEMg, bound to a mica surface, and imaged over time. 

Panels show the origami imaged after 0, 60, and 120 minutes. 

 

 

Figure 47. DNA origami in 1xTAEMg, bound to a mica surface. At time zero, C4-BK
12

 

protein was added to bring the solution to 0.059 protein/bp, and imaged over time. Panels 

show the origami imaged after 0, 60, and 120 minutes. 
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Figure 48. DNA origami in 1xTAEMg, bound to a mica surface. At time zero, C8-B
Sso7d

 

protein was added to bring the solution to 0.075 protein/bp, and imaged over time. Panels 

show the origami imaged after 0, 25, and 50 minutes. 

 

Possible applications include the implementation of time-released drugs, where 

origami carrying medicinal cargo are solubilized at different times and thus digested by a 

patient at different times. The different types of origami could even carry different medicines 

or components. The author imagines a pill, perhaps made of a component such as nanoporous 

silica, containing lyophilized material of the DNA origami-medicinal cargo as well as the 

protein, such that upon being swallowed, the protein and origami become reconstituted and 

the release process is initiated. 

Another possible application includes the implementation of reversible binding, and 

possibly collection, methods such as Refs.
313,323

. 

A subsequent experiment towards fully characterizing this mechanism includes 

repetition of the experiment at various protein/bp values. It would also be interesting to 

investigate the characteristics of origami with different surface areas and perimeter values to 
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investigate how the rate of solubilization changes, what the impact of surface area and 

perimeter have, and to fit the data for each parameter to a curve to find whether the 

relationship is linear or exponential. 

4.4.4 Enzymatic Accessibility of Protein-Coated DNA 

Accessibility of DNA coated by molecules such as proteins or nucleotides is relevant 

for a variety of possible applications, from the accessibility of ssDNA tags to the viability of 

these complexes to be used in situ. In this experiment, tetrahedral DNA origami complexed 

by each of the diblock protein types is exposed to unspecific nuclease DNase I for varying 

amounts of time. Aliquots are removed at chosen time-points and the reaction is quenched 

using a high amount of EDTA, so that each time point could be analyzed via an EMSA 

agarose gel. 

Results from this experiment include a set of control samples with no protein 

protection, as well as sets of samples protected by C4-BK
12

 and C8-B
Sso7d

 protein, as can be 

seen in Figure 49. Unprotected DNA origami is negatively charged and migrates into the 

well, whereas the DNA-protein complexes are approximately charge neutral and thus remain 

near to the wells. The dsDNA band in the unprotected sample is visible for less than one 

minute after incubation with the enzyme, whereas the DNA-protein complexes maintain a 

dsDNA band near the wells for 3 minutes (with 0.188 C8-B
Sso7d

 protein/bp) and 10 minutes 

(with 0.861 C4-BK
12

 protein/bp), indicating that both types of protein protect the DNA from 

enzymes for longer than unprotected DNA. Likewise, the protein-protected samples maintain 

stronger ssDNA bands as incubation times are increased, especially with C8-B
Sso7d

, indicating 

that the C8-B
Sso7d

 more strongly protects ssDNA than the C4-BK
12

 protein does. A similar 
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experiment was performed using Tall Rectangle origami with 0.09 U DNase rather than 0.4 

U DNase, such that the reaction proceeds at a slower pace, and can be found in Appendix B 

Figure 63. This protecting behavior could be attributed to the large brush that the protein 

forms around the DNA. This could have an effect on the hybridization ability of protein-

protected DNA origami and DNA-AuNPs. It is also promising in terms of utilizing these 

complexes in situ as these proteins appear to decrease the enzymatic accessibility of the DNA 

origami to digestive DNases. 
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Figure 49. Enzymatic protection assay of Tetrahedra DNA A) without protein protection, B) 

complexed with C4-BK
12

 (0.861 protein/bp), and C) complexed with C8-B
Sso7d

 (0.188 

ptn/bp). Samples were incubated with DNAse I and aliquots of reaction samples were 

stopped with EDTA at different times. Aliquots were run in an agarose gel to detect the 

degradation of DNA (stained with EtBr). Top numbers are incubation time in minutes. 
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4.4.5 Annealing Origami in Protein 

In this experiment, origami is mixed with either C4-BK
12

 or C8-B
Sso7d

 at either 2 mM, 

6 mM, or 12.5 mM Mg
2+

, at pre-saturated, saturated, and supersaturated protein 

concentrations, annealed from 80°C to 20°C over 2 hours, and then imaged via dry AFM. 

For origami annealed with C4-BK
12

 (Figure 50), the origami are unable to form at 2 

mM Mg
2+

. At 6 mM Mg
2+

, origami form at 0.108 protein/bp, and are likely formed but 

distorted at 0.538 protein/bp. At 12.5 mM Mg
2+

, origami can form at any protein amount, but 

are again distorted at 0.538 protein/bp. It appears that 0.108 protein/bp, the samples annealed 

at 6 mM Mg
2+

 were better formed than those annealed at 12 mM Mg
2+

. This decrease in 

optimum salt concentration makes the origami better suited to be combined with metal 

nanoparticles in later steps. For origami annealed with C8-B
Sso7d

 (Figure 51), one additional 

sample appears well-formed, at 6 mM Mg
2+

 and 0.05 protein/bp. A full exploration of 

intermediate Mg
2+

 and protein concentrations could provide a better understanding of the 

data. Likewise, TEM imaging using the methods described in Chapter 2 could provide 

further information and a better understanding of samples which appear blurry via AFM. 
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Figure 50. Tall Rectangle origami annealed in varying amounts of C4-BK
12

 protein and 

TAEMg buffer. A) 0.538 protein/bp, 2 mM Mg
2+

, B) 0.538 protein/bp, 6 mM Mg
2+

, C) 0.538 

protein/bp, 12.5 mM Mg
2+

, D) 0.108 protein/bp, 2 mM Mg
2+

, E) 0.108 protein/bp, 6 mM 

Mg
2+

, F) 0.108 protien/bp, 12.5 mM Mg
2+

, G) 0.054 protein/bp, 2 mM Mg
2+

, H) 0.054 

protein/bp, 6 mM Mg
2+

, I) 0.054 protein/bp, 12.5 mM Mg
2+

. Large scan area scale bar is 500 

nm. Inset scale bar is 50 nm; scale bar for inset A is for inset A only. Scale bar for inset I is 

the scale bar for all other insets. 
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Figure 51. Tall Rectangle origami annealed in varying amounts of C8-B
Sso7d

 protein and 

TAEMg buffer. A) 0.5 protein/bp, 2 mM Mg
2+

, B) 0.5 protein/bp, 6 mM Mg
2+

, C) 0.5 

protein/bp, 12.5 mM Mg
2+

, D) 0.188 protein/bp, 2 mM Mg
2+

, E) 0.188 protein/bp, 6 mM 

Mg
2+

, F) 0.188 protien/bp, 12.5 mM Mg
2+

, G) 0.05 protein/bp, 2 mM Mg
2+

, H) 0.05 

protein/bp, 6 mM Mg
2+

, I) 0.05 protein/bp, 12.5 mM Mg
2+

. Large scan area scale bar is 500 

nm. Inset scale bar is 50 nm. 

It is known that a certain amount of Mg
2+

 is necessary in order to provide divalent 

cations necessary for the formation of the Holliday junctions implicit in the design of DNA 
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origami. As protein concentrations are increased, the DNA-protein complexes become more 

charge neutral or even positively charged, thus repelling the Mg
2+

 cations in solution. This 

repulsion makes Holliday junction formation difficult, and hinders the formation of DNA 

origami structures. There is a balance where sufficient protein addition allows for charge 

screening and negatively charged DNA strands to come close to one another, without so 

much protein that the Mg
2+

 cations are unable to properly bind to the DNA, and thus enough 

Mg
2+

 to allow for proper formation, while also maintaining protein concentrations necessary 

for DNA protection. 

For example, in the case of 0.5 C8-B
Sso7d

 protein/bp, there is not enough Mg
2+

 until 

between 6 mM and 12.5 mM, due to the high concentration of protein in solution and thus 

the protein-DNA complexes disallow Mg
2+

 to be present. Whereas at 0.188 protein/bp, 

origami formation begins at a lower Mg
2+

 concentration, between 2 mM and 6 mM Mg
2+

. 

However, for even lower protein/bp ratios, at 0.05 protein/bp, 2 mM Mg
2+

 is still too low to 

allow Holliday junctions to form, and to see proper formation of origami. 

In the case of origami annealed in Mg
2+

 via the traditional procedure, followed by the 

addition of protein afterwards, the Mg
2+

 that is already in place at the Holliday junctions 

would need a significant amount of energy to be removed, and are thus more likely to remain 

in place, letting the protein simply coat the remainder of the DNA. This is likely not true of 

the C4-BK
12

 protein, which is nonspecific and is perhaps more likely to remove the Mg
2+

 and 

thus the Holliday junctions. 

These experiments also confirm the temperature stability of the protein up to 80°C, as 

it is clear that they still perform after having been heated during the annealing process. 
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4.4.6 Stability of DNA Origami as a Function of Time 

When unique/disparate origami structures who share the same scaffold strand 

sequence are mixed and left at room temperature for 4 days, re-hybridization, or strand 

exchange, is allowed to take place.  When protected by the protein, the origami structures are 

less likely to exhibit these strand-exchange behaviors, and remain more intact than 

unprotected origami mixtures (Figure 52). 

Further studies at longer time periods with investigations at various time points could 

yield interesting results. Manipulating this behavior with carefully designed structures could 

also yield useful transformations over designed time periods. 
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Figure 52. AFM of Tall Rectangle origami and Tetrahedral origami (Design 1), who share 

the same scaffold strand sequence, and were mixed in solution in 1xTAEMg containing (A) 

no protein, (B) C4-BK12 at 0.054 protein/bp, or C) C8-BSso7d at 0.075 protein/bp and 

allowed to incubate at room temperature for four days. 

4.4.7 Stability of protected DNA-AuNPs in High Salt Concentrations 

In this experiment, DNA-functionalized AuNPs are protected by a diblock protein 

and exposed to high Mg
2+

 concentrations and compared via UV-vis absorbance spectroscopy 

to the behavior of AuNPs without protein protection. There is a decrease in absorbance for 

unprotected AuNPs after Mg acetate addition, associated with aggregation, whereas DNA-

protein complexed AuNPs do not show a decrease in absorbance after addition of Mg 

acetate. This is indicative of protein protection and thus the solubilization of AuNPs, so that 

they are capable of existing in a wider variety of solvents, and thus can likely appreciate a 
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longer period of time to find their lowest energy states. Results of this experiment with 

AuNSs are shown in Figure 53 and with AuNRs in Figure 54. 

 

 

Figure 53. (Left) DNA-AuNS control without protein and (Right) DNA-AuNSs with 0.125 

C8-B
Sso7d

 protein/bp before (red, solid lines) and two hours after (blue, dotted lines) exposure 

to 25 mM Mg acetate. The control shows a drop in absorbance after Mg
2+

 addition, whereas 

the protein-protected sample does not exhibit this drop in absorbance. 
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Figure 54. (Left) DNA-AuNR control without protein and (Right) DNA-AuNRs with 0.125 

C8-B
Sso7d

 protein/bp before (red, solid lines) and two hours after (blue, dotted lines) exposure 

to 25 mM Mg acetate. The control shows a drop in absorbance after Mg
2+

 addition, whereas 

the protein-protected sample does not exhibit this drop in absorbance. 

4.4.8 Analysis of DNA Origami-AuNS Hybridization in the presence of Protein 

Compatibilizers 

To test the ability of protein protected DNA-AuNSs to bind with the complementary 

sequence displayed on the protein protected DNA origami, to ensure that single-stranded tags 

remain capable of hybridization, a control sample without protein and a protein-protected 

sample were simultaneously mixed, in each case, with the same number of moles of Tall 

Rectangle origami of each, and also the same number of moles of AuNSs in each sample 

(where the number of AuNSs is 5 times the number of binding sites in order to bias the 

system towards origami binding sites fully saturated with AuNSs). Because the C8-B
Sso7d

 

protein produced less distortion of origami than the C4-BK
12

 protein, the C8-B
Sso7d

 protein 

was used for this experiment. As with previous experiments, the amount of C8-B
Sso7d

 protein 
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was chosen to be 0.188 protein/bp, as that is around the lowest point at which the substituents 

are saturated. The control sample and protein protected sample were allowed to incubate at 

room temperature overnight, and were then heated to 37°C for 20 minutes before being 

incubated on mica and imaged dry. 

Both samples revealed high yield of AuNS to binding site, with an advantage for the 

control sample (90.7% of binding sites occupied for the control, 78.5% for complexes). 

However, the control sample was mostly comprised of clusters of origami where AuNSs 

were shared between two or more origami, while the protein-protected sample contained 

almost no clusters (Figure 56), and thus the actual yield of desired product (one origami with 

one AuNS at each corner) for the complexed sample is double the control sample (18.9% for 

the control, 31.8% for the complexes). To ensure statistical significance, over 100 origami 

were analyzed for each sample. Example images from this experiment are shown in Figure 

55. The remainder of the images used for statistical analysis are shown in Appendix B 

Figure 65. 
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Figure 55. Dry AFM images of Tall Rectangle hybridized with AuNSs on the corners A) 

protected with 0.188 C8-B
Sso7d

 protein/bp before hybridization, and B) control without 

protein protection. 

 

Figure 56. Analysis of origami-AuNS complexes in clusters vs. alone in a control sample 

without protein (blue) and with protein (red).  
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To confirm that the clusters in the control were not formed due to the dilution of the 

1xTAEMg buffer during incubation on mica, an experiment was performed in which the 

sample was incubated on mica in 1xTAEMg (Appendix B Figure 66).  

Due to difficulties imaging 3D wireframe origami on a 2D surface, this experiment 

has not been performed with tetrahedral origami, however, based on these Tall Rectangle 

results, the principles should transfer to other origami shapes. Better imaging technology 

such as in situ fluid TEM could make analysis of this experiment possible. 

Likewise, purification is a current issue. In past experiments
85,180,187

, purification was 

accomplished using gel electrophoresis and Freeze ‗N Squeeze columns to remove excess 

AuNPs, but due to the charge neutralization of the components, there is no migration into the 

gel or separation of components into sample and excesses. Results from this experiment can 

be found in Appendix B Figure 64. This problem could be solved in a number of ways. 

Either by using centrifuge filters with pore sizes such that DNA-protein-AuNSs will travel 

through the pores and be removed but origami-protein-AuNS complexes will not fit through 

the pores, or instead with chromatography and resin separation using columns such as an 

illustra NAP permeation column (GE Healthcare). There may also be ways to strip the 

protein away after binding, though the benefits of the protein in terms of protection against 

nucleases may mean that keeping the protein attached is the most beneficial option. 

4.5 Conclusions 

Complexing compatibilizing polypeptides with a 2D and a 3D DNA origami has been 

observed in these experiments, and a hypothesis formed regarding solubility rules and 
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interactions. These compatibilizing proteins have been added to origami post synthesis as 

well as during synthesis. They have been shown to protect DNA from nucleases, protect 

AuNPs from aggregation due to high slat concentrations, and to maintain DNA origami-

AuNS complexes in solitary forms rather than forming undesirable clusters, and have shown 

that multiple types of origami in solution can be protected from exchange of staples for 

identical scaffolds. Also, the protein has been shown to solubilize and release different 

origami from a surface, likely due to differences in occluded nucleotides as well as 

differences in surface areas in contact with a substrate, which can find uses in biomedical 

realms. 

For application purposes, it appears that the C8-B
Sso7d

 protein has more suitable 

characteristics, in that the saturation point occurs at a lower protein/bp value, at a point 

before the origami become distorted. As such, it seems to be the best candidate to explore for 

further testing and compatibilization. 

In order to fully understand the interactions and to efficiently control and optimize 

this association, the polypeptide system could be further characterized, for example, by fully 

exploring the ability of origami to form during the annealing process in different protein 

concentrations. Likewise, exploring the incorporation of these proteins with other DNA 

origami structures, both on the larger and smaller scale (with miniM13 scaffolded structures 

and with larger 51kb scaffolded structures), as well as with different origami designs, each 

with different surface characteristics (large or small surface contact area, large or small 

perimeter values). 
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During these explorations, a beneficial tool for characterization would be TEM using 

the methods described in Chapter 2, as well as in situ fluid TEM to aid in imaging 3D 

samples. The suggestion for TEM arises due to the difficulty of imaging small surface area 

samples or for ―fuzzy‖ samples such as the high protein/bp samples by AFM. Common AFM 

practices for small molecule imaging include using extra binders to fix samples to the 

surface, which can easily be moved by the AFM tip during imaging. Developing a method to 

bind protein-DNA complexes to a TEM grid and staining the samples could help better 

characterize difficult samples, for example, those in which the origami are not well-formed 

and many small pieces of DNA are present, or for samples with, say, AuNRs present. 

Besides finding the optimum protein concentrations for origami with different surface 

area properties, it is possible to test with components other than DNA origami or DNA-

coated AuNPs, such as SWCNTs, for example. For polypeptide association with SWCNTs, 

one could exchange the DNA-binding block for a carbon nanotube-binding peptide
324

, or for 

other components, more suitable binding blocks for each particular application. The unique 

properties afforded us by this family of block polypeptides will likely lead to meaningful 

results regarding simultaneous solubilization of diverse nanocomponents, leading to the 

possibility of creating larger network architectures for sensing or computing applications, as 

well as the single-electron transistors and chiral structures mentioned in Chapter 1.  
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CHAPTER 5: Future Directions 

5.1 Introduction 

Nanotechnology works to control the structure of matter at length scales in the low 

nanometer range, and headway is quickly being made in this realm. However, it can be 

difficult to bridge between the low nanometer scale and larger scales, hindering the 

applicability of DNA-based bionanofabrication. Specifically, DNA origami is effective for 

assembling molecules and functional groups down to the low nanometer, arranging objects 

with overall dimensions in the 50-100 nm range, however using such bottom-up methods on 

longer length-scales,  tying those objects together to reach up into the macro-scale, has been 

difficult.  

Thus, research has yet to show large, complex self-assembly such as the creation of 

functional nodes for self-assembling networks. One issue with network integration has been 

that nanomaterials of diverse nature and increasing complexity display very different 

physicochemical properties and therefore very different interactions with solvent molecules. 

This results in difficulties finding solution conditions under which all desired components are 

equally soluble. If the components will not stay in solution together, then they may not have 

enough time to anneal into their joint, lowest energy, thermodynamic equilibrium structure 

(i.e. their designed or target conformation), rendering molecular assembly useless as a 

mechanism for nanofabrication.  For example, DNA origami requires fairly high salt 

concentrations, which tend to aggregate unstable colloidal AuNPs, and carbon nanotubes are 

notoriously difficult to dissociate from one another and to suspend as individual tubes rather 

than clusters. In order to simultaneously maintain such diverse components in solution with 
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one another, the use of compatibilization agents is necessary.  This is especially true in 

situations where high concentrations of components are needed such as network or gel 

formation. Fortunately, the new strategy involving a novel family of biomimetic 

compatibilizing agents explained in the previous chapter may help to solve these issues and 

bridge the critical length scales involved in tying molecular assemblies into larger networks 

of diverse components. To do so, this chapter offers advice regarding experiments which 

may steer future research in the right direction. 

5.2 Motivations, Goals, and Objectives 

Using the aforementioned block polypeptides, advances can continue to be made in 

DNA-based assembly and in understanding the physical compatibilization of diverse nano-

scale components. The ultimate vision and long-term objectives for such nanochemical 

understanding are to use molecular assembly to engineer optoelectronic properties by 

imposing specific 3D conformations upon components that interact with photons and/or 

electrons in interesting ways, and then incorporating them into networks to fabricate 

nanoelectronic devices. This grand vision can be pursued by investigating how to allow 

diverse components sufficient time to associate in solution, whereby they can use their 

programmed molecular interactions to approach their minimum free-energy superstructure. 

The diblock polypeptide compatibilizers offer a number of desirable properties 

including protecting against enzymatic degradation without making the DNA inaccessible to 

sequence specific binders. Its two polypeptide domains consist of a hydrophilic block, which 

encourages solubility over a wide range of solution conditions, and a DNA binding domain. 
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Since these diblock polypeptides are modular, the second block can be exchanged in ways 

unique to its application, for example, a gold-binding peptide or a SWCNT-binding peptide 

can be substituted in, while maintaining the common hydrophilic block that allows all system 

components to be equally soluble and thus well-dispersed. 

The previous chapter documented successes thus far using block polypeptides to 

compatibilize DNA origami and DNA-coated AuNPs. It is possible to test with components 

other than DNA origami or DNA-coated AuNPs, such as SWCNTs, for example. For 

polypeptide association with SWCNTs, one could exchange the DNA-binding block for a 

carbon nanotube-binding peptide
324

, or for other components, more suitable binding blocks 

for each particular application. The unique properties afforded us by this family of block 

polypeptides should lead to meaningful results regarding simultaneous solubilization of 

diverse nanocomponents, leading to the possibility of creating larger network architectures 

for sensing or computing applications. Thus, the next logical component to explore and 

optimize is compatibilization with SWCNTs, much in the same ways as outlined previously. 

After, nanocomposite structures can be assembled, including AuNPs and SWCNTs 

on DNA origami in the presence of compatibilizing protein, exploring conditions that ensure 

molecular recognition instructions (―smart glues‖) function properly. 

Finally, supramolecular complexes can be evenly dispersed within agarose 

hydro/aerogels to characterize their distribution, homogeneity, and initial electrical 

properties. 
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5.3 Exploring the Compatibility of Block Polypeptides with SWCNTs 

The goal here is to explore the solubility of SWCNTs with a diblock protein in which 

the polylysine domain is exchanged for a domain bearing multiple copies of a SWCNT-

binding peptide
324

. Dynamic light scattering, agarose gel electrophoresis, AFM, and high 

resolution TEM methods should be sufficient for exploring these parameters. 

5.4 Assembly of Nanocomposite Structures including AuNPs and SWCNTs on DNA 

Origami in the presence of Protein Compatibilizers 

Incorporation of nanocomponents, including mixed AuNPs, AuNRs, SWCNTs and 

DNA, in the presence of a compatibilizer is expected to yield hybrid nanostructures never 

before described in the literature. Prior studies have used polymer compatibilizer
325

, 

―polysoap‖ dispersant
326

 or single-strand DNA to solubilize SWCNT for purposes of sorting 

by size and chirality
327,328

. 2D DNA origami has previously been used to organize small 

numbers of SWCNTs on surfaces, but the yields of assembled target structures was quite 

low
96,97

. DNA linkers were also used to make CNT parallel arrays, but their degree of 

ordering was fairly low
329

. However, no previous reports describe the simultaneous assembly 

of diverse nanocomponents with DNA in the presence of a tunable compatibilizer. The goal 

is significant since most architectures for functional electronic nanoassemblies will require 

multiple component types and will have to face the issue of maintaining well mixed solutions 

during the assembly procedure. For example, memristive behavior might be expected for 

assemblies positioning gold at the ends and between SWCNT due to potentially controllable 

electromigration of gold atoms
330

. Another target structure could be the core SET structure 

on tetrahedral origami dispersed within a SWCNT containing matrix. 
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This goal explores the assembly of test structures comprising diverse components 

without specific functional (electronic) goals in mind. The initial experiments (Chapter 4) 

have provided encouraging results suggesting that the diblock polypeptide can be associated 

with specific DNA origami structures without affecting ssDNA, and thus leaving the ssDNA 

address tags intact and available to bind desired nanocomponents. The presence of properly 

tuned compatibilizing diblock polypeptide provides higher assembly yields by extending the 

lifetimes of interacting species during the assembly reaction, as well as allowing the salt 

concentration of the buffer solution to be changed without detriment. Similar experiments to 

those incorporating AuNPs and DNA origami will be performed incorporating SWCNTs and 

DNA origami with the diblock polypeptide. Binding yields of SWCNTs on origami can be 

analyzed by AFM, SEM, and electrophoresis. DNA origami and SWCNTs without 

compatilibizing polypeptide will be used as control samples. 

It is our ultimate goal to be able to mix all components of a system, and perform a 

single anneal where each component goes into place step-wise. Initial investigations 

comprising a one-pot anneal in which AuNPs and ssDNA were mixed, annealed, purified, 

and imaged via AFM. It was possible to obtain a purified product with ~100% yield, in 

which the purification process involved the removal of a large amount of byproducts. (For 

details, see Appendix C.) If created and not purified, it is essential that the byproducts not 

interfere with the final function of the device. With a compatibilizing agent, it is possible to 

increase the number of components in the system, as well as to drive the assembly to higher 

yields, with fewer byproducts, thus making the process more efficient as well as stable. 
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5.5 Even Dispersion of Supramolecular Complexes within Agarose Hydro/Aerogels and 

Characterization of their Distribution, Homogeneity, and Electrical Properties. 

The goal is to create networks of supramolecular complexes including DNA origami 

and inorganic components, compatibilized with diblock polypeptides, and embedded within 

gels for eventual use as 3D-integrated, functional electronic materials. New knowledge and 

experience gained during pursuit of the first two objectives will be instrumental in 

accomplishing this final goal. The integration of well-formed supramolecular complexes 

composed of diverse nanomaterials represents an important next step toward testing our 

knowledge of nanochemistry and eventually making use of molecular assembly methods in 

bionanomanufacturing. Richard Feynman famously stated that what we cannot create (make), 

we do not understand. This set of experiments will test the understanding of these new 

compatibilizing nanomaterials. 

Prof. LaBean has previously explored the formation of nanoengineered materials 

from synthetic DNA structures by formation of purely DNA hydrogels similar to those 

pioneered by Prof. Dan Luo at Purdue
331–334

. Those studies can be extended to the formation 

of aerogels by subjecting such hydrogels to solvent exchange and critical point drying. These 

DNA lattice gels may be of use in the assembly of nano-patterned composites for 

metamaterials research
335

. However, composed entirely of synthetic DNA, these gels are 

quite expensive to produce. Such gels can be contrasted with the predominantly inorganic 

superlattices and arrays assembled using rigid nanoparticles functionalized with single-strand 

DNA
112,293,336,337

. The increased complexity of our DNA components enables a much more 

diverse range of assembled superstructures. 
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The formation of hydro- and aerogels with embedded supramolecular complexes 

composed of DNA origami, AuNPs, and SWCNTs, compatibilized by diblock polypeptides, 

and dispersed within an agarose matrix allows for characterization of the structural and 

electrical properties of these gels by AFM, TEM, cryoSEM, and impedance spectroscopy. 

Compatibilized SWCNTs incorporated at a concentration at or just below the percolation 

threshold will act as a long-range conductor network that will finally be connected by 

deterministically assembled, DNA-templated switching elements also compatibilized by 

diblock proteins. In the near-term, these networks may prove useful as environmental sensors 

by acting as multiply-connected (or non-singly-connected) wire networks monitored by 

recording conductivity changes at different sites within the network structure
338

. Simply 

assembling gels containing well-formed, 3D DNA origami structures bearing organized 

AuNPs would be an important contribution to the field, and development of diblock agent 

may afford this opportunity. 

 Aerogels may be developed via critical point drying with incorporated SWCNTs 

dispersed in water using the surfactant sodium dodecylbenzenesulfonate and sonication. The 

SWCNT-surfactant suspension can be mixed with molten agarose by pipette trituration. 

Macroscopic and microscopic examination can be used to observe separation and dispersion 

within the aerogels. The diblock polypeptide compatibilizers developed in the first two 

objectives can be tested to replace the surfactant and determine whether dispersion is 

improved. Bulk electrical properties can be probed by impedance spectroscopy to determine 

how the gels perform, and whether their performance resembles known networks, for 

example, networks of resistors and capacitors. 
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Samples can be examined via Cryo-SEM and in situ liquid TEM to evaluate the 

distribution of components. A variety of electronic measurements are possible and useful for 

evaluating the materials and devices assembled. One can perform standard conductive tip 

AFM in which an electrical potential difference between the probe and substrate can be 

modulated by the intervening sample, thus providing measures of conductance at each pixel 

along the entire scan. Electrical continuity between, for example a AuNR and a neighboring 

SWCNT should be able to be observed and analyzed. This will allow for testing various 

constructs including SETs chemically connected to carbon nanotubes via terminal thiol or 

alkyne moieties. 

 A new and versatile electrical properties measurement modality, scanning microwave 

impedance microscopy (sMIM), can provide data on both conductance and capacitance with 

low nanometer resolution. Experiments with the compatibilizing diblock polypeptide are 

expected to show more well-dispersed nanotubes. 

5.6 Introducing Insulating Components 

As mentioned, it is possible to extend the toolbox of available, usable nanomaterials 

to include more diverse constituents. Different types of particles or rods, or even materials 

with high aspect ratio like extended polymers can be functionalized and attached
281,282

 One 

such material that has scarcely been documented is that of DNA-functionalized insulating 

nanorods
305

. 

For creating devices such as transistors, it may be useful to create silica-coated 

AuNRs, such that the silica can provide a junction between the conducting AuNRs. To 
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manipulate and position of these silica-coated AuNRs, it would be useful to functionalize 

them with DNA. 

The synthesis of silica-coated AuNRs has been demonstrated
34,339

 and the procedure 

altered slightly to silica-coat the first-growth, 12 nm x 50 nm AuNRs (utilized throughout 

this dissertation). TEM results from this experiment are shown in Figure 57. The silica-

coating procedure is detailed in Appendix D. 

 

Figure 57. TEM of silica-coated 12 nm x 50 nm AuNRs. 

It should be possible to DNA-functionalize these small silica-coated AuNRs, or even 

fully insulating, pure silica nanorods (without gold) using the methods utilized in Ref.
305

 or 

via the proposed method shown in the schematic of Figure 58, in which the silica-coating 

process is halted using heterobifunctional PEG, with a thiolated end and an azide-end, ready 
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for subsequent click-chemistry, rather than the monofunctional thiol-PEG used in 

preliminary experiments. 

 

Figure 58. Schematic of proposed mechanism for DNA-functionalizing silica-coated 

AuNRs. First, silane-PEG-alkyne molecules are attached to the silica surface of the nanorod, 

coating the surface, followed by click chemistry to attach azide-DNA molecules. 

If successful, this method could be used to coat a variety of nanoparticles that contain 

a silica coating. For example, the AuNRs could be altered to maintain thin or thick silica 

coatings by varying the amount of tetraethyl orthosilicate (TEOS) used during the silica-

coating process. Using a thin silica layer would likely introduce a more reliable method to 

DNA-functionalize AuNRs, as they would be less prone to aggregation, and the conducting 

nature of the AuNRs would still exist if the insulating layer of silica were thin enough. The 

thicker the silica shell, the more likely the particle could be used as a purely insulating 

nanorod. 

Once DNA-functionalized, the aforementioned use of compatibilizing agents would 

allow these materials to become a component in the overall system. 
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5.7 Conclusions 

 The ability to create electrically active nanostructures composed of synthetic organic 

and inorganic materials could eventually enable disruptive new technologies in electronics 

fabrication. If macromolecular assembly is to compete in this arena against the vast 

infrastructure developed around photolithography, then three-dimensional integration of 

functional components, a hallmark of biological assembly, will need to be developed and 

exploited. By deterministically assembling functional electronic devices able to act as nodes 

embedded within a larger, stochastically assembled network, bottom-up, biomimetic 

assembly techniques could plausibly compete with lithography. The proposed objectives 

would enable this long-term vision to come closer to fruition, and increase the relevance of 

nanochemistry in modern society. 
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Appendix A: Tetrahedra details and sequences from caDNAno 

A1. Tetrahedron Design 1 

The following details the design and caDNAno output for Tetrahedron Design 1. 

 

Figure 59. CaDNAno (top) cross-section of arm helices and (bottom) strand routing map for 

Tetrahedron Design 1. 

Table 3. DNA staple sequences for Tetrahedron Design 1. Nucleotides written in red or 

green are capture sequences that may be excluded and the staple used only for structural 

purposes, or changed to another sequence to uniquely capture another nanoparticle. ―Crown‖ 

strands hold tetrahedron vertices tightly together and provide capture strands at the vertices. 
Name/Color 
on map Staple Sequence 

Map 
position 

s #333333 1 CCGTCTATCACAGGAGGCCGA 0[118] 

s #333333 2 AATAATTCTCATTTTTGCGGATGGCATAGCCGAACAA 1[136] 

s #333333 3 TTTCATCAGAGTACCTTTAATTGCTGGAAACGCAATA 1[168] 

s #333333 4 ACCCGTCGCGGAAGCAAACTCCAACAACTGGCATGAT 1[200] 

s #333333 5 GATTGACGTTTTAATTCGAGCTTTATGTTAGC 1[232] 

s #333333 6 ATCAGCTCATTTTTCTGAATATAATGCT 1[98] 
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Table 3 continued 

s #333333 7 CATTATACAAATACCGAACGAATCTGAAA 10[119] 

s #333333 8 GAATTACCAACAGAGGTGAGGCGCATGGAAATAC 10[151] 

s #333333 9 GAGATGGCTGCAACAGTGCCATACCGCCAGCC 10[183] 

s #333333 
10 AGAAACACAAATGAAAAATCTAAATCGGCCTTGC 10[215] 

s #333333 
11 AAAGCTGCTCATTCACCTCAAATATCAA 10[253] 

s #333333 
12 GCGCAGACGGTCAATCATAAG 11[232] 

s #333333 
13 GATCGTCACCCTCAGCAGCGA 12[118] 

s #333333 
14 CAACGCCTATTCATTTCAATTACCTCTGAGAAGAGTC 13[136] 

s #333333 
15 TAGTTAGCTACCAAGTTACAAAATCCATAGGTCTGAG 13[168] 

s #333333 
16 CTTTCCAGAACAATAACGGATTCGCCGGCTTAGGTTG 13[200] 

s #333333 
17 TGGGATTATACAGTAACAGTACCATGCTGATG 13[232] 

s #333333 
18 GTACCGTAACACTGGATGAAACAAACAT 13[98] 

s #333333 
19 AAGAAGATAGTTTCGTCACCAGTTTGCGG 14[119] 

s #333333 
20 GGCGAATTGTAGCATTCCACAGATCGCTGAGGCT 14[151] 

s #333333 
21 CTTTGAAGTAACGATCTAAAGACCATCGCCCA 14[183] 

s #333333 
22 TCGGGAGAACGTTAGTAAATGAATGATACCGATA 14[215] 

s #333333 
23 AACGTCAGATGAATTTGCTAAACAACTT 14[253] 

s #333333 
24 CAAATCCAATCGCAAGACAAA 15[232] 

s #333333 
25 CGATTGGCCTTGATATTCACA 16[118] 

s #333333 
26 CACCGTCAACATGTAATTTAGGCAGTTTCCTTATCAT 17[136] 

s #333333 
27 GAGCCAGCTTAATTGAGAATCGCCACAAGTACCGCAC 17[168] 

s #333333 
28 CATTAGCACCAGTATAAAGCCAACGCGTTTTTATTTT 17[200] 
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Table 3 continued 

s #333333 
29 CCATCGATTTAGTATCATATGCGCGCCCAATA 17[232] 

s #333333 
30 AAATATTGACGGAACAGTAATAAGAGAA 17[98] 

s #333333 
31 TTTCGAGCATTATTCATTAAAGGGTCAGA 18[119] 

s #333333 
32 CAACGCCACCGACTTGAGCCATTGCCGCCGCCAG 18[151] 

s #333333 
33 GTAGGGCAAAATCACCAGTAGCCTCAGAGCCG 18[183] 

s #333333 
34 AATTCTTAAGGCCGGAAACGTCAACCCTCAGAAC 18[215] 

s #333333 
35 CTAGAAAAAGCCTGTAGCAGCACCGTAA 18[253] 

s #333333 
36 GCAAGCAAATCAGATATAGAA 19[232] 

s #333333 
37 CTTAATTGTAACCAATAGGAACCGAAAAA 2[119] 

s #333333 
38 ATAAGAGGGCGTCTGGCCTTCCTTATTAAAGAAC 2[151] 

s #333333 
39 GATTAGAACATTAAATGTGAGAGTGTTGTTCC 2[183] 

s #333333 
40 AACCAGACGATTCTCCGTGGGAAATAAATCAAAA 2[215] 

s #333333 
41 ACTTCAAATATCGCCGTAATGGGATAGG 2[253] 

s #333333 
42 GAATAACATAAAAACAGGGAA 20[118] 

s #333333 
43 ATCAATTCATCAGGTCATTGCCTGACTCGTATTAAAT 21[136] 

s #333333 
44 CCAATAAAGGGTAGCTATTTTTGAGATTTTAAAAGTT 21[168] 

s #333333 
45 AGCAAAATACCGTTCTAGCTGATAAGCGGAACAAAGA 21[200] 

s #333333 
46 AAGCTAAGACAGTCAAATCACCATTATCATCA 21[232] 

s #333333 
47 CTATATTTTCATTTCAAGAGAATCGATG 21[98] 

s #333333 
48 GGAGCAAAGGGGCGCGAGCTGAACAGAGA 22[119] 

s #333333 
49 CAAAGGCTTACTAATAGTAGTAGGTTTAACGTCA 22[151] 
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s #333333 
50 CCGGAGATCATACAGGCAAGGTTATCCCAATC 22[183] 

s #333333 
51 GATATTCATAAGCAATAAAGCCTTTTGCCAGTTA 22[215] 

s #333333 
52 TGAGAAAGGCCGGAATCGGTTGTACCAA 22[253] 

s #333333 
53 TATTCCTGATTATCAGATGAT 23[232] 

s #333333 
54 AAACGTAGAAAATACATACAT 3[232] 

s #333333 
55 CGCGCGGGGAGAGGCGGTTTG 4[118] 

s #333333 
56 CGATCGGTTTAGACTGGATAGCGTCTTTCGGAACCTA 5[136] 

s #333333 
57 GCTGGCGAAAGTTTTGCCAGAGGGGATTAAGAGGCTG 5[168] 

s #333333 
58 TTAAGTTGAAACCAAAATAGCGAGATTAGGATTAGCG 5[200] 

s #333333 
59 ACGACGTATCATAACCCTCGTTTCGGATAAGT 5[232] 

s #333333 
60 CCATTCGCCATTCACGTCATAAATATTC 5[98] 

s #333333 
61 TGCGGAATGGCTGCGCAACTGTCGGCCAA 6[119] 

s #333333 
62 TAAAATGTGCGGGCCTCTTCGCTGGAAACCTGTC 6[151] 

s #333333 
63 GCAAAAGAAGGGGGATGTGCTTGCGTTGCGCT 6[183] 

s #333333 
64 GACGATAAGGTAACGCCAGGGTTGGTGCCTAATG 6[215] 

s #333333 
65 GTAAGAGCAACACTTGTAAAACGACGGC 6[253] 

s #333333 
66 GCCGTCGAGAGGGTTGATATA 7[232] 

s #333333 
67 TGGATTATTTACATTGGCAGA 8[118] 

s #333333 
68 GAAGATAATTATGCGATTTTAAGAACGATTATACCAA 9[136] 

s #333333 
69 AACACCGCTTTAATTTCAACTTTAAGAGATTTGTATC 9[168] 

s #333333 
70 CCAGCAGCCAGAACGAGTAGTAAATCGAAATCCGCGA 9[200] 
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s #333333 
71 TTGCTGAAGTGAATAAGGCTTGCCGGAACGAG 9[232] 

s #333333 
72 AACATCGCCATTAACAGTCAGGACGTTG 9[98] 

arm A 
#b8056c 1 GTGGACTCCAACGTCAAAGGGGCCATCAAAAAAAAAAAAAAAAAA 0[147] 

arm A 
#b8056c 2 AGTTTGGAACAAGAGTCCACGTAGCCAGCAAAAAAAAAAAAAAA 0[178] 

arm A 
#b8056c 3 GAATAGCCCGAGATAGGGTTGCGAGTAACAAAAAAAAAAAAAAAA 0[211] 

arm A 
#b8056c 4 ATGGTGGTTCCGAAATCGGCAAAATCCCTTCAAACGGCGAAAAAAAAAAAAAAA 0[253] 

arm A 
#b8056c 5 AGTTACCAGAAGGAAACCGACCTTTTGAAAAAAAAAAAAAAA 3[139] 

arm A 
#b8056c 6 ATAACGGAATACCCAAAAGAGGTCAGAAAAAAAAAAAAAAA 3[171] 

arm A 
#b8056c 7 TAAGACTCCTTATTACGCAGCAAAGCGAAAAAAAAAAAAAAA 3[203] 

arm A 
#b8056c 8 CGAAGCCCTTTTTAAGAAAAGTAAGCAGTTAGAGAAAAAAAAAAAAAAA 3[98] 

arm B 
#f74308 1 GTGCCAGCTGCATTAATGAATTGGGAAGGGAAAAAAAAAAAAAAA 4[147] 

arm B 
#f74308 2 CACTGCCCGCTTTCCAGTCGATTACGCCAAAAAAAAAAAAAAAA 4[178] 

arm B 
#f74308 3 AGTGAGCTAACTCACATTAATGCAAGGCGAAAAAAAAAAAAAAAA 4[211] 

arm B 
#f74308 4 

CGAGCCGGAAGCATAAAGTGTAAAGCCTGGTTCCCAGTCAAAAAAAAAAAAAA
A 4[253] 

arm B 
#f74308 5 TTATTCTGAAACATGAAAGTGTAATAGAAAAAAAAAAAAAAA 7[139] 

arm B 
#f74308 6 AGACTCCTCAAGAGAAGGAGGCTTTTAAAAAAAAAAAAAAA 7[171] 

arm B 
#f74308 7 GGGTTTTGCTCAGTACCAGGACCAGACAAAAAAAAAAAAAAA 7[203] 

arm B 
#f74308 8 CGTATAAACAGTTAATGCCCCCTGCCTACAATACAAAAAAAAAAAAAAA 7[98] 

arm C 
#f7931e 1 GCGCGAAACAAAGTACAACGTCATTGTAAAAAAAAAAAAAAA 11[139] 

arm C 
#f7931e 2 ATCGCCTGATAAATTGTGTTGGGCTTAAAAAAAAAAAAAAA 11[171] 

arm C 
#f7931e 3 CCTGCTCCATGTTACTTAGCCCTGACGAAAAAAAAAAAAAAA 11[203] 
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arm C 
#f7931e 4 CACTAAAACACTCATCTTTGACCCCCAGCTGGCTAAAAAAAAAAAAAAA 11[98] 

arm C 
#f7931e 5 CTACATTTTGACGCTCAATCGCCACCAGCAAAAAAAAAAAAAAAA 8[147] 

arm C 
#f7931e 6 ATTGCAACAGGAAAAACGCTGTCAGTATTAAAAAAAAAAAAAAA 8[178] 

arm C 
#f7931e 7 TGGTAATATCCAGAACAATATCGCTGAGAGAAAAAAAAAAAAAAA 8[211] 

arm C 
#f7931e 8 ATCACTTGCCTGAGTAGAAGAACTCAAACTAGCATCACCAAAAAAAAAAAAAAA 8[253] 

arm D 
#007200 1 TGCAGGGAGTTAAAGGCCGCTTACAAACTAAAAAAAAAAAAAAAA 12[147] 

arm D 
#007200 2 CGCATAACCGATATATTCGGCAGCCCTCAAAAAAAAAAAAAAAA 12[178] 

arm D 
#007200 3 GTTGCGCCGACAATGACAACATTTTGTCGTAAAAAAAAAAAAAAA 12[211] 

arm D 
#007200 4 TTGCTTTCGAGGTGAATTTCTTAAACAGCTTTTTCTGTAAAAAAAAAAAAAAAA 12[253] 

arm D 
#007200 5 AATAGTGAATTTATCAAAATGCGCAGAAAAAAAAAAAAAAAA 15[139] 

arm D 
#007200 6 AGACTACCTTTTTAACCTCCTGATTGAAAAAAAAAAAAAAA 15[171] 

arm D 
#007200 7 GGTTATATAACTATATGTAATTTTACAAAAAAAAAAAAAAAA 15[203] 

arm D 
#007200 8 AAACATAGCGATAGCTTAGATTAAGACGGAGCAAAAAAAAAAAAAAAAA 15[98] 

arm E 
#1700de 1 CATTGACAGGAGGTTGAGGCAGTGAATTATAAAAAAAAAAAAAAA 17[135] 

arm E 
#1700de 2 CCACCAGAACCACCACCAGATGGGAATTAAAAAAAAAAAAAAAA 17[167] 

arm E 
#1700de 3 CGCCACCCTCAGAGCCACCACCACCATTACAAAAAAAAAAAAAAA 17[199] 

arm E 
#1700de 4 ACCACCGGAACCGCCTCCCTCAGAGCCGCCCCAATGAAAAAAAAAAAAAAAAAA 17[231] 

arm E 
#1700de 5 TCCAAGAACGGGTATTAAACTATTTAAAAAAAAAAAAAAAAA 18[152] 

arm E 
#1700de 6 TCATCGAGAACAAGCAAGCCTCAACAAAAAAAAAAAAAAAA 18[184] 

arm E 
#1700de 7 CATCGTAGGAATCATTACCGTTATACAAAAAAAAAAAAAAAA 18[216] 

arm E 
#1700de 8 TGTAGAAACCAATCAATAATCGGCTGTCAGGCATAAAAAAAAAAAAAAA 18[120] 
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arm F 
#888888 1 AAAATGAAAATAGCAGCCTTTAAAGGTGGCAAAAAAAAAAAAAAA 

20[147
] 

arm F 
#888888 2 CAAATAAGAAACGATTTTTTCATTAACATAAAAAAAAAAAAAAA 

20[178
] 

arm F 
#888888 3 CAAAATAAACAGCCATATTATCAAAGAATTAAAAAAAAAAAAAAA 

20[211
] 

arm F 
#888888 4 AACGCTAACGAGCGTCTTTCCAGAGCCTAACAGAGCATAAAAAAAAAAAAAAAA 

20[253
] 

arm F 
#888888 5 CCTTTGCCCGAACGTTATTAAGATCTAAAAAAAAAAAAAAAA 

23[139
] 

arm F 
#888888 6 TGAGTAACATTATCATTTTATTAATGAAAAAAAAAAAAAAA 

23[171
] 

arm F 
#888888 7 AACCACCAGAAGGAGCGGAATCAATATAAAAAAAAAAAAAAA 

23[203
] 

arm F 
#888888 8 GTATTAGACTTTACAAACAATTCGACAAGAGTCTAAAAAAAAAAAAAAA 23[98] 

crown 
ABE 
#03b6a2 1 ATCCTGTTACGTTGGTGTAGATGGTAAGAGGACTAAGCTATCGAATA 0[263] 

crown 
ABE 
#03b6a2 2 GAGGGAGGGAAGCAAATAAATCCTCATTAAAAGCCTCTAAGCTATCGAATA 17[84] 

crown 
ABE 
#03b6a2 3 CTAATTTACGAGTAAAGTACCGACAAAAGATTCTAAGCTATCGAATA 19[84] 

crown 
ABE 
#03b6a2 4 AGCCCGAAAGGTGGCAACATATAAAAAACATCCTAAGCTATCGAATA 2[263] 

crown 
ABE 
#03b6a2 5 

AACCAGGCAAAGTATTGGGCGCCAGGGTAAAAAGGCGAAACTAAGCTATCGAAT
A 5[84] 

crown 
ABE 
#03b6a2 6 TGAGTAACAGTGTGAATCCCCCTCAAATCGGACTAAGCTATCGAATA 7[84] 

crown 
BCD 
#57bb00 
1 GAGGCAAAAGAAAAGAAAAATCTACGTTGCGACTAAGCTATCGAATA 11[84] 

crown 
BCD 
#57bb00 
2 CAATAGGAACCCGACAGCATCGGAACGAAAAAGAAACTAAGCTATCGAATA 13[84] 
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crown 
BCD 
#57bb00 3 CTTAGAATCCTTAGAAAACAAAATTAATAGCCCTAAGCTATCGAATA 15[84] 

crown 
BCD 
#57bb00 4 ACACAACAGTGCCAAGCTTGCATGAAGGAATTCTAAGCTATCGAATA 4[263] 

crown 
BCD 
#57bb00 5 ACGAGGCATATAGCCCGGAATAGGAAAATTCCCTAAGCTATCGAATA 6[263] 

crown 
BCD 
#57bb00 6 ACTGATAGCCCTCACCAGTCACACGACCAAAAACAATTCCCTAAGCTATCGAATA 9[84] 

crown DEF 
#7300de 1 GTTTATCAAACAGTTTCAGCGGAGGCGTAGATCTAAGCTATCGAATA 12[263] 

crown DEF 
#7300de 2 TTTCAGGTACGCGAGAAAACTTTTAAAAATCACCGGCTAAGCTATCGAATA 14[263] 

crown DEF 
#7300de 3 AACCAGAGAGTAGCGACAGAATCAACACCGGACTAAGCTATCGAATA 16[263] 

crown DEF 
#7300de 4 ATCATAATCTTATCCGGTATTCTAAAAATTTATCCTCTAAGCTATCGAATA 18[263] 

crown DEF 
#7300de 5 GAATCTTAACATTATGACCCTGTAGGTAAAGACTAAGCTATCGAATA 20[263] 

crown DEF 
#7300de 6 TTCAAAAGCAATTCATCAATATAAAAAATTGTATCGCTAAGCTATCGAATA 22[263] 

crown ACF 
#aaaa00 1 TAAATTTTTGTTAAAGGGATTTTAGACAAAAATCTTTGATCTAAGCTATCGAATA 1[84] 

crown ACF 
#aaaa00 2 TCAACGTAAACCGAACTGACCAACAAAAACATCTAAGCTATCGAATA 10[263] 

crown ACF 
#aaaa00 3 AATAACCTGTTTGCATTAGACGGGAGAAAAAATAGCCTAAGCTATCGAATA 21[84] 

crown ACF 
#aaaa00 4 TTGAGGATTTAGCGGTAATCGTAAAACTGGTCCTAAGCTATCGAATA 23[84] 

crown ACF 
#aaaa00 5 AATAGCTATCTTAGCTCAACATGTTTTAGCATCTAAGCTATCGAATA 3[84] 

crown ACF 
#aaaa00 6 TAGTAATACCTCAATCAATATCTGTACCCAAACTAAGCTATCGAATA 8[263] 

 

Thiolated strand complementary to polyA sequence: thiol - TTTTT TTT TTT TTT TTT TTT 

Thiolated strand complementary to sequence on crowns: thiol – TTTTT TAT TCG ATA 

GCT TAG 
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Note that only one tetrahedron arm may be functionalized with a particular sequence 

or else AuNRs may bind to multiple arms, inducing stress on the structure and distorting its 

final shape. If multiple arms are to contain capture strands, each arm must contain a unique 

capture sequence, and care must be taken to avoid sequences that interact with one another. 

A2. Tetrahedron Design 2A 

The following details the design and caDNAno output for Tetrahedron Design 2A. 



 

178 

 

Figure 60. CaDNAno (top) cross-section of arm helices and (bottom) strand routing map for 

Tetrahedron Design 2A. 
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Table 4. DNA staple sequences for Tetrahedron Design 2A. Strand names that include 

―caps‖ indicate purely structural strands that may be used instead of its capture strand 

counterpart. 

Name/Color on map Staple Sequence 
Map 
position 

Arm A, purely structural AAT AGC CCG AGA TAG GCC TTA TAG GCG GTT 0[182] 

Arm A, purely structural GGC AGA TTG GGC GCA AAT CGG 1[174] 

Arm A, purely structural GTA GGG CAC ATG TAA TAT CCC ATC CTA ATT TAC 2[9] 

Arm A, purely structural CAA AAT CGT TGA GTA ATA ACA TCA CTT GCC TGA 3[193] 

Arm A, purely structural TGC GTA TTC ACC AGA AAC TAT 4[175] 

Arm A, purely structural GTC CAG ACA TAA TTG TTA AAT 5[104] 

Arm A, purely structural CAC GCT GAT TGC CCT TCA CCG AAC ATG GAA ATA CC 5[125] 

Arm A, purely structural AAA TTA AAT TAC CGC AAT CGT 5[146] 

Arm A, purely structural CTT CTT TGC TGG TAT TAC ATT 5[167] 

Arm A, purely structural ATA TTT AAC AAC GCC ATT AAT TGA ACT TTT 5[20] 

Arm A, purely structural CAG AGG CGC CAA CGG TTA ATT 5[41] 

Arm A, purely structural AAT AAG AAC AAA TTA AAT TTA 5[62] 

Arm A, purely structural GAC AAA AGT TTA GTC GAC CGT 5[83] 

Arm A, vertices caps 
(ACF) 

GTA GAA GAA CTC TCA CAC GAC CAG TAG GGG AGA AAT 
CAA AAG 

1[199] 

Arm A, vertices caps 
(ABD) 

GAG CAT GTA GAA ATT CTA AGA ACG CGG CGA GAA AGA 
ATC GCC 

4[3] 

Arm A, vertices captures, 
seq2s (ACF) 

GTA GAA GAA CTC TCA CAC GAC CAG TAG GGG AGA AAT 
CAA AAG TTT CTA AGC TAT CGA ATA 

1[199] 

Arm A, vertices captures, 
seq2s (ABD) 

GAG CAT GTA GAA ATT CTA AGA ACG CGG CGA GAA AGA 
ATC GCC TTT CTA AGC TAT CGA ATA 

4[3] 

Arm, A captures, A15s 
TTG CAA CTC TGT CCG ACT CCA ACG TCA ATT TAA AAA 
AAA AAA AAA A 

2[119] 

Arm, A captures, A15s 
GAA CAA TCC GTT GTA GTC CAC TAT TAA ATT TAA AAA 
AAA AAA AAA A 

2[140] 

Arm, A captures, A15s 
CGG CCT TGA TTA GTG TTG TTC CAG TTT GTT TAA AAA 
AAA AAA AAA A 

2[161] 

Arm, A captures, A15s 
GTA TAA AAT TTT CGA AGT CCT GAA CAA GTT TAA AAA 
AAA AAA AAA A 

2[35] 

Arm, A captures, A15s 
GCG TTA TGA ATA TAG CCT GTT TAT CAA CTT TAA AAA 
AAA AAA AAA A 

2[56] 

Arm, A captures, A15s 
AAA GCC TGG TAA AGT GTT CAG CTA ATG CTT TAA AAA 
AAA AAA AAA A 

2[77] 

Arm, A captures, A15s 
CCG GAA TCG CGT CTA AAA CAC GAC AAT ATT TAA AAA 
AAA AAA AAA A 

2[98] 

Arm, A captures, A15s 
AGA GAG TTG CAG CAA GCG GTC AGG GCG AAT CAA GTT 
TTA AAA AAA AAA AAA AA 

3[118] 
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Arm, A captures, A15s 
TAC ATT TAC AGC TGG TTT GCC CCA GCA GGA ACG TGA 
TCA CGC TTT AAA AAA AAA AAA AAA 

3[139] 

Arm, A captures, A15s 
CTG AAA TTT TTC ACT CCT GTT TGA TGG TGA ACA AGA 
GCA ATA TTT AAA AAA AAA AAA AAA 

3[160] 

Arm, A captures, A15s 
TCA AAT AAT CCG GTA CCA ATC AAT AAT CAA AAA TAA 
TTT AGG TTT AAA AAA AAA AAA AAA 

3[34] 

Arm, A captures, A15s 
TCA TCT TCA AAT CAT TTC CTT ATC ATT CAA TAG ATA 
GCC AGT TTT AAA AAA AAA AAA AAA 

3[55] 

Arm, A captures, A15s 
ATG GTT TAT TAC CGG GGT ATT AAA CCA AAG AAC GCA 
AGT ACC TTT AAA AAA AAA AAA AAA 

3[76] 

Arm, A captures, A15s 
GTG ATA ATT TAT TTA CTC ATC GAG AAC AAA CAA CAT 
AAT TCT TTT AAA AAA AAA AAA AAA 

3[97] 

Arm, A captures, A15s 
AAA AGA GAG GAA AAA CGC TCA TTT TAA AAA AAA AAA 
AAA A 

4[112] 

Arm, A captures, A15s 
GCG AAA ACA GTG AGA CGG GCA TGA CGC TCC AGC CAT 
TTT AAA AAA AAA AAA AAA 

4[133] 

Arm, A captures, A15s 
GGT TCC GCA GGG TGG TTT TTC GGA TTA TAT ATC CAT 
TTT AAA AAA AAA AAA AAA 

4[154] 

Arm, A captures, A15s 
GGC TGT CGA TAT AGA AGG CTT TAT TTT ACT CAA CAT 
TTT AAA AAA AAA AAA AAA 

4[28] 

Arm, A captures, A15s 
CAA GAA CCG CCC AAT AGC AAG CTG ACC TCT TAC CAT 
TTT AAA AAA AAA AAA AAA 

4[49] 

Arm, A captures, A15s 
GTA CCG CTC ATC GTA GGA ATC GAA ATA CAT CAT ATT 
TTT AAA AAA AAA AAA AAA 

4[70] 

Arm, A captures, A15s 
AAG AAT ACC TGG CCC TGA GCA AGC CGT TAT AAG GCA 
CTA GAA TTT AAA AAA AAA AAA AAA 

4[91] 

Arm B, purely structural TAA CGT CAA AAA TGA AGA AAC GAC GAA CCT 6[182] 

Arm B, purely structural CTT ATT ATG CGG GAC CCA ATC 7[174] 

Arm B, purely structural GTT GCG CCC GAT ATA CGT AAT GCC ACT ACG AAG 8[9] 

Arm B, purely structural CAA ATA AAA TAG CAT AAT AAG AGC AAG AAA CAA 9[193] 

Arm B, purely structural CCC GAC TCG CAG TAA GCT ATC 10[175] 

Arm B, purely structural CAG CAT CTC CAA AAC GTT GAA 11[104] 

Arm B, purely structural TTC CAG ACA GCT ACA ATT TTA AAC GAG GAA ACG CA 11[125] 

Arm B, purely structural AGA GAG AGC AGA TAC CCA AAA 11[146] 

Arm B, purely structural TGA GTT AAG CCC TTA AGA CTC 11[167] 

Arm B, purely structural CAT CGC CCA CGC ATA ACG ACA ATA TTT TGC 11[20] 

Arm B, purely structural CGC TGA GGC TTG ATC AGT TTC 11[41] 

Arm B, purely structural AAA GGC CTC GAG GTA GAA AGG 11[62] 

Arm B, purely structural GTC ACC CTA TCG GTT TGC GAA 11[83] 

Arm B, vertices caps 
(ABD) 

TGA AAT AGC AAT TGT TAG CAA ACG TAG TTT TAG TTT 
TTT GTT 

7[199] 
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Arm B, vertices caps 
(BCE) 

GCA CCA ACC TAA GAC GGT CAA TCA TAG TAT GGG GAC 
AAC AAC 

10[3] 

Arm B, vertices captures, 
seq2s (ABD) 

TGA AAT AGC AAT TGT TAG CAA ACG TAG TTT TAG TTT 
TTT GTT TTT CTA AGC TAT CGA ATA 

7[199] 

Arm B, vertices captures, 
seq2s (BCE) 

GCA CCA ACC TAA GAC GGT CAA TCA TAG TAT GGG GAC 
AAC AAC TTT CTA AGC TAT CGA ATA 

10[3] 

Arm B, caps AAA GTT ATG AGC GCG ACG GGA GAA TTA A 8[119] 

Arm B, caps AAA GTA ATA ACC CAT AAA AAC AGG GAA G 8[140] 

Arm B, caps TTA CCG AAG CCC AAG CCT TTA CAG AGA G 8[161] 

Arm B, caps TTA AAC AGC TTG CAT TTC CAT TAA ACG G 8[35] 

Arm B, caps CTT GCT TGC TTT TGA AAG ACT TTT TCA T 8[56] 

Arm B, caps TTA ATT GTC AGC AGG CTA CAG AGG CTT T 8[77] 

Arm B, caps AAA AGG CGG AAC AAC CCT GAA CGA GGG T 8[98] 

Arm B, caps AAC CAA CGC TAA CGA GCG TCT CTG AAC AAG TCA GA 9[118] 

Arm B, caps 
ATA ATA ATT GCA CCG CCT AAT TTG CCA GCG CAT TAT 
AAT ATC 

9[139] 

Arm B, caps 
GAA CTG GAA ATC AAA TAA ACA GCC ATA TAA TAA CAC 
AAG AAT 

9[160] 

Arm B, caps 
TAA ACA AAG GCG CAA ACG AAA GAG GCA AGT AAA ATA 
TTC GGT 

9[34] 

Arm B, caps 
AGC GGA GCC ATG TTC ACT AAA ACA CTC AGA GGA AGG 
GGA GTT 

9[55] 

Arm B, caps 
AAC AAC TTG TCG AAC CCC CAG CGA TTA TGA GGA CTC 
GGG ATC 

9[76] 

Arm B, caps 
TAA TAA TGT ATC ATG CGA AAC AAA GTA CAG CAA CGC 
GAA AGA 

9[97] 

Arm B, caps GGG TAA TCC AGA AGG AAA CAA 10[112] 

Arm B, caps TTA CAA AGA TTA GTT GCT ATT CGG AAT AGC CGA AC 10[133] 

Arm B, caps TAT TTA TGG TTT TGA AGC CTT CAT GAT TTT TAA GA 10[154] 

Arm B, caps AAG AAT AAC TTA GCC GGA ACG CTT TCA AAC CGA TA 10[28] 

Arm B, caps TCT TTG AAT CCG CGA CCT GCT TGA GAA TGA ATT TC 10[49] 

Arm B, caps ACC AAG CCG CCT GAT AAA TTG AAA GGA ATT ATC AG 10[70] 

Arm B, caps 
AAT CTC CTC CTG AAT CTT ACG GAG ATT TTT TTT CAG 
GAG CCT 

10[91] 

Arm B, captures seq3s 
AAA GTT ATG AGC GCG ACG GGA GAA TTA ATT TTG ATG 
ATG ATG ATG A 

8[119] 

Arm B, captures seq3s 
AAA GTA ATA ACC CAT AAA AAC AGG GAA GTT TTG ATG 
ATG ATG ATG A 

8[140] 

Arm B, captures seq3s 
TTA CCG AAG CCC AAG CCT TTA CAG AGA GTT TTG ATG 
ATG ATG ATG A 

8[161] 
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Arm B, captures seq3s 
TTA AAC AGC TTG CAT TTC CAT TAA ACG GTT TTG ATG 
ATG ATG ATG A 

8[35] 

Arm B, captures seq3s 
CTT GCT TGC TTT TGA AAG ACT TTT TCA TTT TTG ATG 
ATG ATG ATG A 

8[56] 

Arm B, captures seq3s 
TTA ATT GTC AGC AGG CTA CAG AGG CTT TTT TTG ATG 
ATG ATG ATG A 

8[77] 

Arm B, captures seq3s 
AAA AGG CGG AAC AAC CCT GAA CGA GGG TTT TTG ATG 
ATG ATG ATG A 

8[98] 

Arm B, captures seq3s 
AAC CAA CGC TAA CGA GCG TCT CTG AAC AAG TCA GAT 
TTT GAT GAT GAT GAT GA 

9[118] 

Arm B, captures seq3s 
ATA ATA ATT GCA CCG CCT AAT TTG CCA GCG CAT TAT 
AAT ATC TTT TGA TGA TGA TGA TGA 

9[139] 

Arm B, captures seq3s 
GAA CTG GAA ATC AAA TAA ACA GCC ATA TAA TAA CAC 
AAG AAT TTT TGA TGA TGA TGA TGA 

9[160] 

Arm B, captures seq3s 
TAA ACA AAG GCG CAA ACG AAA GAG GCA AGT AAA ATA 
TTC GGT TTT TGA TGA TGA TGA TGA 

9[34] 

Arm B, captures seq3s 
AGC GGA GCC ATG TTC ACT AAA ACA CTC AGA GGA AGG 
GGA GTT TTT TGA TGA TGA TGA TGA 

9[55] 

Arm B, captures seq3s 
AAC AAC TTG TCG AAC CCC CAG CGA TTA TGA GGA CTC 
GGG ATC TTT TGA TGA TGA TGA TGA 

9[76] 

Arm B, captures seq3s 
TAA TAA TGT ATC ATG CGA AAC AAA GTA CAG CAA CGC 
GAA AGA TTT TGA TGA TGA TGA TGA 

9[97] 

Arm B, captures seq3s 
GGG TAA TCC AGA AGG AAA CAA TTT TTG ATG ATG ATG 
ATG A 

10[112] 

Arm B, captures seq3s 
TTA CAA AGA TTA GTT GCT ATT CGG AAT AGC CGA ACT 
TTT TGA TGA TGA TGA TGA 

10[133] 

Arm B, captures seq3s 
TAT TTA TGG TTT TGA AGC CTT CAT GAT TTT TAA GAT 
TTT TGA TGA TGA TGA TGA 

10[154] 

Arm B, captures seq3s 
AAG AAT AAC TTA GCC GGA ACG CTT TCA AAC CGA TAT 
TTT TGA TGA TGA TGA TGA 

10[28] 

Arm B, captures seq3s 
TCT TTG AAT CCG CGA CCT GCT TGA GAA TGA ATT TCT 
TTT TGA TGA TGA TGA TGA 

10[49] 

Arm B, captures seq3s 
ACC AAG CCG CCT GAT AAA TTG AAA GGA ATT ATC AGT 
TTT TGA TGA TGA TGA TGA 

10[70] 

Arm B, captures seq3s 
AAT CTC CTC CTG AAT CTT ACG GAG ATT TTT TTT CAG 
GAG CCT TTT TGA TGA TGA TGA TGA 

10[91] 

Arm C, purely structural CCC AGT CCT GCG CAT CGG CCT 12[140] 

Arm C, purely structural GTT GGG TCG ATC GGT TTG AGG 12[161] 

Arm C, purely structural CGA AAG GGG GAT GTG CCT ATT ACT CGT AAC 12[182] 

Arm C, purely structural ACC ACA TCA AAA TAC TGC GGA 12[56] 

Arm C, purely structural CAT CAG TCA AAA GAT AGA CTG 12[77] 

Arm C, purely structural GAT ATT CCG GCA CCG CTT CGT 12[98] 
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Arm C, purely structural TGC CAG CCT GCC AGT GCG GGC 13[174] 

Arm C, purely structural 
ATT ATT AGG TGG TGC CGG AAA CCA GGC ACA GTG CCA 
AGC TAC 

14[105] 

Arm C, purely structural 
CAG GAA GGC TCA CTC CTG GGG TGC CTA ATC TAG AGT 
GTA AAA 

14[126] 

Arm C, purely structural 
GGA CGA CCG GGA AAC CGG AAG CAT AAA GGA GCT 
CGG GGT TTT 

14[147] 

Arm C, purely structural 
CGT GCA TTG CAT TAC AAT TCC ACA CAA CGT CAT AGC 
GAT TAA 

14[168] 

Arm C, purely structural 
ATC GTC ACA GAC CAA ACA CCA GAA CGA GGC TCA TTA 
TGC AGA 

14[42] 

Arm C, purely structural 
GAT AGC GCT GAC CTA TAA GGC TTG CCC TGT TGG GAT 
AGG AAT 

14[63] 

Arm C, purely structural 
AAT AGT ACT TGA CAA CAA AGC TGC TCA TTA ATA AAA 
AAG ATT 

14[84] 

Arm C, purely structural TGA GAT GCT TAT GCA GGA ATT ACG AGG CAT AGT 14[9] 

Arm C, purely structural 
GGT CGA CTG AGT GAG CTA ATA CCC AAA TCA TGC ATG 
CCT GCA 

15[118] 

Arm C, purely structural 
GCG TTG CAT CGC ACA TTC GCC ATT CAG GAC GAC GTG 
ATC CCC 

15[139] 

Arm C, purely structural 
TTC CAG TGA CAG TAA CTG TTG GGA AGG GAA CGC CAA 
ATT CGT 

15[160] 

Arm C, purely structural CTC TTC GTG CAA GGC TGT TTC CTG TGT GAA ATT 15[193] 

Arm C, purely structural 
CTT TGA ATC AAA TGA TCA TAA CCC TCG TCG CCA AAG 
ATT TTA 

15[34] 

Arm C, purely structural 
CGG TGT ATA AAT ATA CGA CGA TAA AAA CTC AAC TAA 
TAC CAG 

15[55] 

Arm C, purely structural 
AGG CTG GTC CAA TAG CGA GAG GCT TTT GTG AGA TTA 
GAA AAA 

15[76] 

Arm C, purely structural 
GAG TAA TAA ATG TTA GTT TTG CCA GAG GCA GGT AGA 
CGA ACT 

15[97] 

Arm C, purely structural 
TAC ATA ATT ACC AGT CAT TGA ATC CCC CAG AGG ACT 
TGG GCT 

16[28] 

Arm C, purely structural AAC GGA ACA ACG TAA GAA CCG 17[104] 

Arm C, purely structural 
CGA CGG CAA GCG CCT CCA GCC AGC TTT CAT CTC ACA 
TTA ATT 

17[125] 

Arm C, purely structural GGG TAC CTG TAA AGG CCC GCT 17[146] 

Arm C, purely structural AAT CAT GAT ACG AGC CTG TCG 17[167] 

Arm C, purely structural AAT CAT TGT GAA TTA CGT TTA ATT GAC CAA 17[20] 

Arm C, purely structural AGA ACT GTA GTA AAA GAT GAA 17[41] 

Arm C, purely structural TCA GGA CGA CGA GAG GCG CAT 17[62] 
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Arm C, purely structural TCT ACG TTC AGT GAT CAT CAA 17[83] 

Arm C, vertices caps 
(ACF) 

GTT ATC CGC TCA ATG AAT CGG CCA ACG GGC GCA GCC 
AGC TGG 

13[199] 

Arm C, vertices caps 
(BCE) 

AAG AGC AAC ACT CTT TAA ACA GTT CAA CCG AAC TTC 
AAC TTT 

16[3] 

Arm C, vertices captures, 
seq2s (ACF) 

GTT ATC CGC TCA ATG AAT CGG CCA ACG GGC GCA GCC 
AGC TGG TTT CTA AGC TAT CGA ATA 

13[199] 

Arm C, vertices captures, 
seq2s (BCE) 

AAG AGC AAC ACT CTT TAA ACA GTT CAA CCG AAC TTC 
AAC TTT TTT CTA AGC TAT CGA ATA 

16[3] 

Arm D, purely structural ACC AAG TTA CAA AAT CCC TGA TTT CCT GAT 18[182] 

Arm D, purely structural GGA GGT TAT TAT ACC AAT AAC 19[174] 

Arm D, purely structural GAC TTG AAG TAG CAT TGC TTC TGT AAA TCG TCG 20[9] 

Arm D, purely structural GGA TTC GGC GCA GAT TTG CCA TCT TTT CAT AAT 21[193] 

Arm D, purely structural TGT TTG GGA GGC AGA ACC AGA 22[175] 

Arm D, purely structural CAG AAT CCG ACA TTT TTA CCA 23[104] 

Arm D, purely structural TTA ACG TTT TGC ACG TAA AAC AGC CAC CCT CAG AG 23[125] 

Arm D, purely structural CAT CGG CCC GCC ACA CCA CCA 23[146] 

Arm D, purely structural CCC CCT TCC GGA ACA TTG ACA 23[167] 

Arm D, purely structural AGC CAG CAA AAT CAC CGC CAT TTC ATA AAG 23[20] 

Arm D, purely structural CAT TAG CTT ATC ACA AGA AAC 23[41] 

Arm D, purely structural CAC CAA TAA ATT ATG AAT AAG 23[62] 

Arm D, purely structural CAG CAC CAG GGA AGA TCA ATA 23[83] 

Arm D, vertices caps 
(DEF) 

CAA AAT CAC CGG GTC AGA CGA TTG GCA ATA TAA GCT 
TTG AAT 

19[199] 

Arm D, vertices caps 
(ABD) 

CTA TTA ATT AAT AAT CGC AAG ACA AAA TAC ATA GGG 
AAT TAG 

22[3] 

Arm D, vertices 
captures, seq2s (DEF) 

CAA AAT CAC CGG GTC AGA CGA TTG GCA ATA TAA GCT 
TTG AAT TTT CTA AGC TAT CGA ATA 

19[199] 

Arm D, vertices 
captures, seq2s (ABD) 

CTA TTA ATT AAT AAT CGC AAG ACA AAA TAC ATA GGG 
AAT TAG TTT CTA AGC TAT CGA ATA 

22[3] 

Arm D, captures first 15 
of x24s 

ACC GCC ACT GTA GCG AAA CAA ACA TCA ATT TAG ACT 
CTA ATG CAG T 

20[119] 

Arm D, captures first 15 
of x24s 

CTC AGA GAT TTT CGA CCT GAG CAA AAG ATT TAG ACT 
CTA ATG CAG T 

20[140] 

Arm D, captures first 15 
of x24s 

GCC ACC AAT TAG CGG GCG AAT TAT TCA TTT TAG ACT 
CTA ATG CAG T 

20[161] 

Arm D, captures first 15 
of x24s 

AGG TGA AAA GGC CGA ATA TAT GTG AGT GTT TAG ACT 
CTA ATG CAG T 

20[35] 

Arm D, captures first 15 
of x24s 

TTG ACG GGA AAC CAA ATG GAA ACA GTA CTT TAG ACT 
CTA ATG CAG T 

20[56] 
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Arm D, captures first 15 
of x24s 

TTG AGG GGT AAT CAT TCA TTT GAA TTA CTT TAG ACT 
CTA ATG CAG T 

20[77] 

Arm D, captures first 15 
of x24s 

AAA AGG GAA GTT TGA AAT TAA TTA CAT TTT TAG ACT 
CTA ATG CAG T 

20[98] 

Arm D, captures first 15 
of x24s 

ATA TTG CGT AGA TTT TCA GGT GAA AAC ACC TTT AGT 
TTA GAC TCT AAT GCA GT 

21[118] 

Arm D, captures first 15 
of x24s 

CCG CCA CAA AAT TAC AGA TGA ATA TAC AAG ATG ATG 
CGT TTT TTT AGA CTC TAA TGC AGT 

21[139] 

Arm D, captures first 15 
of x24s 

GAG CCG CAG GGT TAT ACC TTT TAC ATC GTT CAA TTG 
TCA TAG TTT AGA CTC TAA TGC AGT 

21[160] 

Arm D, captures first 15 
of x24s 

GTG GCA ACA AAT CCT TTC CCT TAG AAT CAA TAA CCC 
CAT TAC TTT AGA CTC TAA TGC AGT 

21[34] 

Arm D, captures first 15 
of x24s 

GCA AAG AAA CTA TAA CAT AGC GAT AGC TAT AAA TCG 
AAA CGT TTT AGA CTC TAA TGC AGT 

21[55] 

Arm D, captures first 15 
of x24s 

TTT ATT TCC GGC TTA GAC GCT GAG AAG ACT TTT TTT 
CGA TAG TTT AGA CTC TAA TGC AGT 

21[76] 

Arm D, captures first 15 
of x24s 

GAA AAT TGA GAG ACG TGA ATT TAT CAA ATA ACA ATG 
TAG CGA TTT AGA CTC TAA TGC AGT 

21[97] 

Arm D, captures first 15 
of x24s 

CGT CAG ACC CTC AGA GCC AAC TTT TAG ACT CTA ATG 
CAG T 

22[112] 

Arm D, captures first 15 
of x24s 

GTA ACA GGA ACC TAC CAT ATC CAG AAC CCC TCA GAT 
TTT AGA CTC TAA TGC AGT 

22[133] 

Arm D, captures first 15 
of x24s 

GGA GAA ATT CTG AAT AAT GGA CGC CAG CCG CCT CCT 
TTT AGA CTC TAA TGC AGT 

22[154] 

Arm D, captures first 15 
of x24s 

CTT GAA ATG TAA ATG CTG ATG CAT ATA ACG TCA CCT 
TTT AGA CTC TAA TGC AGT 

22[28] 

Arm D, captures first 15 
of x24s 

TAG ATT AAG GTT GGG TTA TAT CAC CAC GTC ATT AAT 
TTT AGA CTC TAA TGC AGT 

22[49] 

Arm D, captures first 15 
of x24s 

GTC AAT ATA CCT TTT TAA CCT TGT CAC AGT AAA TAT 
TTT AGA CTC TAA TGC AGT 

22[70] 

Arm D, captures first 15 
of x24s 

GCG CCA AAG AAA TAA AGA ACA TAG GTC TCA TAT GGC 
AAC CGA TTT AGA CTC TAA TGC AGT 

22[91] 

Arm E, purely structural TAT TCT GAA ACA TGA ACT ATT TCC AAA CAA 24[182] 

Arm E, purely structural TTG TAC CCT CAT TAT TAA TGC 25[174] 

Arm E, purely structural TTT TGA TAA TTG CTG AAC CGC CAC CCT CAG AAC 26[9] 

Arm E, purely structural CCC CTG CAG TAT TAC CTG TTT AGC TAT ATT TTC 27[193] 

Arm E, purely structural ATA AAT CAA AAA CAA GCT GAA 28[175] 

Arm E, purely structural TAT AAC ATA ATT CGC CGA AAG 29[104] 

Arm E, purely structural TAA GTT TTA AGC GTC ATA CAT ATG CAA AGA ATT AG 29[125] 

Arm E, purely structural TTG ACC ATA GCA TTA AAG CCT 29[146] 

Arm E, purely structural CAA ATG GCA TCA ATA AAT CGG 29[167] 
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Arm E, purely structural GGA TGG CTT AGA GCT TAA GAG GTG ACC ATA 29[20] 

Arm E, purely structural ATG CTG TCC TTT AAT CTT TAC 29[41] 

Arm E, purely structural TAA ATA TAC AGG TCT CAG AAG 29[62] 

Arm E, purely structural GTG TCT GCC AGA CCT CAA AAA 29[83] 

Arm E, vertices caps 
(DEF) 

ATT TGG GGC GCG TTA TGA CCC TGT AAA TAT TCA GGA 
ACC TAT 

25[199] 

Arm E, vertices caps 
(BCE) 

CGC CAC CCT CAG TTA GTA AAT GAA TTC GAG AAT CAT 
TTT TGC 

28[3] 

Arm E, vertices captures, 
seq2s (DEF) 

ATT TGG GGC GCG TTA TGA CCC TGT AAA TAT TCA GGA 
ACC TAT TTT CTA AGC TAT CGA ATA 

25[199] 

Arm E, vertices captures, 
seq2s (BCE) 

CGC CAC CCT CAG TTA GTA AAT GAA TTC GAG AAT CAT 
TTT TGC TTT CTA AGC TAT CGA ATA 

28[3] 

Arm E, caps AAT AAA TCG AGT AGT TTT GCT CAG TAC C 26[119] 

Arm E, caps ATA GTA GTT AGA TAG AAG GAT TAG GAT T 26[140] 

Arm E, caps AAG GTG GTC AAT AAA GAG GCT GAG ACT C 26[161] 

Arm E, caps GAG AGT AAG CTC AAG GTT TAG TAC CGC C 26[35] 

Arm E, caps AAC TCC AGC AAC TAG GTG TAT CAC CGT A 26[56] 

Arm E, caps AAG CGA AGA AGT TTA TAT AAG TAT AGC C 26[77] 

Arm E, caps CGC GTT TGT TGA TTT AAG TGC CGT CGA G 26[98] 

Arm E, caps CAT ACA GGA GTG TAC TGG TAA AGG CGG ACC CAA TT 27[118] 

Arm E, caps 
CAA AAT TGT TCC AGT AAC GGG GTC AGT GAG CGG GGA 
TTT AGT 

27[139] 

Arm E, caps 
CAG AGC AAG CGC AGT AAC AGT GCC CGT ACT CAA GAC 
ATT TCG 

27[160] 

Arm E, caps 
AAT CAA ACC AGA CGA GCC ACC ACC CTC AAC CCT CAG 
AAT ATA 

27[34] 

Arm E, caps 
CCT GAC TAT CTA AAG GAT AGC AAG CCC ACT CAG GAC 
ATG TTT 

27[55] 

Arm E, caps 
CAA AGC GGC CCT CAC CCA TGT ACC GTA ACG GAA TAA 
AGT ACG 

27[76] 

Arm E, caps 
GAT TAA GGC CTG TAT TTC GTC ACC AGT AAG GGT TGC 
ATT CCA 

27[97] 

Arm E, caps CTG CGA ACA TAC AGG CAA GAT 28[112] 

Arm E, caps CCT TGA GTC TCT GAA TTT ACC AAG CAA TAA CAT CC 28[133] 

Arm E, caps TAA ACA GAA GCC AGA ATG GAA TAA AGC TTC TAC TA 28[154] 

Arm E, caps TTT TCA GGT TTT GTC GTC TTT AAT CAG GTT GCT CC 28[28] 

Arm E, caps ATA GGA ATA GTT AGC GTA ACG ATT ATA GAG GAT TA 28[49] 

Arm E, caps CAC TGA GGC ATT CCA CAG ACA GAT TGC AGG AAG CA 28[70] 

Arm E, caps 
ACT TCA AGG CTT TTG ATG AAA CTA CAA CAG GAA GCA 
GCT TCA 

28[91] 
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Arm E, captures seq3s 
AAT AAA TCG AGT AGT TTT GCT CAG TAC CTT TTG ATG 
ATG ATG ATG A 

26[119] 

Arm E, captures seq3s 
ATA GTA GTT AGA TAG AAG GAT TAG GAT TTT TTG ATG 
ATG ATG ATG A 

26[140] 

Arm E, captures seq3s 
AAG GTG GTC AAT AAA GAG GCT GAG ACT CTT TTG ATG 
ATG ATG ATG A 

26[161] 

Arm E, captures seq3s 
GAG AGT AAG CTC AAG GTT TAG TAC CGC CTT TTG ATG 
ATG ATG ATG A 

26[35] 

Arm E, captures seq3s 
AAC TCC AGC AAC TAG GTG TAT CAC CGT ATT TTG ATG 
ATG ATG ATG A 

26[56] 

Arm E, captures seq3s 
AAG CGA AGA AGT TTA TAT AAG TAT AGC CTT TTG ATG 
ATG ATG ATG A 

26[77] 

Arm E, captures seq3s 
CGC GTT TGT TGA TTT AAG TGC CGT CGA GTT TTG ATG 
ATG ATG ATG A 

26[98] 

Arm E, captures seq3s 
CAT ACA GGA GTG TAC TGG TAA AGG CGG ACC CAA TTT 
TTT GAT GAT GAT GAT GA 

27[118] 

Arm E, captures seq3s 
CAA AAT TGT TCC AGT AAC GGG GTC AGT GAG CGG GGA 
TTT AGT TTT TGA TGA TGA TGA TGA 

27[139] 

Arm E, captures seq3s 
CAG AGC AAG CGC AGT AAC AGT GCC CGT ACT CAA GAC 
ATT TCG TTT TGA TGA TGA TGA TGA 

27[160] 

Arm E, captures seq3s 
AAT CAA ACC AGA CGA GCC ACC ACC CTC AAC CCT CAG 
AAT ATA TTT TGA TGA TGA TGA TGA 

27[34] 

Arm E, captures seq3s 
CCT GAC TAT CTA AAG GAT AGC AAG CCC ACT CAG GAC 
ATG TTT TTT TGA TGA TGA TGA TGA 

27[55] 

Arm E, captures seq3s 
CAA AGC GGC CCT CAC CCA TGT ACC GTA ACG GAA TAA 
AGT ACG TTT TGA TGA TGA TGA TGA 

27[76] 

Arm E, captures seq3s 
GAT TAA GGC CTG TAT TTC GTC ACC AGT AAG GGT TGC 
ATT CCA TTT TGA TGA TGA TGA TGA 

27[97] 

Arm E, captures seq3s 
CTG CGA ACA TAC AGG CAA GAT TTT TTG ATG ATG ATG 
ATG A 

28[112] 

Arm E, captures seq3s 
CCT TGA GTC TCT GAA TTT ACC AAG CAA TAA CAT CCT 
TTT TGA TGA TGA TGA TGA 

28[133] 

Arm E, captures seq3s 
TAA ACA GAA GCC AGA ATG GAA TAA AGC TTC TAC TAT 
TTT TGA TGA TGA TGA TGA 

28[154] 

Arm E, captures seq3s 
TTT TCA GGT TTT GTC GTC TTT AAT CAG GTT GCT CCT TTT 
TGA TGA TGA TGA TGA 

28[28] 

Arm E, captures seq3s 
ATA GGA ATA GTT AGC GTA ACG ATT ATA GAG GAT TAT 
TTT TGA TGA TGA TGA TGA 

28[49] 

Arm E, captures seq3s 
CAC TGA GGC ATT CCA CAG ACA GAT TGC AGG AAG CAT 
TTT TGA TGA TGA TGA TGA 

28[70] 

Arm E, captures seq3s 
ACT TCA AGG CTT TTG ATG AAA CTA CAA CAG GAA GCA 
GCT TCA TTT TGA TGA TGA TGA TGA 

28[91] 

Arm F, purely structural AAG AGA ACA ATA TGC CTC ATA 30[140] 
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Arm F, purely structural GCC TGA GTA GCT GAA AGG ATA 30[161] 

Arm F, purely structural TGA GAG ATC TAC AAA GAG AGG GTG AGA AGC 30[182] 

Arm F, purely structural GAA GAT TGC CAT CAA TTC TCC 30[56] 

Arm F, purely structural TCA GAA ACT GGC CTG AGC GAG 30[77] 

Arm F, purely structural GCG CGA AGT AGG TAA AGA TCA 30[98] 

Arm F, purely structural TAT TCC TTC AAC GCT AAA TTA 31[174] 

Arm F, purely structural 
ATC TAA AAA GTT TGA GTA GAT AGC CCT GAA TTG ATG 
TCA AT 

32[105] 

Arm F, purely structural 
TAT TTT ACA AAG AAC GTT ATT AAT TTT AAA TAT CTA 
CGG TAA 

32[126] 

Arm F, purely structural 
AAA ATT TCG GAA TTG TAT TAA ATC CTT TAA CTA ATA 
GCA AAC 

32[147] 

Arm F, purely structural 
CTT TAT TGA TTA TCT TAC AAA CAA TTC GAA TAG ATG 
GTC ATT 

32[168] 

Arm F, purely structural 
GTG GGA AAA AGC GTC AGA GGT GAG GCG GCT GAA CCC 
AAA TAT 

32[42] 

Arm F, purely structural 
TAA CAA CCA GAC AAA ACC ACC AGC AGA ACT CAA TCA 
AAA CAG 

32[63] 

Arm F, purely structural 
TCA ACA TTA TTA GTC GCC ATT AAA AAT ATG GCA AAT 
TGA TAA 

32[84] 

Arm F, purely structural GCC TGC AAA AAT CTT TAA TAT TTT GTT AAA ATT 32[9] 

Arm F, purely structural 
CAT ATG TTT TCA AAA GGG TGA GAA AGG CAC TAG CAG 
GAA GGT T 

33[119] 

Arm F, purely structural 
TGC GGA AAA TGC AAA GTC AAA TCA CCA TTC GAT GAT 
TAG GAG 

33[139] 

Arm F, purely structural 
GAA GGA GTT AGA ACA TAT TCA ACC GTT CAG TCT GGA 
GAT TAG 

33[160] 

Arm F, purely structural ATG CCG GGC TAT CAA ATA CAT TTG AGG ATT TAG 33[193] 

Arm F, purely structural 
CCA ACA GTG GGA TAT TGT TAA ATC AGC TGT AAA CGA 
AAG CAT 

33[34] 

Arm F, purely structural 
TGA CCT GCA AAC GGT AAC CAA TAG GAA CGT ATA AGT 
CAA ATA 

33[55] 

Arm F, purely structural 
CGT GGC ACC GTC GGA AAA TAA TTC GCG TAG CCC CAA 
ATA TCT 

33[76] 

Arm F, purely structural 
GAA TGG CTA AAT GTT CCT GTA GCC AGC TAC CCC GGT 
CAA CAG 

33[97] 

Arm F, purely structural 
TTA AAT TCA TTT TTC GGA TTG ACC GTA AAG ATA GAT 
AAC ACC 

34[28] 

Arm F, purely structural TTG AAA GAA AAC ATC TTT AAT 35[104] 

Arm F, purely structural 
TCG TAA ACG GAG ACT GCC TGA GTA ATG TCT ACA TTA 
TCA TTT 

35[125] 
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Arm F, purely structural CAC TAA CGC CCG AAA CCA CCA 35[146] 

Arm F, purely structural AGC CGT CAC AAC TCA TCA TCA 35[167] 

Arm F, purely structural AGC CAG CAG CAA ATG AAC AGT GCA TTC TGG 35[20] 

Arm F, purely structural CAC CTT GTC AGT ATA CCC TTC 35[41] 

Arm F, purely structural TCA AAC CGA TAA AAA AGA ATA 35[62] 

Arm F, purely structural GGT CAG TCC GAA CGT ATT TTT 35[83] 

Arm F, vertices caps 
(DEF) 

AAG TAT TAG ACT AGA TGA TGG CAA TTT TTG CGG AGC 
TAT TTT 

31[199] 

Arm F, vertices caps 
(ACF) 

CGC ATT AAA TTT GGT CAC GTT GGT GTA AGG GAC CAC 
GCT GAG 

34[3] 

Arm F, vertices captures, 
seq2s (DEF) 

AAG TAT TAG ACT AGA TGA TGG CAA TTT TTG CGG AGC 
TAT TTT TTT CTA AGC TAT CGA ATA 

31[199] 

Arm F, vertices captures, 
seq2s (ACF) 

CGC ATT AAA TTT GGT CAC GTT GGT GTA AGG GAC CAC 
GCT GAG TTT CTA AGC TAT CGA ATA 

34[3] 

 

Thiolated strand complementary to polyA sequence: thiol - TTTTT TTT TTT TTT TTT TTT 

Thiolated strand complementary to sequence2: thiol – TTTTT TAT TCG ATA GCT TAG 

Thiolated strand complementary to sequence3: thiol – AGC GAT CAT CAT CAT CAT CAT 

CAT CAT CA 

Thiolated strand complementary to ―x24‖ sequence: thiol – TTT TTG CGT TGG TGA CTG 

CAT TAG AGT CT 

A3. Tetrahedron Design 2B 

The following details the design and caDNAno output for Tetrahedron Design 2B. 
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Figure 61. CaDNAno (top) cross-section of arm helices and (bottom) strand routing map for 

Tetrahedron Design 2B. 

Most of the staples used for Tetrahedron Design 2B are the same as those used for 

Design 2A. A few staples were excluded and a few new staples included to create staple 
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pools for Tetrahedron Design 2B. The excluded and added staples are listed in the following 

Table. 

Table 5. To create a staple pool for Tetrahedron Design 2B, strands used are identical to 

those in Tetrahedron Design 2A, except for the following exceptions and additions. 

Staples from Design 2A to exclude from Design 2B pool 

Name/color on map Staple Sequence 
Map 

position 

Arm, A captures, A15s 
GTG ATA ATT TAT TTA CTC ATC GAG AAC AAA CAA CAT 
AAT TCT TTT AAA AAA AAA AAA AAA 

3[97] 

Arm, A captures, A15s 
AAA GCC TGG TAA AGT GTT CAG CTA ATG CTT TAA 
AAA AAA AAA AAA A 

2[77] 

Arm, A captures, A15s 
AGA GAG TTG CAG CAA GCG GTC AGG GCG AAT CAA 
GTT TTA AAA AAA AAA AAA AA 

3[118] 

Arm, A captures, A15s 
AAG AAT ACC TGG CCC TGA GCA AGC CGT TAT AAG 
GCA CTA GAA TTT AAA AAA AAA AAA AAA 

4[91] 

Arm, A captures, A15s 
CCG GAA TCG CGT CTA AAA CAC GAC AAT ATT TAA 
AAA AAA AAA AAA A 

2[98] 

Arm, A captures, A15s 
AAA AGA GAG GAA AAA CGC TCA TTT TAA AAA AAA 
AAA AAA A 

4[112] 

Arm A, purely structural GTC CAG ACA TAA TTG TTA AAT 5[104] 

Arm A, purely structural CAC GCT GAT TGC CCT TCA CCG AAC ATG GAA ATA CC 5[125] 

 

 

 

Arm B, caps 
TAA TAA TGT ATC ATG CGA AAC AAA GTA CAG CAA 
CGC GAA AGA 

9[97] 

Arm B, captures seq3s 
TTA ATT GTC AGC AGG CTA CAG AGG CTT TTT TTG ATG 
ATG ATG ATG A 

8[77] 

Arm B, captures seq3s 
AAC CAA CGC TAA CGA GCG TCT CTG AAC AAG TCA 
GAT TTT GAT GAT GAT GAT GA 

9[118] 

Arm B, caps 
AAT CTC CTC CTG AAT CTT ACG GAG ATT TTT TTT CAG 
GAG CCT 

10[91] 

Arm B, captures seq3s 
AAA AGG CGG AAC AAC CCT GAA CGA GGG TTT TTG 
ATG ATG ATG ATG A 

8[98] 

Arm B, caps GGG TAA TCC AGA AGG AAA CAA 10[112] 

Arm B, captures seq3s 
AAA GTT ATG AGC GCG ACG GGA GAA TTA ATT TTG 
ATG ATG ATG ATG A 

8[119] 

Arm B, purely structural GTC ACC CTA TCG GTT TGC GAA 11[83] 

Arm B, purely structural CAG CAT CTC CAA AAC GTT GAA 11[104] 



 

192 

Table 5 continued 

Arm B, purely structural TTC CAG ACA GCT ACA ATT TTA AAC GAG GAA ACG CA 11[125] 

 

 

 

Arm C, purely structural 
GAG TAA TAA ATG TTA GTT TTG CCA GAG GCA GGT 
AGA CGA ACT 

15[97] 

Arm C, purely structural 
AAT AGT ACT TGA CAA CAA AGC TGC TCA TTA ATA AAA 
AAG ATT 

14[84] 

Arm C, purely structural AAC GGA ACA ACG TAA GAA CCG 17[104] 

Arm C, purely structural 
ATT ATT AGG TGG TGC CGG AAA CCA GGC ACA GTG 
CCA AGC TAC 

14[105] 

Arm C, purely structural GAT ATT CCG GCA CCG CTT CGT 12[98] 

Arm C, purely structural 
GGT CGA CTG AGT GAG CTA ATA CCC AAA TCA TGC 
ATG CCT GCA 

15[118] 

Arm C, purely structural 
CGA CGG CAA GCG CCT CCA GCC AGC TTT CAT CTC ACA 
TTA ATT 

17[125] 

   Staples to add for Design 2B pool 

  
GTGATAATTTATTTACTCATCGAGAACAAGAGAGTTGCAG
CAAGCGGTCCACGCTGATTGCCCTTCACCG 0[112] 

  
CCTGGCCCTGAGCAAGCCGTTATAAGGCACTAGAAAAAG
CCTGGTAAAGTGTTCAGCTAATGC 2[77] 

  

AGGGCGAAAAACACGACAATAAACAACATAATTCTGTCC
AGACGCGTCTATCAAGTAAAAGAGAGGAAAAACGCTCAC
CGGAAT 4[105] 

  CATAATTGTTAAATAAGAATAAACATGGAAATACC 5[125] 

   

  
GTCACCCTATCGGTTTGCGAATAATAATGTATCATGCGAA
AC 7[90] 

  
AAAGTACAACCAACGCTAACGAGCGTCTCTGAACACCCTG
AACGAGGGT 8[98] 

  AGCAACGCGAAAGACAGCATCGGAACAAAGTCAGA 9[118] 

  
TCCTGAATCTTACGGAGATTTTTTTTCAGGAGCCTTTAATT
GTCAGCAGGCTACAGAGGCTTT 8[77] 

  
GGGTAATCCAGAAGGAAACAAAAAAGGCTCCAAAACGTT
GAAAATCTCCAACGAGGAAACGCA 11[125] 

  
AAAGTTATGAGCGCGACGGGAGAATTAATTCCAGACAGC
TACAATTTTA 6[112] 

   

  
GAGTAATAAATGTTAGTTTTGCCAGAGGGGTGGTGCCGG
AAA 13[111] 

  
CGGCACCGCTTCGTAATAGTACTTGACAACAAAGCTGCTC
ATTAATAAAAAAGATT 14[84] 
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Table 5 continued 

  
CCAGGCACAGTGCCAAGCTACATTATTACAGGTAGACGA
ACTAACGGAACATGCATGCCTGCA 15[118] 

  
GGTCGACTGAGTGAGCTAATACCCAAATCAACGTAAGAA
CCGGATATTCATCTCACATTAATT 17[125] 

  CGACGGCAAGCGCCTCCAGCCAGCTTTC 12[112] 
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Appendix B. Additional figures relating to protein compatibilization 

 

Figure 62. Additional time-points for solubilization and release of DNA origami from mica 

surface after 0.075 C8-B
Sso7d

 protein/bp addition. Scale bar is 500 nm. 
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Figure 63. 0.8% Agarose, 1xTAEMg gel with samples mixed with 0.09 U DNase / ug DNA 

at various time points. Tall Rectangle origami A) with 0.188 C8-B
Sso7d

 protein/bp, B) with 

0.861 C4-B
K12

 protein/bp, or C) control without protein addition. 
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Figure 64. Agarose gel electrophoresis (1% agarose, 1xTAEMg) stained with EtBr showing 

that protein-complexed samples are charge neutral and do not enter the gel whereas control 

samples without protein addition migrate into the gel. 

The following are the AFM images used to determine hybridization yields of AuNSs 

on TR origami with or without protein protection. 
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Figure 65. Dry AFM images of A) Control samples of AuNSs on the corners of Tall 

Rectangle origami, with no protein addition, and B) the same samples complexed with 0.188 

C8-B
Sso7d

 protein/bp. 

The following contains a control sample of Tall Rectangle with AuNSs on the 

corners, incubated on mica in the presence of 1xTAEMg instead of in DI H2O, briefly rinsed 

with DI H2O (4 second dip), and then dried with N2 and imaged via AFM to show that 
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clumping still exists for the control sample, and that the clumping is not due to the pre-

incubation dilution of TAEMg buffer. 

 

Figure 66. Dry AFM of Tall Rectangle and AuNSs incubated on mica in 1xTAEMg.  

Calculation for protein/bp 

To determine what volumes are necessary to bring a solution to a particular protein/bp 

concentration, the following calculation was used: 

VOrig COrig NA, Orig B (NA, 7d)
-1

 C7d = V7d 

where 

VOrig = Volume of origami (L) 

COrig = Concentration of origami (moles/L) 

V7d = Volume of C8-B
Sso7d

 protein (L) 

C7d = Volume of C8-B
Sso7d

 protein (moles/L) 

B = base pairs present in one origami (bp/molecule) 
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R = desired ratio of C8-B
Sso7d

 protein molecules per base pair of DNA (molecules/bp) 

NA = Avogadro‘s constant (molecules/mole) 

An example calculation follows: 

For a stock of DNA tetrahedra at 5 nM, and a stock of C8-B
Sso7d

 at 1 g/L, and a desired 

protein/bp ratio of 0.188, 

the concentration of C8-B
Sso7d

 can be found: the molecular weight of C8-B
Sso7d

 is 80210 Da, 

therefore a 1 g/L solution of C8-B
Sso7d

, for example, is (1 g / L)(1 mol / 80210 g) = 12467 nM 

and the volumes of DNA and protein can be found: 

(5 uL tetrahedra)(5 nmoles / L tetrahedra)(NA molecules tetrahedra / 1 mole tetrahedra)(4488 

DNA bp / 1 tetrahedron)(0.188 molecules C8-B
Sso7d

 / bp DNA)(1 mole C8-B
Sso7d

 / NA 

molecules C8-B
Sso7d

)(L C8-B
Sso7d

 / 12467 nmoles C8-B
Sso7d

) 

= 1.69 uL 1 g/L C8-B
Sso7d

 added to 5 uL 5 nM tetrahedra. 
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Appendix C: One-pot Anneals of Tall Rectangle DNA Origami and Gold Nanoparticles, 

Initial Results 

This appendix describes an experiment in which one-pot anneals of DNA origami 

involve annealing origami in the presence of AuNSs. This method can be more time efficient 

compared to traditional methods of creating DNA structures and later attaching AuNPs. 

The standard method for attaching AuNSs to DNA origami involves annealing the 

origami, filtering it to remove excess ssDNA, adding the AuNSs, and incubating for 1-2 

days. The one-pot method involves annealing the origami in the presence of AuNPs, which 

reduces the number of processing steps. 

In this experiment, two 100 uL batches of 10 nM m13 Tall Rectangle origami were 

mixed such that 10x capture strands were included on one corner of the rectangle. One of the 

batches was used as a control, in which the anneal would take place, following by 

purification and AuNS addition. The other batch included AuNSs in 7x excess the amount of 

binding sites on the origami to bias the system towards having one particle per origami, and 

few cases of origami sharing a AuNS. Both samples were annealed from 80°C to 20°C over 2 

hours. After annealing, AuNSs were added in 7x excess the number of binding sites to the 

control sample. The two batches were allowed to incubate at room temperature for 48 hours. 

The samples were then purified by agarose gel electrophoresis (1% agarose, 1xTAEMg) and 

the product was collected by cutting out the band containing both origami and nanoparticles 

for each sample and performing Freeze ‗N Squeeze centrifuge filtration. Images of the gel 

are shown in Figure 67. It is clear that product of AuNSs bound to origami exist for both 

control and one-pot samples, however, the decreased brightness of the product band and the 
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increase in brightness for the excess AuNS band for the one-pot samples reveals that the one-

pot method has a lower yield of product and more side-products produced. 

 

Figure 67. White light illuminated gel image of standard method samples vs. one-pot 

samples. The bands marked ―Origami-AuNPs‖ were cut out and recovered via Freeze ‗N 

Squeeze centrifuge filtration. 

The purified samples were then imaged via wet AFM, example images of which are 

shown in Figure 68. Statistical analysis of the AFM images revealed the success rate of 

AuNS bound to origami to be ~100% for both control and one-pot samples. 
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Figure 68. Example fluid AFM images of the standard control method vs. the one-pot 

method after gel purification and Freeze ‗N Squeeze recovery. Both show ~100% yield of 

AuNS to Tall Rectangle binding site. 

While the end yield is ~100% the lighter band in the gel purification image indicates 

that more of the material is not the desired product. However, industry could utilize recycling 

of the undesired product, use other ways of purifying the product, or utilize compatibilizing 

agents to reduce the amounts of side-products created. Despite much of the product being 

lost, the one-pot process is a time saving solution and reduces the number of necessary 

processing steps, which is relevant for industrial applications. Optimization of the methods 

used such as length of annealing or purification method may also increase the yield of 

desired product.  

The one pot method is shown to be equally as effective as the traditional method after 

purification. With the one pot method, much time can be saved in the manufacturing process 
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which is important for large scale and industrial purposes such as creating device 

components such as transistors, wires, or in the creation of neuromimetic networks. 

Furthermore the AuNSs can be biased towards sharing a AuNS between two or more origami 

similar to the methods used in Ref.
86

. With the one-pot method, these results are likely 

possible to achieve. With multiple origami attached to single particles, small or large 

networks can be created and used for engineering purposes, for example, in creating arrays of 

transistors. 
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Appendix D: Silica overcoating 12 nm x 50 nm AuNRs 

Surface area of published
307

, second-growth AuNRs is approximately: 

2πrh+2πr
2
 = 2π(10 nm)(80 nm)+2π(10 nm)

2
 = 5654.9 nm

2
 

Surface area of smaller, first-growth AuNRs is approximately: 

2π(6 nm)(50 nm)+2π(6 nm)
2
 = 2111.15 nm

2
 

Therefore, smaller AuNRs are 0.37x the surface area of the larger AuNRs. 

 

Silica-coating small, first-growth AuNRs was achieved using a modification of the 

procedure in Ref.
339

 with the help of Dr. Wei-Chen Wu and Brian Chapman in Prof. Joseph 

Tracy‘s lab, as follows: 

For small AuNRs (12 nm x 50 nm), 5 mL 20x concentrated AuNRs were cleaned of 

excess CTAB, and added to 5 mL DI H2O, yielding a final volume of 10 mL of 10x 

concentrated AuNRs (11 nM). This mixture was placed in a 30°C water bath. NaOH was 

added dropwise to bring the solution to pH 10-11. 

From the glove box, a 20% (by volume) TEOS mixture was made in MeOH. For this, 

100 uL TEOS and 400 uL of MeOH were mixed (as opposed to the 200 uL TEOS and 400 

uL MeOH used for large AuNR silication) and put into a 2.5 mL syringe. The syringe was 

installed into a syringe pump and 125 uL were injected to the AuNR solution at 25 uL per 

minute (as opposed to the 250 uL injected at 50 uL per minute used for large AuNR 

silication), while the solution was stirred at 150 rpm. The stir speed was then changed from 

150 rpm to 70 rpm and the solution was stirred for 30 minutes. 
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To halt the reaction, 40 uL PEG-silane were added dropwise to the solution over a 

period of a few seconds, and the solution was stirred for 30 minutes. 

Afterwards, the spinning was ceased and the solution was allowed to incubate at 30°C 

for 22 hours. 

To ensure that the silication was successful, the solution was centrifuged at 10,000 rcf 

for 20-30 minutes. The supernatant was removed and replaced with MeOH. This 

centrifugation was repeated for a total of 5 times. If solution does not aggregate, it has been 

successfully coated in SiO2/PEG. 

The silica-coated AuNRs were then imaged via TEM, the results of which are shown 

in Chapter 5 Figure 57. 


