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Referat 

 

 
Under de tre senaste decennierna har DNA använts som byggnadsmaterial för 

programmerbar self-assembly av olika Supra-molekylärarkitektur. Sedan 2006 erbjuder 

DNA-origami-metoden en bottem-up väg till att tillverka föremål på nanometernivå  med 

molekylvikter i storleksordning av megadalton. 

 

Små polyedriska behållare av DNA skulle kunna användas för att transportera läkemedel 

eller diagnostiska kemikalier till celler. För att få ett högt utbyte syftar projektet till att 

utveckla en ny designparadigm som använder DNA origami. Designprocessen involverar 

beräkningar av en optimal väg för en DNA-sträng genom strukturen. Med hjälp av  Python 

skript i Maya (3D program) är det möjligt att beräkna den bästa topologin för polyedriska 

DNA nanostrukturer. 

   

Den viktigaste delen av detta projekt är den komplexa programmering av scaffold routing. 

Det är oftast ett en datorbaserad projekt där man behöver skriva ett python program som 

beräknar en optimal bana för en DNA-sträng sig genom en 3D-design. Konstruktionen 

består av två versioner av de polyedriska behållare som  har formen av en  uppdelad 

ikosaeder. Det sista steget i projektet är experimentell fas, där self-assembling av dessa två 

strukturer, som bygger på principerna om scaffolded DNA-origami metod  har genomförts. 

 

 

N A N O T E C H N O L O G Y          S c h o o l  o f  I n f o r m a t i o n  a n d  C o m m u n i c a t i o n  T e c h n o l o g y ,  K T H  
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DNA Nanostructures 
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Abstract 

 

For the past three decades DNA has been exploited as building material for 

programmable self-assembly of diverse supramolecular architectures. Since 2006, 

DNA origami method offers a bottom-up route to fabricate nanometer-scale objects 

with molecular weights in megadalton regime. 

 

 Small polyhedral containers of DNA could potentially be used to transport drugs or 

diagnostic chemicals to cells. In order to fold these objects to a high yield this project 

aims to develop a new design paradigm that uses DNA origami. The design process 

involves the calculations of an optimal path for a DNA-strand to take through the 

structure. Using Python scripting in Maya (3D software) it is possible to calculate the 

best topology for polyhedral DNA nanostructures. 

 The important part of this project is the complex programming of scaffold routing. It 

is mostly a computer based project where it is required to write a python program 

that calculates an optimal path for a DNA strand to take through a 3D design. The 

design consists of two versions of the polyhedral containers which possess the shape 

of subdivided icosahedral .The final stage of the project is experimental phase, where 

self-assembling of these two structures, based on the principles of scaffolded DNA 

origami method was carried out. 
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1. Introduction 

1.1 DNA Nanotechnology 

The deoxyribonucleic acid (DNA) Nanotechnology explores the use of 

DNA as a smart material for Nanoscale construction. It is not used as genetic carrier. 

DNA has consistently been proven as an ideal material for building nanoscale 

objects. The greatest advantage of using DNA for construction of nanoscale objects 

derives strongly from its double helix model and high predilection for adopting 

Watson-Crick pairing. Structural DNA nanotechnology(Seeman, 2010) deals with 

self-assembly of DNA strands as a bottom-up approach for construction of devices 

on 10-100nm scale. On a comparison note, top-down method for nanoconstruction of 

semiconductor devices requires ultra-high vacuum, ultra-clean conditions or 

cryogenic temperatures. But the case of self-assembly of matter is an inexpensive, 

parallel method for the synthesis of nanostructures which does not require expensive 

instruments(Seeman, 2003).  

DNA Nanotechnology has been attractive so far for its broad range of 

applications(Seeman, 2003): a smart material for nanoconstruction, DNA cage for 

delivery and DNA computing. So far the design of 3D nanostructures has been a 

tough and tedious task.  

1.2 Idea and Motivation          

Design of 3D nanostructures has been a complex task due to the lack of 

power to visualise the nanostructures as they are being designed. In this project, the 

design process involves the calculation of an optimal path for a DNA-strand 

(scaffold) to take through the complex structure. Using Python scripting in Maya (3D 

software) it is possible to calculate the best topology for polyhedral DNA 

nanostructures. 
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1.4 Major objectives  

The objective of this work is to implement the power to visualise the 3D 

nanostructures using Autodesk Maya and exercise the integration of programming 

with Python in Auto Maya to design subdivided icosahedron DNA nanostructures. 

1.5 Thesis Structure (outline)  

 The thesis work is divided into five categories (Fig1); the important part 

of the project is preparation of basic skills to undertake the project. This includes 

learning DNA as a structural material along with Python programming of DNA to 

direct self-assembly. It is mostly a computer based project where it is required to 

write a python program that calculates an optimal path for a DNA strand to take 

through a 3D design. 

The next stage of the project is a literature study on DNA origami, which 

explains the self-assembly of nanostructures. The 3D nanostructures folded are then 

imaged with negative stain transmission electron microscope (TEM) and cryogenic 

electron microscope to investigate for their potential applications as drug container. 

The entire project was done at Högberg Lab, Swedish Medical Nanoscience Center, 

under the supervision of Björn Högberg. All the facilities used were provided by the 

Högberg Lab, Swedish Medical Nanoscience Center. 

This project work is documented in nine chapters, chapter 1 explains 

DNA as smart constructing material and the process involved in implementing the 

project. Chapter 2 deals with the literature survey on DNA origami and tools 

required to design complex 3D structures. Chapter 3 is about the creating the 

environment to program using Python in Maya Autodesk. This chapter deals with 

designing of two versions of subdivided icosahedron DNA nanostructures. Then, 

chapter 4 is about the experimental work on self-assemble reactions. Chapter 5 

explains the characterisation of folded structures and the potential applications and 

including other possible studies required for understanding the structures. The 

chapter 6 is about the conclusion and summary of the project. 
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2: Literature Review 

2.1 Structural DNA Nanotechnology 

 Bimolecular self-assembly is an attractive art for the exploration of 

molecular algorithms to perform and control nanofabrication tasks. The language to 

describe such complicated process is to learn from concepts of programming 

languages of computer science. The use of DNA as programmable material is for its 

Watson-Crick complementarity, where adenine (A) pairs with thymine (T) and 

guanine (G) pairs with cytosine(C).The dimensions of DNA are at nanoscale 

(figure2). Its diameter is 2nm and the helical pitch is 3.5nm.Structural DNA 

nanotechnology depends on hybridization, stably branched DNA and convenient 

synthesis of designed sequences1.The hybridization of nucleic acid molecules is the 

use of sticky ended cohesion as shown in fig 3.This was explored first by Nadrain 

C.Seeman (1982) to produce periodic matter(Seeman, 1982). The sticky ended 

cohesion process involves hydrogen bonding between two double helical molecules. 

 

 Figure 2: Watson-Crick Complementary, Dimensions of B-form DNA 

 

 

Figure 3: Sticky-end cohesion 

Reproduced from Seeman N.C, Annual Review of Biochemistry, 2010 
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 In order to design complex structures, Winfree and Rothemund (2004) 

proposed programmable self-assembly building blocks to design DNA Sierpinski 

Triangles, also called as algorithmic self-assembly(Rothemund, Papadakis, & 

Winfree, 2004). The fabrication of complex aperiodic DNA nanostructures led to 

numerous error in algorithmic or directed self-assembly and even the yield of 

complete of the structures were highly sensitive to stoichiometry. 

2.2 DNA Origami 

 In 2006, Paul W. K. Rothemund coined the term “Scaffolded DNA 

Origmai”(Rothemund, 2006).Origami is the traditional Japanese art of paper folding. 

DNA origami is the principle of unique addressing type of self-assembly, which 

means every base is programmed to have a unique position in forming the DNA 

nanostructures3. 

 Scaffolded DNA origami entails the arrangement of hundreds of 

nucleotides with sub-nanometer precision by folding of the single strand-scaffold 

DNA molecule with series of smaller staple strands or helper strands. The long 

scaffold strand of DNA, from a virus (ssDNA) (or from dsDNA(Högberg, Liedl, & 

Shih, 2009)) folds by hybridizing with large number of small staple strands.   

 

Figure 4(Högberg, n.d.): DNA origami method by Rothemund, the blue circular DNA strand, the 
scaffold from a virus is folded by the help of small (black) staple strands.(a) If a short strand A B(black 
strands), is designed to hybridize to scaffold(blue strand) at two locations, half of it at cA and the 
other half at cB, then this short strand will ”staple” the long strand like in (b). By designing a large 
number of such small strands and mixing them with the long strand (c) the staple strands will force 
the long strand to fold up into the desired structure (d). Because each staple-strand has its assigned 
position in the structure (A1-F7 in ©), the staples can be used as addresses to produce patterns like the 
letter ”A” in (f) with a resolution of 5.4×6 nm. 

Reproduced from. Högberg B., Phd. (2007)  
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2.3 DNA origami Design Concept 

 The designing of DNA origami object is like a developing a blueprint for 

a building, while constructing the building the location of each brick needs to be 

specified. In scaffold DNA origami, the bricks are equivalent to double helical DNA 

domains which are formed the hybridization of long scaffold strand with single-

stranded staple oligonucleotides.   

 

Figure 5(Castro et al., 2011): The scaffold DNA origami design concept: (a) Schematic representation 

of DNA double helices. (b) Two double helices are connected by interhelix crossovers. (c) Scaffold 

strand routing to form three different DNA origami objects.(d) For the same three DNA 

nanostructures, staples are highlighted with different colours to form the structures. (e) Cylindrical 

representation of the three DNA nanostructures. 

 The design concept is illustrated in Figure 2.The double helix structure of 

DNA is represented as double helix domains (cylindrical representation) for 

designing purpose. (Fig5a) Double helix domains are connected to adjacent double 

helix domains by multiple interhelix connections consisting of immobilized Holliday 

junctions2. As shown in Fig 5b, the interhelix connections are typically formed by 

antiparallel cross-overs of either the staple or scaffold strand. But, the crossover 

density effect has to be take care, which is double helical domains tend to bow out 

between cross-overs due to electrostatic repulsion and detailed geometry of cross-

overs(Ke et al., 2009). 

Reproduced from Castro C.E, et al, Nature, 2011 
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2.4 Work Flow for Building DNA origami objects:  

 A step by step guide for building DNA origami objects is shown in 

figure 6.The process involved to accomplish the desired DNA nanostructure is 

explained here. 

Step 1: Conceive target shape. The work starts here with conceiving a target shape 

with specific functional requirements. Based on the application it is important to 

decide on a single layer or multilayer structure. In the figure 6a, 18-helix bundle is 

considered as the target shape with honeycomb lattice, which is multilayer packing. 

Step 2: Design Layout, evaluate design and determine staple sequences. The 

designing of the internal layout of the DNA origami object can be accomplished with 

many computational tools (fig 6b). Based on cross-over spacing rules, the staple 

sequence can be determined. Certain applications require site directed attachment of 

nanoparticles, proteins or fluorescent dyes. Such attachments need to be considered 

in this scaffold-staple layout.    

 

Figure 6: Step by Step guide of molecular self-assembly with scaffolded DNA origami 

 

 

* Castro C.E, et al, Nature, 2011 
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Step 3: Prepare scaffold DNA and Synthesize staples. The quality of folding DNA 

origami objects might depend on the scaffold sequence and the particular cyclic 

permutation, which means the repeating units of the targeted shape. The single 

stranded M13mp18 bacteriophage genome is used as long scaffold strand which acts 

the template for scaffolded DNA origami. This template can be purchased from 

vendors like New England Biolabs or Bayou Biolabs. The scaffold strand can also be 

prepared by enzymatic digestion of on strand in double-stranded plasmid DNA. The 

staple molecules sequences which are generated while designing the DNA origami 

object are then given to the vendors to synthesis these oligonucleotides.  

Step 4: Pool subsets of concentration-normalized oligonucleotides. The step is 

important in deciding the right concentration ratio of scaffold strand to staple 

molecules. For optimal results this ratio is usually set at or above must be 1:5. 

 Step 5: Run molecular self-assembly reactions. One theory is that the scaffold-

staple layout requires a structural solution for the correct mixture of scaffold DNA 

and staple molecules that minimizes energy through Waston-Crick base-pairing. The 

targeted shape corresponds to a global energy minimum of the system depends on 

the solvent conditions and design conditions. This theory needs further investigation. 

The goal of the self-assembly reaction is to reach a minimum energy state at 

conditions where the targeted structure is folded. The conditions here are salt 

concentration and correct cyclic temperatures.  

Step 6: Analyze folding quality and purify object. The quality of folding of DNA 

origami objects and also their purification can be accomplished by agarose gel 

electrophoresis. The gels must contain magnesium while running it. The assembly 

reactions can be optimized by searching for the best conditions which yield the fast 

migrating species. The best results can then purified from the gel slabs by excising 

the desired bands. This can be done by DNA electroelution(Bellot, McClintock, Lin, 

& Shih, 2011) method to recover the origami objects from the standard horizontal 

agarose-gel electrophoresis apparatus. For this project DNA electroelution method 

was not implemented. 

Step 7: Single-particle based structural analysis. The single molecule microscope 

techniques play important role for the investigation of advanced DNA origami 

objects. These objects can be imaged with negative-stain or cryogenic TEM and also 

with cryo-Electron Microscope. Recent studies(Alloyeau et al., 2011) showed that, it 

is possible for direct imaging along with chemical analysis of unstained DNA 

origami with a transmission electron microscope.   
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3: Design of Polyhedral DNA Nanostructures   

 The tools necessary for designing the DNA origami objects are a 

visualisation tool and programming language. The visualisation tool enables the 

power to visualise; this is helpful in designing 3D DNA nanostructures. The 

programming language must be embedded along with the visualisation tool. In this 

project Maya Autodesk is used as visualisation tool along with Python enabled in it. 

3.1 Computer-aided Engineering for DNA origami   

3.1.1 Why Maya Autodesk? 

 Maya (Sanskrit माय, māya ) is derived from Sanskrit roots ma(“not”) and 

ya means “that”. The word Maya means “illusion” that fact of not experiencing the 

environment itself but rather a projection of an object created by us. The software 

tool Maya Autodesk is about 3D animation, modeling, simulation, visual effects and 

rendering. The best part of this tool is use of Python for scripting which enables 

integration of scripting in Maya environment. 

  3.1.2 Why Python?    

 Of all the other programming languages, Python stands out as favorite 

because it is simple and easy for beginners. It is just “higher level of success and a 

lower level of frustration” while scripting with Python. Apart from being a powerful 

and object-oriented scripting language, the integration with Maya empowers 

production facilities for designing 3D DNA origami nanostructures. In Appendix A 

the script for designing DNA nanotube is described. 

 PyMEL is combination of Python scripting and Maya Embedded 

Lanugage (MEL).MEL is a scripting language at the heart of Maya, the user interface 

is created using MEL. So now PyMEL uses python scripting with Maya work by 

creating open source python module for Maya users. In simple words, PyMEL is the 

pythonic way of scripting in Maya. PyMEL is developed in-house at Luma Pictures. 

 In this project, Maya Autodesk is used as designing environment of 

polyhedral DNA nanostructures with PyMEL script to exercise the step 2 as 

described in the workflow for building DNA origami objects. The primary goal for 

the script is to generate the sequences of the staple molecules.    
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3.2 Design of Sub-divided Icosahedron DNA Nanostructure 

3.2.1 Why polyhedral DNA nanostructures? 

The construction of well-defined 3D architectures at nanoscale is a great 

challenge. Nanofabrication of such structures through self-assembly has resulted in 

formation of DNA polyhedral nanostructures such as cubes, octahedral, 

dodecahedra and buckminsterfullerne(Bhatia et al., 2009).Such structures have the 

function of nano-capsules, thereby enabling target delivery of drug. DNA polyhedral 

nanostructures are complex in terms of routing the scaffolded strand in designing 

them. But these structures have maximum encapsulation volumes. Even in nature, 

triangulated icosahedra are minimum free energy structures and hence are 

energetically natural and favorable. Therefore platonic solids are the most promising 

in this regard. The figure 7a below, icosahedron is one of the five platonic solids. It is 

a regular polyhedron and represented by Schläfli symbol {3,5}, 5 triangular(3 edges) 

faces meeting at each vertex. 

 This project deals with designing of subdivided icosahedron DNA 

nanostructure (figure 7b).The Schläfli representation of such structure is {3,5} for 12 

vertices and {3,6} for 30 vertices. It is not a regular polygon. The table 1 highlights the 

geometrical differences between them. 

 

Figure 7: (a) Icosahedron and (b) subdivided icosahedron  

 

 

 

a 

 

b 

 

{3,5}  
12 vertices 

 

{3,6} 
30 vertices 

{3,5}  
Each vertex 
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Sl Geometrical Representation Icosahedron Subdivided Icosahedron 

1 Schläfli Symbol {3,5} 30 vertices  {3,5} and 12 vertices {3,6} 

2 Number of Faces 20 40 

3 Number of edges 30 120 

4 Number of vertices 12 42 

5 Face Vertices 60 240 

6 Symmetry  Regular Polyhedron Not regular polyhedron 

Table 1: Geometrical Difference between Icosahedron and Subdivided Icosahedron 

3.2.2 Design sub-divided icosahedron DNA nanostructure 

 The modular assembly strategy to access the complex subdivided 

icosahedron nanostructure requires complex routing of long scaffold strand along 

the edges with conditions; each edge consists of one or two double helix DNA 

domains (figure 8a).  

 

The conditions are  

1. The long scaffold strand can’t cross over any vertex. (figure 8b) 

2. The long scaffold strand routing must take a circular path.  

3. To form the vertex, the staple strands are responsible.(figure 8a) 

4. The length of each edge is 20 nm, approximately 63 bases per edge. 

The conditions are somewhat like finding the best path (Travelling Salesman 

Problem(D. L. Applegate, Applegate, Bixby, Chvátal, & Cook, 2006)) for the long 

scaffold strand to form the subdivided icosahedron nanostructure. This was solved 

partially by scripting in Python. After tedious trails of nearly millions of paths the 

best path determined had 8 edges missing.  
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Figure 8:(a) Edges can be one double helix DNA domain(green arrow) or two double helix DNA 

domains(orange arrow). The scaffold strand is shown as black line and staple strands are shown in 

blue line. (b) Scaffold strand routing (blue) without crossing over any vertex. (c) The best path for the 

scaffold strand that had 8 edges missing. (Missing edges are shown as different color lines, they are 

highlighted from both (top and bottom images (orange, yellow, purple, green and brown)). 

3.2.2.1 Repair Tricks for Missing Edges 

Some tricks were implemented to over this problem by hybridization of staples 

i.e staple strand –staple strand interactions as shown in figure 9a. In other case of two 

missing two neighboring edges, the third edge of the same face had two double helix 

DNA domains to form the edge as shown in figure 9b. 

Figure 9: Two cases (a) The missing edge (red) is formed by staple-staple hybridization (blue lines) .(b) 

Two missing neighboring edges is redesigned by splitting the third edge of the same face into two 

double helix DNA Domains  

Missing Edges 

3rd Edge of the 

same face 
(a) (b) 

                       Scaffold strand 

                       Staple strand 

           

  

Scaffold Strand Routing 

a 

 

b c 
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3.2.2.2 Vertex Formation  

The next part of the design is to manipulate the staple strands to form 

vertices when they hybridize with scaffold strand. To simplify the complexity, the 

figure 8 explains the formation of vertices. From the figure (8d), staple strands 

(colored strands Fig 8d) hybridize with scaffold strand (gray) to form the vertex. The 

technique was exercised for the formation of other vertices. 

 

Figure 10: Vertex Formation: (a) The cylindrical representation of double helix DNA domain. The 

direction of the cylinder is represented by the arrow, (5´ prime to 3´ prime) Gray strand is the scaffold 

strand and color (red) strand is staple strand. (b) The subdivided Icosahedron DNA nanostructure. (c) 

To form this vertex. (d) The colored staple strands are designed to hybridize with scaffold to form the 

vertex.  

In the design, there were two versions of the subdivided icosahedron 

DNA nanostructure constructed (fig 8a). The first version (v1) called as tight version, 

where the no loops ever included at the vertices. The M13 single stranded scaffold 

DNA consisting of 7429 base pairs is held together by 249 short single stranded DNA 

oligos to form the subdivided icosahedron (v1).The estimated edge is 20.8 nm in 

dimension. The estimated diameter of the subdivided icosahedron should be 72 nm. 

The second version (v2) called as floppy version, as the vertices had one 

nucleotide loop for each strand at the vertices.  These are unpaired bases in order 

to eliminate any under twists or over twists at the vertices(Dietz, Douglas, & Shih, 

2009). The single stranded scaffold DNA consisting of 7704 base pairs is held 

together by 249 short single stranded DNA oligos to form the subdivided 

icosahedron (v2). The estimated length of each edge is approximately 21nm in 

dimension and with 72 nm diameter of the subdivided icosahedron.   

 

 

 

b 

d 
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4: Experiment 

 This chapter deals with folding of DNA origami objects after the blue 

print of desired nanostructure is designed in vHelix18 plugin for Maya Autodesk. The 

following procedures are step 3 to step 5 as described in work flow for building DNA 

origami object. (2.4) All the staple strands for the folding reactions were purchased 

and commercially synthesised from Bioneer (www.bioneer.com) that were 

normalised to 200 nM. The preparation of single stranded scaffolds namely M13 

p7249 and p7704 were prepared from stock samples by following large scale 

amplification in E.coli bacteria. 

 The table 2 explains the materials used for self-assemble reactions. The 

experiments were conducted at two different concentration of MgCl2.The DNA 

nanostructures were assembled by Single Step Synthesis process. All the staples and 

scaffold with respective to their designs were mixed together at 1:5 ratio in Tris 

(EDTA) buffer and two different concentration MgCl2 .The DNA nanostructures 

were formed by annealing the oligo mixtures from 90◦C to 4◦C  over 14 hours. This 

was programmed when the samples were introduced into MJ Researched DNA 

Engine.  The folding reactions mainly depend on two key determinants, duration of 

the thermal ramp and divalent-cation concentration (Mg+2)(Douglas et al., 2009). 

  

Table 2: Folding Reactions 

Component v.1* 10mM 

MgCl2(uL) 

v.1 15 mM 

MgCl2(uL) 

v.2* 10 mM  

MgCl2(µL) 

v.2 15 mM 

MgCl2(µL) 

p7249(M13mp18)ssDNA 

(104nM) 

1.9 1.9   

v.1 staple strands 200nM 5 5   

p7704 ssDNA (200nM)   16 16 

v.2 staple strands 200nM   5 5 

100mM Tris 20mM 

EDTA 

2 2 2 2 

1M MgCl2 4 6 4 4 

di H2O 27.1 25.1 13 11 

http://www.bioneer.com/
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5: Results and Discussion 

5.1 Folding Quality by Electrophoresis  

The quality of the folded DNA nanostructures was checked from the 

electrophoresis. A 2% agarose gel was made by mixing 2.4 g UltraPureTM Agrose 

from Invitrogen and 120g of 0.5X TBE in a total volume of 120 ml. Additional 24mL 

di H2O was added before boiling. The solution was heated in the microwave oven 

until the agarose was dissolved. After the solution had cooled gently in ice water 

bath, 1mL of 1.2mM MgCl2 was added. After it was gently swirled 6µL Ethidium 

bromide was added to the solution. The solution was poured into the mold and cast 

using a comb. The gel was electrophoresed for 2 hours at 75V in 0.5X TBE on ice 

water. The electric field drives charged molecules through porous gel, separating 

them based on charge and size.  

 

Figure 11:  Electrophoretic Mobility Shift Assay. 

By visualisation of the gel using ethidium bromide, (fig9) the two 

different versions of the subdivided icosahedron DNA nanostructures showed 

distinct band (v.1 and v.2) suggests homogenous DNA structures were formed after 

annealing process. This result only suggests the difference between the folded DNA 

structures and a non-folded structure. 

5.2 Structural Analysis: Transmission Electron Microscope 
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 The Transmission electron microscopy (TEM) is a very important 

technique used for the characterization of the nanoscale particles. In this technique 

electrons are transmitted through an ultra-thin specimen, interacting with the 

specimen as it passes through it. The image is then formed from the interaction of the 

electrons transmitted through the specimen. Since DNA consists of atoms with small 

atomic numbers, enhancement of contrast is done by uranyl formate. FEI Morgani 

268 Transmission Electron Microscope at 100 kv was used in this project and the 

samples (1µL) were observed on glow discharged grids with pre-treatment of 2% 

uranyl formate (negative stain). 

   

 

Fig 12: DNA Nanostructures: (a) TEM images of subdivided icosahedron DNA nanostructures.(b) 

TEM images, randomly deposited on TEM grids. Due to the spherical symmetry, the orientation 

cannot be determined. Scale bar 100*100nm box. (c) Schematic representation of the Subdivided 

Icosahedron DNA nanostructure.      

 

Using ImageJ the average diameter of the folded DNA nanostructures 

was determined. The mean diameter of the DNA nanostructure is 56nm, (Figure 10) 

which is less than the estimated theoretical value. Therefore this diameter is not 

hydro diameter as the samples on the grid are in dry state. 

 

 

 

 

100 nm 
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5.3 Structural Analysis: Cryo-Electron Microscope 

 While TEM measurements may result in structural distortion of the 

DNA nanostructures, cryo-EM can preserve the structures because it allows the 

observation of specimens that are not stained. Cryo-EM is considered as clean 

analysis because it shows molecules in their native environment(Alloyeau et al., 

2011). The visualisation of the structures is under fully hydrated, cryogenic 

conditions at liquid nitrogen temperature(Birkedal et al., 2011)  . 5µL of the sample 

solution was blotted to create a thin film of solution on the electron microscope grid, 

then immediately vitrified by freeze-plunging into 75µL liquid ethane. Then the 

particles are frozen to avoid any ice crystal formation. The verification is necessary in 

order to rule out the possibilities of damaging the DNA nanostructures.  

                       

Fig 13: Cryo-EM images: Preassembled subdivided icosahedron DNA nanostructures were subjected 

to cryo-EM. (a) Raw cryo-EM image of the sample at 500 scale bar. (b) Raw cryo EM image of the 

sample at 200 scale bar. 

 As the nanostructures contain atoms of low atomic number, low dosage 

of electrons was used for imaging. The images obtained from Philips CM200FEG, 

under Low dosage bright filed at 200 kv suggests the strong evidence for the 

formation of the subdivided icosahedron DNA nanostructures (figure 11).The mean 

diameter is more than 56nm(obtained from TEM images) since the nanostructures 

are frozen in liquid nitrogen. 

a b 
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6. Conclusion 

 A lot of work has already been accomplished to create different 3D DNA 

nanostructures but the application of these tiny structures has to be investigated. In 

regarding to this project, further single molecule techniques like Atomic Force 

Microscope (AFM) is required to investigate the 3D structural insights these self-

assembled DNA nanostructures. 

In summary, the thesis work on design and construction of polyhedral 

DNA nanostructures was accomplished using scaffolded DNA-origami strategy. The 

designing tools were Python and Autodesk Maya. For complex routing of the 

scaffold strand, Autodesk Maya is a powerful tool for visualization of 3D DNA 

nanostructures. The potential application with these DNA nanostructures can be 

used as a drug carrier or to diagnostic chemicals to cells. These structures can be used 

as nanobreadboard5, where attachment of proteins or nanowires, carbon nanotubes 

or gold nanoparticles can be studied. The next challenge is to encapsulate cargos 

inside the DNA nanostructures. Recent studies have showed great potential of these 

structures for bio sensing, molecular image and drug delivery. The functionalised 

DNA nanostructures can be efficiently and noninvasively up taken by cells. Thus, 

these DNA nanostructures show unprecedented opportunities to design uniform and 

safe drug delivery(J. Li et al., 2011). 

6.1 Future Work 

 Some of the questions to be addressed for the folded DNA nanostrucures 

are, 

Q1.How can any drug be loaded into this cage like DNA nanostructure and release? 

Q2. Will any cell intake the loaded DNA nanostructures? 

Q3.Is it possible to design more triangulated DNA nanostructures using PyMEL in 

Maya with vHelix plug-in? 

Q4.Can we use these DNA nanostructures conduct electricity under suitable 

conditions? 

 Answers to all the above questions will clearly increase the advancement 

of DNA nanotechnology field. With this curiosity, structural DNA nanotechnology 

has a bright future in the years to come. 
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