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Abstract 
 

The technique of DNA origami utilizes the specific and limited bonding properties of DNA to fold single stranded DNA sequences of various lengths 

to form a predesigned structure. One longer sequence is used as a scaffold and numerous shorter sequences called staples, which are all 

complementary to the scaffold sequence, are used to fold the scaffold into intricate shapes. The most commonly used scaffold is derived by 

extracting the genome of the M13 phage and the staples are usually chemically synthesized oligonucleotides. Longer single stranded sequences 

are difficult to synthesize with high specificity, which limits the choices of scaffold sequences available. In this project two main methods of single 

stranded amplification, Rolling Circle Amplification (RCA) and the usage of helper phages, were explored with the goal to produce both a 378 nt  

scaffold and staple sequences needed for folding a DNA origami structure. To facilitate imaging by Transmission Electron Microscopy (TEM) of this 

small structure, the DNA origami structure was created to form a polymer structure. Production of the scaffold sequence in high yield was 

unsuccessful and no well-defined polymers were found in the folded samples, though a few results showed promise for further studies and 

optimizations. Due to time constraints of this project, only production of the scaffold sequence was tested. Unfortunately the scaffold produced 

by the helper phages was of the complementary strand to that used to design the DNA origami structure, and could therefore not be used for 

folding. The correct strand was produced by the RCA where the yield was too low when using Phi29 DNA polymerase for proper folding to take 

place, though small scale RCA by Bst DNA polymerase on the other hand showed promising results. These results indicate that the scaffold 

production may not be far off but still more experience in producing intermediate size oligonucleotides may be necessary before succeeding in 

high yield production of this 378 nt long sequence. The promise given by this production is to enable high yield, high purity, low cost and also an 

easily scalable process set-up. This would be an important step in future DNA nanotechnology research when moving from small scale laboratory 

research to large scale applications such as targeted drug delivery systems. 
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ABSTRACT 
The technique of DNA origami utilizes the specific and limited bonding properties of DNA to fold single 

stranded DNA sequences of various lengths to form a predesigned structure. One longer sequence is used as a 

scaffold and numerous shorter sequences called staples, which are all complementary to the scaffold 

sequence, are used to fold the scaffold into intricate shapes. The most commonly used scaffold is derived by 

extracting the genome of the M13 phage and the staples are usually chemically synthesized oligonucleotides. 

Longer single stranded sequences are difficult to synthesize with high specificity, which limits the choices of 

scaffold sequences available. In this project two main methods of single stranded amplification, Rolling Circle 

Amplification (RCA) and the usage of helper phages, were explored with the goal to produce both a 378 nt  

scaffold and staple sequences needed for folding a DNA origami structure. To facilitate imaging by Transmission 

Electron Microscopy (TEM) of this small structure, the DNA origami structure was created to form a polymer 

structure. Production of the scaffold sequence in high yield was unsuccessful and no well-defined polymers 

were found in the folded samples, though a few results showed promise for further studies and optimizations. 

Due to time constraints of this project, only production of the scaffold sequence was tested. Unfortunately the 

scaffold produced by the helper phages was of the complementary strand to that used to design the DNA 

origami structure, and could therefore not be used for folding. The correct strand was produced by the RCA 

where the yield was too low when using Phi29 DNA polymerase for proper folding to take place, though small 

scale RCA by Bst DNA polymerase on the other hand showed promising results. These results indicate that the 

scaffold production may not be far off but still more experience in producing intermediate size oligonucleotides 

may be necessary before succeeding in high yield production of this 378 nt long sequence. The promise given 

by this production is to enable high yield, high purity, low cost and also an easily scalable process set-up. This 

would be an important step in future DNA nanotechnology research when moving from small scale laboratory 

research to large scale applications such as targeted drug delivery systems. 
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SAMMANFATTNING 
I DNA origami utnyttjas DNA för dess specifika och begränsade bindningsmöjligheter genom att vika 

enkelsträngade DNA sekvenser av varierad längd till fördesignade strukturer. En längre sekvens används som så 

kallad byggnadsställning och ett flertal kortare sekvenser kallade klamrar, vilka alla är komplementärer till 

byggnadsställningens sekvens, används för att vika komplicerade strukturer. Den vanligaste 

byggnadsställningen som används är genomet från bakteriofagen M13 och klamrarna är vanligtvis 

syntetiserade oligonukleotider. Långa enkelsträngade sekvenser är svåra att syntetisera med hög specificitet, 

detta begränsar utbudet av byggnadsställning. I detta projekt testades två övergripande metoder för 

amplifikation av enkelsträngat DNA, dessa var användandet av rullande cyklisk amplifikation (RCA) och 

hjälparfager. Målet var att producera både en 378 nt lång byggnadsställning och tillhörande klamrar för att vika 

en DNA origami struktur. För att underlätta visualisering med transmission elektron mikroskopi (TEM) av denna 

lilla struktur designades den till att skapa polymerer. Produktion av byggnadsställningen med högt utbyte 

uppnåddes inte och inga väldefinierade polymerer kunde hittas i de veckade proverna, dock visade några 

resultat hopp om fortsatta studier och optimeringar görs. Endast produktion av byggnadsställningen testades 

på gund av tidsbegränsningen för projektet. Olyckligtvis var byggnadsställningen tillverkad med hjälp av 

hjälparfager den komplementära sekvensen till den som användes vid designen av DNA origamistrukturen, och 

kunde därför inte användas för vikning. Den korrekta sekvensen producerades med RCA men utbytet var för 

lågt för att få ordentlig vikning när DNA polymeraset Phi29 användes, dock erhölls lovande resultat när Bst DNA 

polymeras istället användes i reaktioner med liten reaktionsvolym. Dessa resultat indikerar att production av 

byggnasställning kanske inte är långt borta men det kan behövas mer erfarenhet kring produktion av 

oligonukelotider av mellanliggande längder innan produktion av högt utbyte av den 378 nt långa sekvensen kan 

genomföras med framgång. Förhoppningen med dessa strategier är att möjliggöra produktion med högt 

utbyte, hög renhet, låg kostnad samt en process som är enkelt uppskalningsbar. Detta skulle vara ett viktigt 

steg i framtida forskning inom DNA nanoteknik när arbetet går från småskalig laboratorieforskning till 

storskaliga tillämpningar såsom system för riktad läkemedelstransport. 
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A Adenine 
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EDTA Ethylenediaminetetraacetic acid 

EM Electron microscopy 

g Gram or Gravitational acceleration 

G Guanine 

HC  Honeycomb 

kb Kilo base pairs 

LB Luria broth 

M Molar 

nt Nucleotide 

NZY Casein hydrolysate, Yeast 

OD Optical density 

PCR Polymerase chain reaction 

PEG Polyethylene glycol 

pfu Plaque forming units 

PPB Phage prep buffer 

RCA Rolling circle amplification 

rpm Revolutions per minute 

RT Room temperature 

SDS Sodium dodecyl sulfate 

SEM Scanning electron microscopy 

SQ  Square 

T Thymine 

TBE Tris, Borate, EDTA 

TEM Transmission electron microscopy 

UV Ultra violet 

YT Yeast, Tryptone  



 
13 

 

1 INTRODUCTION 

1.1 BACKGROUND 

The field of DNA origami research is young and originated in 2006 [1]. It uses DNA to fold structures in the 

same manner as paper is used in the Japanese art of origami to fold different shapes, this is how DNA origami 

got its name [2]. It utilizes the well-defined and specific properties of DNA to construct nanoscale structures. 

Due to the predictable binding in base pairing [3] DNA can theoretically be programmed into any desired 

structure [4]. When folding a DNA origami structure one long single stranded DNA sequence is used as a 

scaffold and shorter single stranded oligonucleotides are used as staples to get the desired shape [1]. 

Since DNA origami is a relatively new science there are no commercial applications on the market yet. Though 

the research and usage of synthetic biology and genes are expanding, the needs for oligonucleotides which are 

cheaper and with low error rate are growing [5]. The goal is to be able to produce DNA sequences of any 

sequence or size. Today the most frequently used scaffold strand is purified genome from the M13mp18 phage 

and the staples are chemically synthesized [2]. The disadvantage of using this scaffold is that the length of the 

scaffold cannot be chosen in respect to the designed structure, it creates an upper size limit to structures. In 

the cases where the scaffold sequence is too long for the designed structure the excess bases are commonly 

placed in a loop at one edge of the structure [1]. It might also be preferable to control the exact sequence of 

the scaffold to enhance binding strength in crucial positions [6]. 

1.2 PURPOSE AND AIMS 

The main goal of this project was to produce the scaffold and the staples required for a designed structure by 

taking advantage of a strain of Escherichia coli. The cells internal machinery such as DNA proofreading, DNA 

replication and cell growth were utilized to produce copies of the sequences with a low error rate. The other 

component in the main goal was the fact that this method can be considered an all-in-one or one-pot reaction 

since all the building blocks of the design is present from start. This strategy of a more straight forward 

approach may help in the scale up process. To reach the main goal minor aims were specified: 

 To create a cell line with transformed cells containing the phagmid with the designed sequences. 

 To amplify the sequences by rolling circle amplification (RCA) in vitro. 

 To amplify the sequences by inoculation with helper phage in vivo. 

 To use the amplified sequence to fold three different polymer DNA origami structures, each with two 

variations on the lengths of the protruding staple strands. 

 

  

http://wizfolio.com/?citation=1&ver=3&ItemID=1550&UserID=8744&AccessCode=13FDC44207354AD18B3ECD301F4CDF9B&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1543&UserID=8744&AccessCode=33929CDE0BDD4850AEB1A2254200184F&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1541&UserID=8744&AccessCode=E539B0ADC9A44CAB9AB6D8EDBFB661B0&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1570&UserID=8744&AccessCode=74B7358D4B2642CB83E6BCB65290CC87&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1550&UserID=8744&AccessCode=13FDC44207354AD18B3ECD301F4CDF9B&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1544&UserID=8744&AccessCode=073D0E5C74D14C1DB973CED119A470A4&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1543&UserID=8744&AccessCode=33929CDE0BDD4850AEB1A2254200184F&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1550&UserID=8744&AccessCode=13FDC44207354AD18B3ECD301F4CDF9B&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1551&UserID=8744&AccessCode=1E92AB2807764ECDA17EB0414FCB3738&CitationSuffix=
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1.3 SCOPE 

The focus of this project was towards the functionality of the production of scaffold and staple sequences. The 

scaffold sequence as well as the DNA origami designs used for verifying the process were defined in the project 

specification. 

The project was divided into two sequential phases: 

1. Scaffold production 

This first phase is a simplified version of the complete process. Only the scaffold sequence was 

produced and synthetic staples ordered to fold the DNA origami structures. In this first phase the 

protocol for the production was set up which then was used in the second phase. This phase was 

considered complete when successful scaffold production was confirmed by proper folding of at least 

one of the designed DNA origami structure into well-defined polymers. If more than one set of staples 

form polymers, when folded with the scaffold, the staples generating the highest yield and the most 

well-structured polymers were chosen for the next phase of the project. 

2. Scaffold and staples production 

The second phase was the complete aim of the project which was to create the all-in-one production 

of the scaffold and staple sequences. The production was limited to just one set of staples determined 

by the first phase. 

The production pathways that were investigated are outlined below. 

Two different methods of amplification were used to produce the single stranded scaffold/scaffold-staples in 

both phases. The initial steps for both methods were identical. The pseudogene was constructed by using PCR 

and extended primers including the restriction sites for HindIII and Nb.BsrDI to elongate the scaffold/scaffold-

staples sequence. The pseudogene was inserted into the vector pDrive with ligation of blunt ends creating a 

phagemid containing genes for antibiotic resistance, the f1 origin for phage genome replication and the 

designed scaffold/scaffold-staples sequence. Ultracompetent XL10-Gold cells were transformed with the 

phagemid by heat shock and resulting colonies subsequently screened in respect to the pseudogene by HindIII 

digestion.  

One method was based on the principles of the RCA using the Phi29 or the Bst DNA polymerase. First the 

phagemid was extracted and then the pseudogene was cut out by HindIII digestion. The pseudogene was 

circularized by ligation of the blunt ends by the T4 ligase. To create a suitable template for the RCA reaction the 

phosphate backbone was cut (nicked) by Nb.BsrDI. The RCA was evaluated with respect to a few factors; large 

(complete phagemid) or small (circularized pseudogene) template, nicked or un-nicked, added primer or not 

and finally Phi29 or Bst DNA polymerase. The product from the RCA was a single stranded continuous repeat of 

the strand on which the primer or nicked sequence was located.  

The other method utilizes the ability of helper phages to replicate and incorporate genome produced from a 

phagemid by generating a single stranded circular copy and placing it into new phage particle. A culture of 

transformed XL10-Gold cells in the exponential growth phase was inoculated with the VCSM13 helper phage 

and after incubation at 37 °C the phage genome was extracted. 

The final step of both methods were digestion with BseGI to cut out the scaffold and staples from the single 

stranded products. 
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2 THEORY 

2.1 THE PROPERTIES OF DNA 

The deoxyribonucleic acid (DNA) molecule is most known for its capability to store information. Because of its 

predicable structure the use of the molecule has expanded into the nanoscience research [1]. This section 

focuses on the properties of DNA that are exploited in the DNA origami research. 

2.1.1 WATSON-CRICK BASE PAIRING 
The building blocks of DNA are four different nucleotides that form a polymer with a repeating sugar-

phosphate backbone that the bases are attached to. The four different bases are; adenine (A), cytosine (C), 

guanine (G) and thymine (T). The bases bind to each other by hydrogen bonds which are only possible between 

A-T and C-G. The DNA structure is compatible with any sequence of bases and because of the specific bonding 

of base pairs the sequence of one strand completely determines the sequence along the other strand (also 

known as the complementary strand) [3]. 

2.1.2 SECONDARY STRUCTURE 
The primary structure of DNA refers to the exact sequence of nucleotides from the 5' to the 3' end. 

When two strands bind together they form a double helix where the strands are antiparallel, where the 5' end 

of one strand is the 3' end on the complementary strand. This is known as the secondary structure of DNA [7]. 

When DNA is circular the double helix can be twisted into a superhelix by twisting around its own axis, the DNA 

molecule is then considered to be supercoiled. In comparison to the open circular conformation, supercoiled 

DNA is more compact in its shape [8], [9], [10].  

In cases where the DNA sequence has inverted repeats separated by a few bases these sequences can bind to 

each other when the DNA is single stranded. These structures looks like hairpins and are known by that name 

[7].  

2.1.3 RESTRICTION SITE 
Restriction endonucleases, or more commonly called restriction enzymes, are enzymes that can modify DNA. A 

restriction enzyme can only modify DNA at a restriction site which is a short, often double stranded, sequence 

unique to each restriction enzyme. The cleavage done by the restriction enzymes can be divided into different 

categories defined by the product, blunt ends or sticky ends. In the case of blunt ends the restriction enzyme 

cleaves both strands at the same position. Sticky ends are the result when the restriction enzyme cleaves the 

two strands at different positions and then an overhang of a couple of bases is created which, on the two 

fragments, are complementary. Other restriction enzymes can cut out just one base from one of the strands 

within the restriction site, this is called nicking [11]. 

 

http://wizfolio.com/?citation=1&ver=3&ItemID=1550&UserID=8744&AccessCode=13FDC44207354AD18B3ECD301F4CDF9B&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1541&UserID=8744&AccessCode=E539B0ADC9A44CAB9AB6D8EDBFB661B0&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1576&UserID=8744&AccessCode=053AA0CD92F54B0785E351FA5D68C85A&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1564&UserID=8744&AccessCode=441BF6443FE5404E8DF4087720D1F556&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1580&UserID=8744&AccessCode=FF0B93533EAA471FBEA591156CE52CA7&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1582&UserID=8744&AccessCode=CA76A9A7A400427DBF23E486D1883CE9&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1576&UserID=8744&AccessCode=053AA0CD92F54B0785E351FA5D68C85A&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1574&UserID=8744&AccessCode=380D924593B041889F81D2D854009B38&CitationSuffix=


 
16 

 

2.1.4 HOLLIDAY JUNCTION 
A Holliday junction is essentially a crossover between strands. It is as travelling on a road, sooner or later a 

junction will come where another road crosses, an ordinary four way intersect is exactly what a Holliday 

junction looks like (Figure 1). In DNA origami Holliday junctions are placed evenly spaced throughout the design 

to give stability to the structure [12]. Though the junction with four branches is the most frequently used one, 

junctions have been known to be stable from three [13] up to six branches [14] separated with a minimum 

angle of 60° [15]. 

 

In nature, branched DNA such as Holliday junctions play an important role in recombination. It is formed as an 

intermediate when two helices breaks and form crossover linkage with one another [16]. This takes place 

during meiosis, the forming of sex cells, and generates a genetic diversity from limited genetic material [17], 

[18]. 

2.2 HOW IT STARTED 

It all began in 1960 when a challenge was given to write the entire 24 volumes of the Encyclopedia Britannica 

on the head of a pin. The thought of miniaturization was already popular at this time but to complete this 

challenge a new way of approaching the problem was necessary. To fit all the pages on the given area it had to 

be 25 000 times smaller than the actual size of the Encyclopedia [19].  

One of the first DNA nanostructures was a two dimensional crystal made in 1998 [20]. In 2006 Rothemund 

suggested another way of using DNA to build nanostructures. He used one long single stranded DNA sequence 

as a scaffold and mixed this with shorter single stranded oligonucleotides also known as staples. When 

hybridized the staples folded the scaffold into the designed shape [1]. This method is called DNA origami which 

refers to the Japanese art of folding a flat sheet of paper into different shapes [2].  

There are two different overall strategies to produce nanostructures;  

 Top-down: Manipulations to a nanoscale template are done by using externally controlled devices. 

 Bottom-up: By using the properties of some biomolecules, such as DNA, self-assembly in parallel steps 

can be made without the need for manipulations.  

The higher predictability in bottom-up constructions as well as the possibility to exact control things on an even 

smaller scale has made this strategy the more desired one [18]. In DNA nanotechnology Rothemund was the 

first to use the self-assembly technique of DNA origami [1]. 

Choosing DNA as a raw material to construct nanoscale objects instead of other candidates such as proteins 

has several advantages [21]. There are only four different chemical building blocks that follow the very 

predictable Watson-Crick base pairing [3]. Another aspect of the DNA helix is that for each complete turn there 

are 10.5 base pairs, this can be used to calculate crossovers between strands and thus facilitates the different 

construction. Thanks to these characteristics DNA has proven to be a programmable structure for building DNA 

nanostructures of any given design [4]. 

  

FIGURE 1: The Holliday junction is made up of four oligonucleotides illustrated by the colored arrows. They form a 

cross by base pair bonding of complementary strand which in the figure are the black lines.  

http://wizfolio.com/?citation=1&ver=3&ItemID=1545&UserID=8744&AccessCode=9F30A0B6BB0A45A7A03129A5E5EEC0F2&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1557&UserID=8744&AccessCode=15DDECBAE405408C8565B0E87F9FF72F&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1542&UserID=8744&AccessCode=FD25B19D7853457C83442D2046889272&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1552&UserID=8744&AccessCode=2001AD03AFB54F09A3DC1A99B962CDF1&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1567&UserID=8744&AccessCode=9DAD1D98912D430EBF60C0C21CC2EF1B&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1579&UserID=8744&AccessCode=2E227E1AA88D4F42A205BCC0D2A6D8BF&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1548&UserID=8744&AccessCode=7B29F46484F24E95A4A3F2B0A94B28E7&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1568&UserID=8744&AccessCode=94373FEE06F1442E98F2DE4FDC16D13A&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1540&UserID=8744&AccessCode=CEB6F4E799EC4D3398CD677BD1A7F062&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1550&UserID=8744&AccessCode=13FDC44207354AD18B3ECD301F4CDF9B&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1543&UserID=8744&AccessCode=33929CDE0BDD4850AEB1A2254200184F&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1548&UserID=8744&AccessCode=7B29F46484F24E95A4A3F2B0A94B28E7&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1550&UserID=8744&AccessCode=13FDC44207354AD18B3ECD301F4CDF9B&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1556&UserID=8744&AccessCode=FA7D77C27B77451598A67BB7179AD059&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1541&UserID=8744&AccessCode=E539B0ADC9A44CAB9AB6D8EDBFB661B0&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1570&UserID=8744&AccessCode=74B7358D4B2642CB83E6BCB65290CC87&CitationSuffix=
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2.3 STEPS IN DNA ORIGAMI DESIGN 

The design process of a DNA origami structure goes from using the designers imagination and creating a rough 

sketch to computer software where the scaffold sequence is inserted and the staple sequences are generated 

and adjusted to give a stable nanostructure. This is a step by step description of the process in designing a DNA 

origami structure.  

1. The design process starts with deciding on the desired shape of the structure and drawing a geometric 

model of it. Fill the shape with an integer number of helices and mark out where crossovers are 

needed to hold the parallel helices in place. The length of the x-axis (parallel to the helices) is easy to 

estimate because the length of one turn is 3.6 nm. Along the y-axis the helices interact with each 

other and the distance between two helices appears to depend on the spacing of crossovers. The 

helices are not close-packed due to electrostatic repulsion [1]. 

2. Insert the single stranded scaffold into the pattern so that it takes up one of the two strands in every 

helix. Scaffold crossovers can only be placed where there is a tangent point between helices [4]. 

3. Data that reflects how the scaffold sequence run through the model is used as an input to the 

computer aided part of the design process. One turn of the helix corresponds to 10.5 bp but the 

program uses an integer number of bases between crossovers, 21 bp for 2 turns. The program then 

helps in the process of generating staple sequences, which are complementary to the scaffold [1]. 

Staple crossovers must be located at least 5 base pairs away from a scaffold crossover to gain 

maximum stability in the design. The design leaves no bases unpaired [4]. 

4. Since the program approximates 21 base pairs for 2 turns, this causes strain in some crossover places 

depending on the design of the structure. To balance this staples are designed so they alternate 

directions, if one faces the minor groove the other one faces the major. The twist of the scaffold 

crossovers are calculated and moved if necessary [1]. 

5. Finally when folding the scaffold a “seam” usually runs through the design due to the winding way the 

scaffold is laid out. To stabilize this bridges are created which are staples running across the seem to 

strengthen the design [1]. 

2.4 CLASSICAL SEQUENCE SYNTHESIS 

2.4.1 OLIGONUCLEOTIDES 
The standard chemical DNA synthesis was developed in the 1980's and is usually named the phosphoramidite 

four-step process. This is a cyclical process that elongates a chain of nucleotides by adding nucleotides at the 5' 

end of the oligonucleotide. In the first cycle of the synthesis an initial protected nucleoside tethered bound to a 

CPG (controlled pore glass) or a PS (polystyrene) bead with its 3' hydroxyl acts as a template on which the 

oligonucleotide can grow. The flow of reagents over the template is done stepwise to induce a stepwise 

addition of bases in the construction of the oligonucleotide and when the sequence is complete the 

oligonucleotide is cleaved from the solid support. 

The most common errors in the synthesis of oligonucleotides are insertions and deletions. Deletions can be as 

frequent as 0.5 % and insertions 0.4 % per position which results in less than 30-40 % correct sequences when 

synthesizing a 100 nt oligonucleotide. Purifications with high performance liquid chromatography (HPLC) or 

polyacrylamide gel electrophoresis (PAGE) can reduce 90 % of these impurities but because these methods use 

the difference in size when purifying they have no effect against the other types of mutations [5]. The vast 

majority of the DNA nanostructures that have been characterized depend on synthetic DNA to fold the finished 

product. This classical chemical synthesis is not able to produce the high-quality and longer sequences that are 

being requested from the researchers around the world [22]. 
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2.4.2 GENES 
The classical DNA synthesis method is typically used when synthesizing oligonucleotides with a length up to 

150-200 nt. Longer oligomers up to 300-600 nt can be synthesized but the yield is very low. For synthesis of 

genes other strategies than the ones used for synthesis of oligonucleotides must be used. Though the two most 

commonly used gene assembly processes, ligation based and PCR-driven, both uses oligonucleotides as a 

template to produce a gene [5]. 

2.5 FOLDING DNA ORIGAMI STRUCTURES 

The two major principles used when folding are the Watson-Crick base pairing and the formation of Holliday 

junctions [12]. 

Nowadays the most common scaffold used is derived from the bacteriophage M13mp18 whose genome is 

single stranded DNA of 7249 nt [2]. While the length of M13mp18 is enough for folding a variety of smaller 

structures, one future goal is to costume-design origami structures with a mass up to 1 GDa which is 100 times 

larger than the M13mp18 genome [6]. When folding smaller structures the excess bases are either left at one 

end of the structure as a tail or staple strands are made to form it into a loop tucked away at one edge to 

minimize interaction with other structures [1], [23]. 

The advantage of using a single stranded scaffold is that rehybridization with the complementary strand is 

impossible and this would improve the yield of DNA origami structures because the only possibility for the 

scaffold is binding to the staple strands [1]. If a double stranded DNA sequence is used as the scaffold it will 

rather hybridize with the staple strands as long as there are staples in the folding reaction for both of the 

scaffold strands. This opens up for the possibility to use longer sequences as scaffolds since it might enable the 

use of entire genomes of prokaryote or eukaryote cells [24]. 

The number of base pairs for one complete helix turn can be varied by adding or removing base pairs in the 

design between crossover positions. The strain given by these modifications gives the structure an overall 

twist, which when designing a nanotube structure with 11 bp/turn surprisingly gave better folding than the 

straight design [25]. 

When folding a structure made from one scaffold strand all the staple strands are designed to completely cover 

the entire sequence. Folding a polymer structure demands a different use of staple strands. One strategy is to 

design staples that stick out from the monomer structure and at the opposite end the complementary strand 

will be left unpaired [4]. A similar way of using this strategy is to first fold the monomers where they all have 

unpaired scaffold bases at the edges and subsequently add staples that match the two sites desired to bind 

together [23]. A third way is to separately fold monomers and a scaffold frame both with protruding staple 

strands that are complementary in such a way that the monomers fit into the frame [26]. The purpose of these 

strategies is to bind a monomer to another monomer in a controlled fashion. In this way larger structures than 

can be built without depending on the production of longer scaffold sequences. 

Folding is done by first mixing the scaffold with staples. The reactions mix is then rapidly heated to denature 

the double stranded components. This is followed by a slow cooling to allow hybridization and minimize errors 

in the folding process. A high GC base pair content in the design can give a higher rate of mispairing during the 

folding [4]. To further lowering the error rate an excess of staples is always used [1]. 
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2.6 IMAGING 

Atomic force microscopy (AFM) was the most common method for analyzing DNA origami structures but lately 

Electron microscopy (EM) has become more popular as well as super-resolution fluorescence microscopy and 

high-speed AFM.  

The problems with creating three-dimensional nanostructures are the lack of structural integrity and strong 

interactions with surfaces which make them difficult to confirm. Because of these problems mostly compact 

structures with geometric shape has been characterized. Imaging with AFM uses a charged surface which 

because of the interaction flattens the structure, this can be avoided by using EM [27]. 

2.6.1 ATOMIC FORCE MICROSCOPY 
In AFM a sharp probe is used to scan the surface and the force between the probe and the surface is measured 

which then gives information about the topography. The concept is much like Scanning tunneling microscopy 

(STM) but here the sample does not have to be conductive nor is there a requirement of vacuum and low 

temperatures [28]. 

2.6.2 ELECTRON MICROSCOPY 
EM uses a beam of electrons that are excited in high vacuum from a special cathode using high voltage or heat 

which scatters or passes through the sample giving a black and white picture of the sample. Magnetic lenses 

are used to focus the electron beam [29]. There are two major methods in EM that are frequently used. One is 

Scanning electron microscopy (SEM) where the electron beam is scanned across a solid sample and the back-

scattered electrons are detected. This method requires vacuum and conductive samples so the samples are 

metallized before imaging. In the case with DNA origami the metallization masks the finer details which make 

SEM not a very good imaging method for intricate nanostructures. The other method is Transmission electron 

microscopy (TEM) which also requires a special sample preparation and high vacuum but the strength is that it 

has a high resolution, at best 0.1 nm depending on different factors such as acceleration voltage. In TEM only 

the electrons transmitted through the sample are detected. The sample has to be thin and for better contrast a 

sample preparation called staining is used where elements with high atomic number such as uranium salts 

(uranyl formate) bind electrostatically with the anions like DNA [27]. 

2.7 EXPANDING ON THE DNA ORIGAMI STRUCTURE 

By using the programmable structure the ability to attach other nanoparticles, nanostructures or proteins on 

the DNA origami design makes it attractive in a multiple of applications. By knowing the exact location and 

direction of each staple, proteins can be assembled in any desired pattern [30]. One unique possible binding 

position can be regarded as a pixel. The size of a pixel is the determined by the size of the staples, with shorter 

staples there are more unique binding sites in the design for e.g. proteins to bind. By marking some staples 

with biotin or fluorophores these can be considered binary 1's and the unmarked binary 0's [1]. One problem is 

that a protein attached to the origami structure is bigger than the size of one pixel which is about 6 nm. When 

placing proteins in a predetermined design they stoichiometricly interact and the resulting pattern may shift 

from the desired one if their binding sites are close [27]. 
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2.8 FUTURE APPLICATIONS 

At this time no applications of DNA origami has made its way out to the market but the research is intensive in 

many different fields. A few of the possible areas of interest are listed below. 

2.8.1 MOLECULAR COMPUTING 
Complex calculations in computers are made possible by a large set of binary digital circuits incorporating logic 

gates. By using DNA origami structures with markers these can be used in these circuits because of their ability 

to act as binary 1's and 0's [21]. 

2.8.2 DRUG DELIVERY SYSTEMS 
DNA origami structures are also good candidates for target drug delivery because the structure is 

biocompatible, they can be designed to contain particles, fully encapsulate them and release them when 

presented with a trigger [31]. The outside of the structure can be coated with proteins and other target signals 

for transporting to the desired location before releasing the cargo. The disadvantage with this method is that 

DNA origami may be susceptible to nucleases and due to this risk releasing its cargo too early [6]. A new 

successful study shows the possibility of using DNA origami structures for delivery and time release of the 

intercalating drug doxorubicin which induces apoptosis in breast cancer cells [32].  

2.8.3 NANO ELECTRONICS 
Another possibility is using DNA origami in molecular electronics to build circuit boards by attaching nanowires, 

carbon nanotubes or metal nanoparticles [1]. 
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3 MATERIAL AND METHOD 

3.1 AGAROSE GEL ELECTROPHORESIS 

Separation by gel electrophoresis utilizes the differences in molecular size, conformation and net charge which 

essentially results in molecules with a large cross section area migrates less efficiently through the porous gel 

than molecules with a smaller cross section area when affected by an applied voltage across the gel [33]. A low 

voltage for a longer time was preferable when separating longer fragments and for shorter fragments higher 

voltages was used to minimize the diffusion of the bands. When separation of shorter fragments a higher 

concentration of agarose (VWR) in the gel was used, which gives a higher resolution due to the decrease in 

migration rate when the pores were smaller. The ethidium ions moves in the opposite direction of DNA due to 

its positive charge and intercalates with the DNA. The migration rate of the sample DNA should not exceed that 

of the ethidium bromide dye (Sigma-Aldrich), if this happened no ethidium bromide was left in the gel to 

visualize the sample DNA. This was used to image DNA on the gel by exposure to UV light [34]. The choice of 

voltage, running time and agarose content is displayed in each gel picture under the result section. 

When separating folded DNA origami nanostructures with agarose gel electrophoresis additions of 10 mM 

MgCl2 in both the gel and running buffer were made. The divalent Mg ion causes a change in the conformation 

of the Holliday junction from an open and loose to a well stacked cross. This promoted a tighter folding of the 

nanostructures and ensured that minimal changes in the structure conformation took place during the 

separation [35]. The same conditions were used when separating single stranded DNA >200 nt, shorter 

fragment were run on a denaturing polyacrylamid gel, using the divalent ions to inhibit hybridization between 

strands.  

The sample volume was mixed with 1x of the Gel loading dye blue 6x (New Enland Biolabs) that contained 

EDTA to bind excess divalent Mg ions to stop any further enzymatic reactions, SDS to release enzymes bound to 

DNA, Bromophenol as a tracking dye of the migration rate and the high-density Ficoll 400 which enables the 

total loading volume to sink into a well. The running buffer used was 0.5x TBE buffer and the final 

concentration of ethidium bromide in the agarose gel was 0.7 µg/mL [34]. 

3.2 CREATING THE PSEUDOGENE 

3.2.1 DESIGN OF SCAFFOLD AND STAPLES 
The scaffold sequence was 378 nt long and was part of a longer sequence, the vector pBluscriptII(+). The vector 

was screened for an appropriate 378 nt sequence in respect to restriction sites used later on and GC-content, 

preferably 37-43 %. The exact sequence of the scaffold was not important only that it was known and stable, 

the choice of using the pBluescriptII(+) as a template for the scaffold was only a matter of convenience. The 

scaffold used in this project had a GC-content of 43 % and had a size of 117 kDa. 

Scaffold: 5' CCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCATT 

GGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACC

CACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGG

AAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTT

TTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGA

AAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTG 3' 

Staples were designed to match the chosen scaffold sequence to form a polymer DNA origami structure, 

described in detail in 3.9.1.  
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3.2.2 PSEUDOGENE WITH SCAFFOLD 
To create the pseudogene, which was used for ligation into a vector, the scaffold sequence was elongated with 

restrictions sites and hairpin structures. The designed primers had a 20 bp recognition for the pBluescriptII(+) 

and added sites for restriction enzymes HindIII (AAGCTT), Nb.BsrDI (GCAATG) and hairpin structures with 

restriction site for BseGI (GGATGNN). Creation and amplification of the double stranded pseudogene was done 

by using PCR as illustrated in Figure 2a. In total the pseudogene sequence was 440 bp (Figure 2b). 

Forward primer: 5' AAGCTTAACATCCGCGGAACGCGGATGTTCCGGCGTCAATACGGGATAA 3' 

Reverse primer: 5' AAGCTTGCAATGTGCATCCGCGTTCCGCGGATGCACTTTTCGGGGAAATGTGC 3' 

 

The PCR was run with a first denaturing step 5 min at 95 °C and then 36 cycles with denaturing 30 s at 95 °C, 

annealing 30 s and elongation 3 min at 72 °C and at last a final elongation step 5 min at 72 °C. Three PCR with 

different annealing temperatures at 54 °C, 56 °C and 58 °C to evaluate which temperature give the highest 

yield. Each reaction volume was 50 µL where final concentrations of the components were 0.3 nM dNTP mix 

(Thermo Scientific), 1x of the 10x PCR Buffer (New England Biolabs), 1.5 mM MgCl2 (New England Biolabs), 0.5 

uM of each primer (Sigma-Aldrich) and 50 ng of the template pBluscriptII(+) (Fermentas). Due to the use of Taq 

Polymerase (New England Biolabs) in the PCR the product will have an extra adenine in the 3' end [36]. 

3.3 LIGATION OF THE PSEUDOGENE INTO THE VECTOR 

The ligation reaction was done with the Cloning kit from Qiagen and the attached protocol was followed. The 

vector used was the pDrive cloning vector provided in the Cloning kit, which was delivered as a linear double 

stranded DNA with a single uracil overhang in the 3' end. This sticky ends were perfect matches for the PCR 

product which has an extra adenine, this ligation can be done without any pretreatments of the pseudogene.  

The vector pDrive is 3.85 kb long and the sequence include genes for resistance against the antibiotics 

Ampicillin and Kanamycin as well as the f1 origin used in replication of phage genome. 

The total volume of the reaction-ligation mixture were 10 µL and the components used were 5 µL 2x Ligation 

master mix, 1 µL 50 ng/µL pDrive cloing vector and 2 µL PCR product. The ingredients were mixed gently and 

incubated 30 min at 4 °C.  

  

FIGURE 2: a) The PCR cycles when using extended primers. The black parts of the primers represent the sequence that 

recognize the pBluscriptII(+) and the colored parts were the added sequences for the restriction sites needed. The 

product from the reaction was the double stranded pseudogene. b) This is the single stranded pseudogene though it 

must be noted that the illustration is not proportional when considering the sequence lengths of each segment. The 

black 378 nt scaffold sequence is the sequence chosen from the pBluscriptII(+). The numbers each corresponds to a 

restriction site where number 1 is the restriction site for the restriction enzyme HindIII, 2 is the BseGI and 3 is the 

Nb.BsrDI. 
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3.4 TRANSFORMATION 

The transformation was done by heat shock using XL-10 Gold ultracompetent cells (Stratagene) and the 

ligation-reaction mix from previous step, each transformation was done with 30 µL of cells which were treated 

with 1.2 µL of β-mercaptoethanol (Stratagene). In the positive control the cells were transformed with 1 µL of 

the vector pUC18 (Stratagene) delivered with the XL10-Gold cells. The negative control was treated with the 

same conditions as the other cells but no plasmid was added to transform the cells. Two transformations were 

done with the ligation-reaction mix in different amounts, one with 3 µL specified by the Stratagene protocol 

and the other with 10 µL.  

The heat shock was performed by incubating the cells on ice 30 min then heat to 42 °C for 30 s and then back 

on ice for 2 min. To each tube with cells 270 µL of preheated 42 °C NZY+ media (Fluka Analytical) was added 

and the cells were incubated 1 h at 37 °C on shaker at 225-250 rpm. 

200 µL of the transformed cells were plated and dilutions 1:1 and 1:20 were made. The cells were plated on 

freshly made LB-agar (Sigma-Aldrich) plates with 50 µg/mL ampecillin (Sigma-Aldrich) and incubated at 37 °C 

overnight. 

3.5 FRESH OVERNIGHT CULTURE 

The fresh overnight culture was an intermediate step with the purpose of amplifying one chosen colony. A 

single isolated colony was picked from the LB-agar plates with the transformed cells and added into a tube with 

3 mL LB media (Sigma-Aldrich) and a final concentration of ampecillin at 100 µg/mL. The culture was incubated 

over night at 37 °C on shaker at 225-250 rpm. 

3.6 SCREENING COLONIES 

The colonies from transformation were screened in respect to the inserted pseudogene. Because of the chance 

of self-ligation of the pDrive the pseudogene was not expected to be found in all of the resulting colonies from 

the transformation. A couple of colonies were chosen and separate fresh overnight cultures were made as 

described in 3.5. The plasmid DNA was extracted with the method described in 3.7.1.1. 

3.6.1 HINDIII SCREENING 
The extracted plasimd DNA was then cut with the restriction enzyme HindIII described in 3.7.1.2. Colonies with 

the insert showed two bands, one longer (3851 bp) for the pDrive vector and one shorter (440 bp) for the 

pseudogene, when the DNA was separated with gel electrophoresis.  

3.6.2 PCR SCREENING 

The alternative screening method used the extended primers used when creating the pseudogene. The product 

from this PCR, executed with the same conditions as described in 3.2.2, was the pseudogene because of the 

choice of the primers that would only amplify that sequence. 
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3.7 AMPLIFICATION OF THE PSEUDOGENE 

Two different methods for amplifying the pseudogene were tested as described in 3.7.1 and 3.7.2. In both 

cases the product was a single stranded DNA sequence. 

3.7.1 AMPLIFICATION METHOD 1 – IN VITRO WITH RCA 
The method used a series of manual additions of restriction enzymes, ligase and polymerase in stepwise 

reactions. In the end RCA is used to amplify the pseudogene. Before the RCA was used transformation of the 

pseudogene to the right format to act as an efficient template was done. 

3.7.1.1 PLASMID EXTRACTION 

The fresh overnight culture was centrifuged 10 min at 3000 g to collect all the cells in the pellet. The Plasmid 

Mini Kit 1 (Omega Bio-Tek) was used to extract the plasmid from the cells. Lysing of the cells took place and by 

precipitation most of the cell material was removed. The plasmid DNA was then separated from the rest by a 

filter and after a two of washing steps finally eluated. 

The concentration of the extracted DNA was measured with a Nanodrop 1000 Spectrophotometer (Thermo 

Scientific), the eluation buffer was used as blank. 

3.7.1.2 HINDIII DIGESTION – CUTTING OUT THE PSEUDOGENE FROM THE VECTOR 

The extracted plasmid was digested with FastDigest HindIII which cuts out the pseudogene from the plasmid 

since the restriction sites for this enzyme were located at both ends of the pseudogene. The result from this 

digestion was sticky ends with complementary overhang sequences because the restriction site is a palindromic 

sequence. 

The reaction was carried out in a total volume of 25 µL were 10 µL of Plasmid DNA, 2.5 µL of FastDigest Green 

10x buffer (Fermentas), 0.5 µL FastDigest HindIII (Fermentas) and incubated 1 h at 37 °C and 10 min at 80 °C to 

inactivate the enzyme after the digestion. 

3.7.1.3 LIGATION INTO CIRCULAR PSEUDOGENE 

Ligation of the sticky ends resulted in circular DNA where the pseudogene made up the entire circle. 

To the 25 µL of digested DNA from previous step an additional 8 µL of Rapid Ligation buffer (Fermentas) and 2 

µL T4 Ligase (Fermentas) was added and the total volume was corrected to 40 µL. The mixture was incubated 

10 min at 22 °C and 10 min at 65 °C to inactivate the enzyme. 

3.7.1.4 NB.BSRDI DIGESTION - NICKING THE PSEUDOGENE 

To create a template for RCA the complementary strand to the scaffold was kept circular and the other strand 

was nicked, one base was cut out, with the restriction enzyme Nb.BsrDI. 

The entire preparation, 40 µL, from previous step was used and the final volume after additions in this step was 

70 µL. To the Ligated DNA an extra 7 µL of NEB2 10x buffer (New England Biolabs), 3.5 µL Nb BsrDI (New Enland 

Biolabs) was added and incubated 2 h at 65 °C and then inactivated 25 min at 80 °C. 
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3.7.1.5 RCA 

The product from the RCA was a single stranded continuous repeat of the complementary strand of the circular 

template. The Phi29 and Bst DNA polymerase used the nicked strand as a template and displaced this strand as 

it moved around the closed circle (Figure 3).  

An alternative was instead of having the nicked circular DNA, is to use the circular DNA before nicking as a 

template. To enable amplification by RCA a primer was designed that annealed with the complementary strand 

of the scaffold which then acted as a template for the DNA polymerase (Figure 3).  

RCA primer: 5' ACCGCGCCACATAGCAGAAC 3' 

Both the nicked templates as well as the closed circular template with the primer were used in two different 

sizes, the full phagemid and the smaller circularized pseudogene.  

 

 

The total reaction volume when using the nicked template was 100 µL including 40 µL of nicked circular DNA, 

10 µL Phi29 10x buffer (Fermentas) or ThermoPol Reaction buffer (New England Biolabs), 10 µL of 10 mM each 

dNTP mix (Thermo Scientific), 2 µL of 10 mg/mL BSA (New England Biolabs). 

When using the primer an annealing step was done before the RCA. To the 40 µL of circular DNA an equal 

molarity of the primer was added as well as 10 µL Phi29 10x buffer or ThermoPol Reaction buffer and finally 

the volume was corrected to 83 µL. Annealing was done by stepwise cooling 5 min at 94 °C, 10 min at 60 °C, 10 

min at 45 °C and finally 10 min at 37 °C [37]. After the annealing 10 µL of 10 mM each dNTP mix and 2 µL of 10 

mg/mL BSA was added. 

All amplification was done by adding 50 U Phi29 or 50 U Bst DNA polymerase incubation for 16 h at 30 °C or 65 

°C. 

  

FIGURE 3: The RCA in short where the outer circle in the illustration is the one being amplified. 1) The closed circular 

double stranded DNA, either the large circle (phagemid) or the small circle (pseudogene). 2) Template nicked by the 

restriction enzyme Nb.BsrDI. 3) Denaturing and annealing of the primer to the inner circle. Note that the in reality the 

large circle will still be bonded to the parts of the smaller circle where the primer is not attached. 4) The products 

derived from templates 2 and 3 were identical in sequence. Both the Phi29 and Bst DNA polymerase displaces the 

strand and continues the amplification around the circle constructing a single stranded continuous repeat of the 

complementary strand of the inner circle. The amplification is done at the 3’-end marked by the small arrow. 
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3 
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3.7.2 AMPLIFICATION METHOD 2 – IN VIVO WITH AMPLIFICATION BY HELPER PHAGE 
This method utilized the phages own ability to do RCA inside the infected cell. This is the natural way that 

phages with single stranded DNA genome amplify [38], [39]. A helper phage is a phage that lacks the f1 origin 

and is unable to replicate by itself. Though its genome contains all the vital information to create new phage 

particles, the one thing that's missing is the single stranded DNA to be packaged in it.  

The plasmid used to transform the cells contains the f1 origin, it was therefore considered to be a phagemid, 

and thus could be amplified and packed into phages when the cells were infected with a helper phage [40]. 

3.7.2.1 CULTURE 

To amplify the cells further a larger culture was made. 600 µL of the fresh overnight culture was added into a 

1000 mL flask containing 100 mL 2x YT media (MP Biomedicals), 500 µL 1 M filtered MgCl2 (VWR) and 100 

µg/mL ampecillin (Sigma-Aldrich) . The culture was incubated at 37 °C on shaker 200 rpm until OD600 = 0.45. The 

culture was inoculated with a multiplicity of infection of 20, VCSM13 helper phages (Stratagene) per cell, and 

left over night on the shaker at 37 °C. 

3.7.2.2 HELPER PHAGE EXTRACTION 

The cells were separated from the helper phages by centrifugation 20 min 2200 g at 4 °C, done twice for higher 

purity. The cells form the pellet and the phages stayed in the supernatant. Precipitation of the phages was 

done by adding 4 g PEG8000 and 3 g NaCl to separate them from the media. The solution was incubated at 

most 5 min at RT and then placed on ice for at least 30 min. Centrifugation 30 min 10000 g at 4 °C resulted in 

the phages forming the pellet. The pellet corresponding to 100 mL of culture was resuspended in 2 mL of 10 

mM Tris pH 8.5 and a last centrifugation 5 min 3000 g at 4 °C was done to pellet down any remaining cells. The 

supernatant was transferred to a fresh tube [41]. 

3.7.2.3 DNA EXTRACTION 

The capsid proteins were stripped by using 4 mL PPB2 (0.2 M NaOH, 1 % SDS) which unravelled the proteins at 

which point they were unable to keep the capsid formation. After this 3 mL PPB3 (3 M KOAc, pH 5.5) was used 

as a neutralization buffer. After incubated 10 min on ice the solution was centrifuged for 30 min 16500 g to 

collect the proteins in the pellet. The supernatant was mixed with at least 2 volumes 99.5 % ethanol (Kemetyl) 

and incubated 50 min on ice and the sample was centrifuged for 30 min at 16500 g. The DNA forms the pellet 

and two washing steps with 75 % ethanol (Kemetyl) were done. The pellet was resuspended in 340 µL 10 mM 

Tris pH 8.5 [41]. 

3.7.2.4 PHENOL-CHLOROFORM EXTRACTION AND ETHANOL PRECIPITATION 

The phenol-chloroform extraction was done to reduce the amount of residue proteins from the previous DNA 

extraction. To this solution 1 volume of phenol-chloroform (AppliChem) was added and subsequently vortexed 

and centrifuged 3 min at maximum velocity to separate the two phases, the lower organic phase which 

dissolved the proteins and the upper aqueous phase which dissolved the DNA. The aqueous phase was 

transferred to a new tube and the steps were repeated an additional two times. 

In the ethanol precipitation firstly 1/10 volume 3 M sodium acetate was added to the retrieved volume from 

the previous step. After this 3 volumes of 100 % ethanol was added and incubated 30 min at -20 °C before 

centrifuged 15 min at maximum velocity. The precipitated DNA forms the pellet which was washed twice by 

addition of 1 mL 75 % ethanol, mixed gently and centrifuged in the same manner as before. The final pellet was 

air dried and resuspended in 10 mM Tris pH 8.5 buffer [42]. 
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3.8 BSEGI DIGESTION – CUTTING OUT THE SCAFFOLD 

In this step the template was single stranded with exception only to the hairpin structures where the double 

stranded restriction site for BseGI was placed. The execution of the digestion of the product from the RCA and 

the helper phage amplification were identical. 

To 50 µL of the RCA product 10 µL Tango 10x buffer (Fermentas) and 5 µL of the restriction enzyme BseGI 

(Fermentas) was added and the total reaction volume adjusted to 100 µL. The digestion was done 24 h at 55 °C. 

3.9 DNA ORIGAMI STRUCTURES 

3.9.1 DESIGNS 
The DNA origami structure was designed to form polymers, because of the small size of the monomer, to 

facilitate the confirmation of proper folding by TEM. In the designs of the structures two different ways of 

stacking the helices were used, the square (SQ) and the honeycomb (HC) lattice (Figure 4a-c). The three 

structures used were the 9 helices square bundle (9H-SQ), the 18 helices honeycomb bundle (18H-HC) and the 

17 helices twisted honeycomb bundle (17H-HCTw). The overall twist in the last structure was made by inserting 

an extra base pair between crossovers for each two full turns of the helix. This shifts the amount of base pairs 

from 10.5/turn to 11/turn which creates a strain that decreases by the polymer changing from straight to 

twisting around its own axis.  

To form polymers each monomer had a number of protruding strands, and at the opposite edge of each 

protruding strand the complementary strand was found on the scaffold with no internal staple binding to it. 

This way the monomers behave similar to blocks of LEGO fitting together perfectly (Figure 4d). For each 

structure two lengths of the protruding strands were designed; 8 and 4 bp for the 9H-SQ and 4 and 2 bp for the 

structures 18H-HC and 17H-HCTw.  

 

  

FIGURE 4: Crossection of the a) 9H-SQ b) 18H-HC c) 17H-HCTw helix bundles. Note that in all cases the helix count 

start at 0 and that in the 17H-HCTw the helix nr 16 is the one missing. d) Design pattern of the 9H-SQ-8bp where the 

scaffold is the thin black line running through the image. Follow the path starting next to the black arrow in the lower 

left corner the end point will be that same arrow, this is the 378 nt scaffold that fold one monomer. The black 

sequence next to it represent the monomers it binds to when forming a polymer. The other colored lines are the staple 

strands. (Figure created by Björn Högberg) 
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3.9.2 FOLDING 
Scaffold and staples were mixed and folded during an elaborate stepwise cooling repeated in cycles for a total 

time of 16 h. 

The folding was done with a total volume of 20 µL with a final concentration of 10 mM MgCl2, 10 mM Tris, 5 

mM EDTA. The scaffold and each staple for each specific design were added at a molar ratio of 1:10. 

3.10 IMAGING THE STRUCTURES 

3.10.1 SAMPLE PREPARATION 
The sample solutions were individually immobilized on a carbon film coated mesh copper grid FCF400-CU 

(Electron Microscopy Sciences). Preparations of the grids were done by glow discharge which essentially uses 

low pressure and high voltage to create a positively charged and hydrophilic layer on the grid [43].  

To each grid 5 µL of sample solution was added for 3 min which was then removed by drying it off on a filter 

paper. The surface of the grid was stained for 20 s with 40 µL of 20 mg/mL uranyl formate (Electron Microscopy 

Sciences), 0.02 M NaOH and finally the grid was dried in the same manner as the previous step.  

3.10.2 TEM 
Pictures were taken with magnifications between 22000x and 44000x with the TEM FEI Morgani 268 using a 

voltage of 80 kV.  
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4 RESULTS 

4.1 PSEUDOGENE 

Extension of the scaffold by the extended primers was successful at all tested annealing temperatures (54, 56 

and 58 °C). The agarose gel in Figure 5 showed a single band positioned between the 400 and 500 bp bands of 

the DNA ladder which was the appropriate migration of the linear double stranded 440 bp pseudogene. A slight 

increase in yield when 56 °C was used can be suggested from the brightness of the band compared to the ones 

of 54 °C and 58 °C.  

 

4.2 PHAGEMID 

To check if the ligation of the phagemid was successful a separation of a 1 % agarose gel at 120 V for 1.5 h was 

done. The size of the pDrive vector and the phagemid are quite similar due to the fact that the pseudogene was 

small in size. The migration rates were the same and no conclusion about the insert efficiency could be drawn 

because of the resolution not being sufficient.  

4.3 TRANSFORMATION 

Transformation with XL10-Gold ultracompetent cells by heat chock resulted in approximately 2300 cfu/mL 

when transformed with the lower amount of phagemid and 3800 cfu/mL when transformed with excess 

amount. The cfu-counts were done on the 1:20 dilutions and no duplicates were made which makes the 

calculations a rough estimate. Though it was enough for this experiment to confirm successful transformation.  

Before the transformation was accomplished a number of factors were investigated. The most crucial factor 

seemed to be the use of cells with high viability and competence. The choice of antibiotic and its concentration 

was also important as well as the usage of fresh LB-agar plates. Another factor was the human error, methods 

such as heat shock needed practice to be completed successfully. 

4.4 SCREENING OF COLONIES 

Both screening with HindIII digestion to cut out the pseudogene from the phagemid and screening by PCR using 

the extended primers to amplify just the pseudogene were completed. Only the HindIII digestion was reliable 

since it turned out that due to a possible contamination of the extended primers the PCR screening gave a lot 

of false positive results. 

  

FIGURE 5: The PCR products were separated on a 1 % agarose gel run at 120 V for 1 h. All three reactions produced 

bands at the same length which corresponds to the expected 440 bp. The only difference in the PCR set-up was the 

annealing temperature which was used to name the lanes. The middle lane shows a slight increase of intensity 

indicating a higher concentration of DNA. 
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4.4.1 HINDIII DIGESTION 
By utilizing the fact that restriction sites for HindIII was located at both ends of the pseudogene, the HindIII 

digestion was used as a screening method. The digested DNA from a colony with the insert showed two bands 

when separated on an agarose gel, 3851 bp and 440 bp which corresponded to the lengths of the pDrive vector 

and the pseudogene.  

15 colonies were screened and only one colony, number 5, showed positive results for the inserted 

pseudogene. The PCR product, which was the pseudogene, was run as a control for the migration of the 

pseudogene. All digested samples were placed in the well on the right of the undigested sample (phagemid) 

from the same colony. In samples from all colonies there was a difference in the migration of the undigested 

phagemid compared to the digested phagemid which were slower. Even though no insert was found, these 

results were consistent. This change in migration rate reflected the change in conformation from circular to 

linear, which influenced the cross section area, due to the fact that the pDrive vector itself had one restriction 

site for HindIII.  

There was a distinct difference between samples in how the pairs of sample DNA ran in the gel (Figure 6). They 

can be divided into two subgroups where colony sample 1, 2, 3, 4, 7, 8, 10, 11, 12, 13 was called group 1 and 

sample 6, 9, 14, 15 was called group 2 for future references. In group 1 the samples ran as discussed above 

where the pDrive self-ligated and the pseudogene is most likely not present in these colonies. In group 2 both 

the samples in a pair ran slower than group 1 thus indicating a longer sequence.  

Sequencing over the insert area was done with colony 5 and 14 were only the results from colony 5 was 

positive for the pseudogene. This showed the correct pseudogene sequence except a point mutation C>T  at 

position 387, which was compensated by changing the corresponding nucleotide in the relevant staple for each 

design.  

 

 

FIGURE 6: HindIII screening of 15 colonies (number 1 to 15) on a 1 % agarose gel run at 120 V for 1 h. The sample 

loading was normalized to 50 ng DNA in each well. For each colony two samples were loaded, in the well to the left 

the extracted phagemid and to the right the HindIII digested phagemid was run. The PCR, annealing temperature 56 

°C, created pseudogene was run as a reference to identify the migration rate of the pseudogene. 
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4.4.2 PCR 
The alternative to screening by HindIII digestion was to use the primers designed for elongating the scaffold. 

These extended primers would then amplify only the pseudogene and one band at this length would show on 

the agarose gel. Though unfortunately even the negative control showed a band at this length (Figure 7) which 

made it impossible to distinguish the true positive from the false positive results. 

 

4.5 AMPLIFICATION BY RCA 

4.5.1 PHI29 DNA POLYMERASE  
The results from the RCA-tests with the Phi29 DNA polymerase all showed the same trend in different extents, 

the yield was much lower than expected, by comparing rough calculations based on gel images. The band at 

barely 400 bp was the double stranded scaffold and the band migrating further at about 250 bp was probably 

the single stranded scaffold (Figure 10c). In the cases where only the upper band was visible indicates poor 

amplification of the template. Though in all tests, no matter of the factors tested, the RCA product stuck to the 

well which indicated a very long DNA fragment and good amplification. The digested RCA product gave bands 

as described indicating a large amount of double stranded DNA, which can only originate from the template 

itself. The result was then contradictive when considering that the single stranded RCA product was a long 

fragment and the digestion of this product indicated a high amount of double stranded scaffold. 

There was one instance when the RCA primer was used in combination with the annealing program run before 

the RCA where the amplification was much higher. These settings were run with the template primer 

concentrations 1:1 and 1:10, where the 1:1 was the most successful (Figure 8a). The digested RCA product did 

not give the bands expected. When using the large template the expected band on the gel would correspond to 

the 378 nt scaffold, 23 nt hairpin and 3.85 knt vector and finally in small amounts the residue double stranded 

template. When the small template was used the expected bands were the 378 nt scaffold, 23 nt hairpin and a 

small amount the residue double stranded template. The template giving the best amplification determined by 

the gel in was the small closed circle. There was no clear band for the single stranded scaffold obtained after 

digestion but rather a smear reaching down to the expected migration length. One probable explanation to the 

unexpected longer bands and the smear in all lanes could be incomplete digestion of the RCA product.  

  

FIGURE 7: PCR screening of colony 1 to 6 was separated on a 1 % agarose gel run at 120 V for 1.5 h. A positive control 

(+) with pBluscriptII(+) and the primers was used to verify that the thermo cycler worked as expected and a negative 

control (-) containing only the primers and no template was run to exclude any false positive results. The lane marked 

0 was the PCR product from the initial creation of the pseudogene as a reference to the expected migration rate. All 

lines had bands between 400 and 500 bp, even the negative control. 
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4.5.2 BST DNA POLYMERASE 
The bands given by the digested RCA product when the DNA polymerase was switched from the Phi29 to Bst is 

shown in the Figure 8b and c. These gel images are of the same gel but with different exposure times to 

enhance first the very strong band and then the very weak ones. The reactions were all done with the same 

concentrations of the compounds with the only change being the total reaction increasing from 20 µL to 100 

µL. In smaller scale all templates except the large closed circle with added RCA primer shows an overloaded 

fast migrating band. In the larger scale reactions multiple band are showing corresponding to the single 

stranding residue vector or incomplete digestion. The only sample with a band at the length of the single 

stranded scaffold was given by the large nicked circle template. 

 

FIGURE 8: Abbrevations used in all three gel pictures: S=Small circle, L=Large circle, N=Nicked, P=Primer 1:1 and 

P+=Primer 1:10. Samples were separated on a 1.5 % agarose gel with 10 mM MgCl2 run at 70 V for 4 h. a) Each set of 

conditions were displayed in two lanes, the one to the left was the RCA product when using the Phi29 DNA polymerase 

and to the left its BseGI digest. Amplification using the template and primers in 1:1 and running the annealing 

program before RCA was started gave the highest amount of DNA. The digestion may not have been complete and no 

clear band corresponding to the single stranded scaffold was found, though it might be present in the smear at 

shorter band lengths. b) and c) were taken on the same gel but with different exposure times in trying to visualize 

both the weak and the strong bands. The pictures show only the BseGI digestion of RCA run with the Bst DNA 

polymerase. The first four sample lanes were from reactions with a total volume of 20 µL and the last four from 

reactions with a total volume of 100 µL, the ratio of the components were the same. 

4.6 AMPLIFICATION BY HELPER PHAGES 

Results from only one of the five amplifications by the helper phage method had a slight positive result. After 

phenol-chloroform extraction two bands at about 1 and 2 kb became visible, before the extraction this DNA 

was probably located amongst the aggregates stuck in the well. The migration of the lower band suggested that 

it could possibly correspond to the approximately 4300 nt long single stranded DNA which was the phage 

genome derived from the phagemid. The upper band could possibly contain the about 7000 nt long single 

stranded genome of the helper phage itself. Though the expected yield from the amplification was much higher 
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than actually produced. The broad vague bands in all lanes that were located below 500 bp were most likely 

RNA residues from the DNA extraction. 

After digestion with BseGI was done, the single stranded pseudogene was expected to be visible in the gel 

(Figure 9), but no such band could be found. The digestion was done with two different volumes of the Crude 

P-C, 50 % template as described in 3.8.1 and 25 %, though the total reaction volume was constant. This was 

done to investigate if the lower salt concentrations in the 25 % template reaction would give a higher degree of 

digestion. Though in all cases no digestion product could be identified. 

 

Since the experiment was done with negative results a couple of times a few factors were varied with the 

purpose of increasing the rate of success. Incubation time of the culture after inoculation with the helper 

phages were tested at 3 h, 5 h and 17 h (overnight). The best result was given with 5 h incubation. At 3 h the 

production of phages with genome from the phagemid might be too low because of the lack of time to produce 

phage particles but when increasing the incubation time to 17 h there might be too much cells in the culture 

which then contributed to more protein and DNA contamination of the end product.  

Another factor was the ratio of PPB2 and PPB3 which in the first two rounds of the amplification was too low. 

This error originated from unoptimized protocols which was corrected to the specifications described in 

3.7.2.3.  

Though the most important factor of them all seemed to be the usage of viable helper phages with a correct 

titer. If using a helper phage batch which have been thawed and refrozen, calculated titer would differ from the 

viable titer and this would effectively lower the multiplicity of infection. 

4.7 FOLDING 

Folding of the three DNA origami structures, with the two different lengths of protruding strands each, was 

done firstly focusing on using the scaffold produced by RCA using the Phi29 DNA polymerase and the nicked 

small circularized pseudogene as the template. In each occasion the result showed undefined irregular short 

fragments with a dimension of 2-10 nm wide and 50-200 nm long. The expected polymers should have been 

straight and of considerable length which indicated that the scaffold was poorly folded, if folded at all. When 

comparing the folded scaffold with the scaffold without any added staples no significant differences was found 

(see Figure 10a). The shapes in the picture could be double stranded scaffold or pseudogene which was 

expected to have a size of about 125x2 and 145x2 nm. Other probable objects that might be proteins, e.g. the 

FIGURE 9: The result from the phage DNA extraction and its digest were separated on a 1.5 % agarose gel with 10 

mM MgCl2 run at 70 V for 4 h. The crude, which was the extracted phage DNA, stuck in the well indicated that 

agregated were formed and the extraction might not be clean from other biomolecules. After phenol-chloroform 

extraction, crude p-c, a clear separation of the helper phage and the phagemid genome was visable. Digestion BseGI 1 

and 3 were done with 25 % template in the reaction and BseGI 2 and 4 were done with 50 % though no digestion 

could be identified in either case. The lanes of the crude, crude p-c, BseGI 3 and 4 were all loaded on the gel with the 

same amount of DNA and BseGI 1 and 2 were loaded with half of that amount. 
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66 kDa BSA added in the RCA compared to the 117 kDa scaffold, and enzymes from all the reaction steps the 

create the pseudogene. 

The folded samples were also compared with the scaffold by separation on an agarose gel. The only band 

visible was located at barely 400 bp which corresponded to the double stranded scaffold. The lane for the 

scaffold showed two bands, one at barely 400 bp and one at about 250 bp (Figure 10c). The upper band was 

probably double stranded scaffold and the much weaker lower band single stranded scaffold. This lower band 

was not present in the lanes with folded structures but if some structures were folded from this the 

concentration would have been too low to confirm (Figure 10b). 

The scaffold produced from the small and the large closed circular templates, with the scaffold primer 

concentration 1:1 and annealing of the primers before the RCA with the Phi29 DNA polymerase, were both 

used to attempt to fold the polymer structure without success. The TEM pictures were similar to those of the 

folded scaffold produced from the small nicked circle with Phi29 DNA polymerase. 

 

FIGURE 10: a) TEM pictures of each folded structure and the scaffold without additions of staple strands as a control, 

scale bars are 100 nm long. There was no polymers found in either of the samples and the samples all looked like the 

scaffold control which indicates no folding. b) The nanostructures separated on a 2 % agarose gel with 10 mM MgCl2 

at 70 V for 3 h. Number 0 was the scaffold and 1=9H-SQ-8bp, 2=9H-SQ-4bp, 3=18H-HC-4bp, 4=18H-HC-2bp, 5=17H-

HCTw-4bp, 6=17H-HCTw-2bp. All samples had the same migration rate of that expected from the double stranded 

scaffold. Even though barely visible in the lane of the scaffold there was a faster band at about 250 bp which after 

folding disappeared. c) The BseGI was the digested RCA product (Phi29, nicked small circular template) which then 

was used for the folding, 0=BseGI=scaffold. 
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5 DISCUSSION 
The main goal of the project to successfully construct an all-in-one production of the DNA building blocks to 

fold a DNA origami structure was not completed. Due to unforeseen hinders the second phase, the scaffold and 

staples production, was never started. The production of enzymatic scaffold and staples in the way described in 

this project is highly likely to be successful taken in consideration a few changes and some more time spent to 

optimize the protocols further.  

The aim of creating a cell line with transformed cells containing the pseudogene could then be considered 

partially successful. Cells were transformed with the phagemid containing the pseudogene, however, the 

direction in which the pseudogene was inserted was not direction specific. When the designs were made for 

the pseudogene and the staples for the DNA origami structures, a mistake was made. Not considering the non-

directional cloning vector used the pseudogene could be inserted in both directions. Unfortunately in the one 

colony found with the insert it was placed in the wrong way, in consideration to the direction of the f1 origin. 

When staples for the DNA origami structures were designed only the position of the nicking site was 

considered. This resulted in only the scaffold produced from the amplification by RCA was the one matching 

the staples. The scaffold produced from the amplification by helper phages was the complementary scaffold 

and not usable for folding. Further screening would most likely reveal a colony with the pseudogene inserted in 

the correct direction. Though in this case the aim of producing the scaffold sequence with the helper phage 

strategy became impossible due to the direction of the f1 origin. 

Timesaving improvements to the transformation step can be done by making sure to use highly viable and 

competent cells. One property of the XL10-Gold ultracompetent cells and the pDrive vector that was not 

exploited was the possibility to perform blue-white colony screening. In comparison to the screening methods 

used in this project, the HindIII digestion or the PCR amplification where in both cases the products needs time 

consuming separation with gel electrophoresis, morphological techniques such as blue-white screening offers a 

quicker detection of colonies with the pseudogene insert. 

RCA was applied to amplify the sequence with small degree of success, however the technique requires further 

optimization to increase yield and purity. Initially there was a persistent problem with the RCA where after 

amplification the DNA content was too low to give visible bands on any agarose gel. A decision was made to 

increase the volume of sample DNA into each reaction. After this change RCA products were detected in 

agarose gels, which previously was not the case. Though this change increased salt concentrations in each 

reaction step, which might inhibit enzymatic activity. A test run with desalting samples before the RCA was 

done only to lose the DNA content in the last step. This approach could possibly increase the amplification if 

preformed successfully which could not be performed due to time constraints within the limits for this thesis.  

The scaffold production from the RCA had low success rate and very low yield. Confirmation by gel 

electrophoresis indicated the presence of a RCA product in all tests, but only after the DNA sample volume had 

been adjusted. Though after digestion with BseGI only a very low amount of possible single stranded scaffold 

could be detected, and then only in a few instances. This resulted in poor folding, if no folding at all. The 

samples seamed to contain a high amount of double stranded and a very low amount of single stranded 

scaffold. This is counterintuitive to the confirmed long RCA product which is always single stranded.  

Increasing the RCA reaction volume surprisingly had a strong negative effect on the amplification. In small scale 

reactions scaffold production seemed promising, except when using the large unnicked circle which may be 

due to strong secondary structure [44]. Despite increasing the reaction volume, keeping the ratio of the 

components constant, the same result could not be obtained. Though these larger reaction volumes have been 

successfully used in other preparations. Considering the small reaction volume especially the Bst DNA 

polymerase generated possible high yield single stranded scaffold which would be interesting for further 

testing since this was just discovered just before project closing.  

http://wizfolio.com/?citation=1&ver=3&ItemID=1585&UserID=8744&AccessCode=7C0F78CD53804BC5913744D811E9E701&CitationSuffix=


 
36 

 

The aim to fold 3 different polymer DNA origami structures was not achieved due to the problems encountered 

in earlier aims. While pilot experiments were performed they did not produce positive results. 

A few thoughts come to mind, regarding possible future improvements to the project. It might have been 

overambitious to try to produce such a long sequence without experience generating intermediate lengths of 

enzymatic oligonucleotides. 

Alternatively, it could be productive adopting the strategy of assembling large DNA nanotubes by using tiles 

constructed of only 5 oligonucleotides with lengths ranging from 26 to 42 nt described by Rothemund et al., 

2004 [45] and Ekani-Nkodo et al., 2004 [46]. 

 It would also be preferable to construct an experiment where the enzymatically produced oligonucleotides 

could be compared to synthetic ones. This both enables test folding to check if the sequences gives a well-

defined polymer structure and the sequences could also be used as a reference of migration rate when using 

gel electrophoresis. Though one of the challenges in focus when designing this project was to explore if longer 

sequences could be produced with the methods specified. 

 

http://wizfolio.com/?citation=1&ver=3&ItemID=1584&UserID=8744&AccessCode=BDD751AD06C44B60A4AD6DF77BE442B6&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1583&UserID=8744&AccessCode=9F53F8A025124D93BF8762DE12C86F14&CitationSuffix=
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