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As you set out for Ithaka 

hope the voyage is a long one, 

full of adventure, full of discovery. 

. 

. 

. 

Keep Ithaka always in your mind. 

Arriving there is what you are destined for. 

But do not hurry the journey at all. 

Better if it lasts for years, 

so you are old by the time you reach the island, 

Wealthy with all you have gained on the way, 

not expecting Ithaka to make you rich. 

Ithaka gave you the marvelous journey. 

Without her, you would not have set out. 

She has nothing left to give you now. 

And if you find her poor, Ithaka won't have fooled you. 

Wise as you will have become, so full of experience, 

you will have understood by then what these Ithakas mean. 

 

C.P. Cavafis 

 

 

  



 

 



 

 

POPULAR SCIENCE SUMMARY OF THE THESIS 

Origami technique- can it reveal the cell΄s secrets? 

In Japanese culture origami is the technique of folding paper in specific shapes. In this thesis 

we used DNA as a folding material, in order to create different shapes at the nanoscale. By 

combining this technique with chemical technology we are able to attach molecules on 

nanostructures, with result to create well defined molecular patterns. 

In one of our studies, we positioned pairs of antigens (target molecules for the immune system) 

on the surface of a DNA origami nanostructure, to study their interaction with antibodies. 

Antibodies have a characteristic Y shape with two arms, which are able either to move close to 

each other or to stretch out into a T shape, similar to person’s hands when they are doing 

jumping jacks. Our data showed that when the antigen distance was between 3-17 nanometers, 

then both arms were bound to them, but when the distance was longer than 17 nanometers the 

antibodies could not bind with both arms. Furthermore, we found that antibodies were able to 

bind the strongest to their antigens that were separated by 16 nanometers. In the future, the 

DNA origami technique could be used for creating patterns of antibodies, with either Y or T 

shapes, and explore how each shape affects functions of immune cells. 

Cells communicate with other cells through protein-protein interactions on their surfaces. 

During this process, a different sort of touch delivers a different message to the inside of the 

cell. It has been shown that this message differs when the proteins form patterns of specific 

densities and at specific distances. In our study we created patterns of Jag1 proteins on a DNA 

origami, and found that when more proteins were placed on a single DNA origami then this 

message was delivered with greater success to the inside on the cell. This happens because 

when more proteins are close together, they help each other to attach on to the cell surface. 

The work presented in this thesis shows that the DNA origami technique can be used to create 

patterns of molecules, in order to explore different cell functions that are currently unknown to 

us. 

 

 

  



ABSTRACT 

Nucleic acids, DNA and RNA, are naturally occurring biopolymers synthetized by cells to store 

and propagate genetic information. They can be found in eukaryotic cells, bacteria, archaea and 

viruses and, thanks to the development of synthetic chemistry techniques, they can be 

synthetized with relative ease on demand in the laboratory. DNA and RNA can form very 

distinct structures through Watson-Crick base pairing, where nucleobases form hydrogen 

bonds between the two antiparallel strands of a double helix. The programmability of base pairs 

can also be used to create pre-defined structures using nucleic acids as building material. One 

of the implementations of this, the DNA origami technique is using a long ssDNA oligo 

(scaffold) and hundreds of shorter oligonucleotides (staples) to bridge different regions of the 

scaffold together and form well defined shapes. DNA nanostructures generated this way can 

be used, among other things, as carriers of functional molecules to create patterns.  

In paper I. we present a method to study the spatial tolerance of antibodies by using DNA 

origami structures to present nanoscale antigen patterns. The DNA nanopatterns were 

immobilized on a surface plasmon resonance set up and the binding kinetics of different 

antibodies were measured. We found that the IgG subclasses and isotypes studied, were able 

to bind bivalently to two antigens separated by distances between 3 to 17 nm, with a distinct 

preference showed for the 16nm distance. Different spatial tolerance profiles were observed 

for a monomeric IgM, and IgG antibodies with lower affinities to antigens. 

In paper II. we use a DNA origami nanostructure to create different patterns of Jag1 ligand for 

studying the activation mechanism of the Notch signaling pathway. By treating induced 

pluripotent stem (iPs) cells with various Jag1 nanopatterns we found that bigger clusters of 

Jag1, induced more activation of the Notch receptors. This effect was further elucidated to 

occur because of prolonged binding of the ligand-receptor complex, leading to activation of 

Notch receptors in the absence of intercellular or external forces.  

In paper III. we introduce a new method to synthesize DNA origami directly on magnetic 

beads. Our method, tested for a variety of different DNA origami structures, can achieve up to 

90% yield compared to a standard folding protocol. Additionally, the same solid support can 

be used to functionalize the DNA origami in a one-pot-reaction and purify them from the excess 

of the molecules.    

In paper IV. we present a protocol for detecting viral RNA in patient samples with Covid19 by 

circumventing the RNA extraction step, which was a bottleneck in the detection process at the 

beginning of the pandemic. Samples were inactivated by heat and the RT-PCR was performed 

directly (hid-RT-PCR). By comparing our results with the standard diagnostic method on 597 

clinical samples we concluded that hid-RT-PCR is a reliable simplified and cost-efficient 

method that could increase diagnostic availability and subsequent decrease in spread of the 

virus. 
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1 LITERATURE REVIEW 

1.1 NUCLEIC ACIDS 

Nucleic acids are naturally synthesized biopolymers, which are produced by cells to store and 

convey the genetic information in living organisms1. As a polymer it is composed of repetitive 

monomeric subunits, the nucleotides: guanine (G), cytosine (C), adenine (A), thymine (T) or 

uracil (U). The chemical structure of each nucleotide contains a five carbon sugar molecule, a 

phosphate group and a nucleobase. When the sugar is a deoxyribose, the polymer is called 

deoxyribonucleic acid (DNA) (Figure 1a) while when the sugar is a ribose, the polymer is 

called ribonucleic acid (RNA) (Figure 1f). Nucleic acids form long chains with directionality 

through connecting the 3’ carbon atom of one nucleotide, with a phosphodiester bond, to the 

5’ carbon atom of the next nucleotide. 

DNA forms mainly a right handed double helical structure, when two long polynucleotide 

chains, with complementary sequences, bind together with hydrogen bonds (Figure 1d). The 

nucleobases of one strand bind with Watson-Crick base pairing with the nucleobases of the 

antiparallel strand (A-T and G-C) (Figure 1b and 1c). The most commonly found form of DNA 

in cells is the B-DNA, which has a dimeter of 20 Å, length of 3.4 Å per base pair and takes 

about 10.5 bases to make one full turn. Alternative less common forms of DNA are A-DNA, 

which is shorter and wider than B-DNA, and Z-DNA, which is a left handed and more 

elongated version of DNA. In RNA, chains of nucleotides form mainly a right handed single 

strand helix (Figure 1e). Secondary structures of RNA can form when a single strand RNA 

base pairs between its complementary regions to create double stranded regions (A-U and G-

C) (Figure 1g and 1h). 

 

Figure 1: DNA and RNA structures. a) Structure of a deoxyribonucleotide b) structures of adenine and 

thymidine forming two hydrogen bonds c) structures of guanine and cytosine forming three hydrogen bonds d) 

structure of a double strand B-DNA (PDB ID: 7RQT) e) structure of a single strand RNA (PDB ID: 7VFT) f) 

Structure of a ribonucleotide g) structures of adenine and uracil forming two hydrogen bonds c) structures of 

guanine and cytosine forming three hydrogen bonds 
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The major function of nucleic acids is to store and transfer genetic information in living 

organisms. This information can be located in eukaryotic cells, in bacteria, archaea and viruses. 

Some viruses carry their genetic material in different forms such as double stranded DNA2 , 

single stranded RNA3, double stranded RNA4 or  single strand DNA5.  

The entire DNA information that is present in a cell is called genome. The long DNA strands 

carrying the genetic information, are packed together with histones to form the nucleosome 

units, which further fold in packed arrays to form the chromosomes6. A specific region of 

chromosome that carries a DNA sequence which can produce a functional RNA molecule is 

called gene. According to the central dogma of molecular biology7, describing the flow of 

genetic information in living systems, a DNA region gets unwrapped, transcribed into an RNA 

molecule, and then can be translated to a protein at the ribosome. DNA can also be transcribed 

to RNA that doesn’t give rise to proteins and those are called non coding RNAs8.  

1.1.1 DNA nanotechnology 

DNA, due to its appealing characteristics, can also be used as a construction material. DNA 

nanotechnology as a field is using rationally design nanoscale objects made of synthetic DNA, 

for technological and biological applications. The idea of using DNA as a building material 

was conceived in 1980s, when a crystallographer was looking for new tools to control 

molecular orientation of proteins in crystallographic studies9. This was based on the principle 

that four DNA strands with complementarity regions can form Holliday Junctions, and by 

assembling multiple Holliday Junction motifs using complementary sticky ends, a rigid tile 

structure can be created (Figure 2). The first experimental realization of this, a DNA cube like 

structure made of branched DNA molecules with complimentary sticky end overhangs, was 

published 10 years later10. The next step was to create more complex periodic two dimensional 

structures using DNA double crossovers11 followed by the introduction of algorithmic self-

assembly to create a Sierpinski triangle pattern by using DNA computing. Three decades after 

introducing the idea of using DNA as a building block material, Nadrian Seeman published the 

first crystal structure of DNA tensegrity triangle at 4 Å resolution12.  

 

Figure 2: Holliday junction and assembly of that. Four DNA oligos with complimentary regions (a-a’, b-b’, c-

c’, d-d’, e-e’) can form a branched nucleic acid structure that contains four double stranded arms joined together 

(1). Assembly of a DNA lattice structure by mixing DNA strands with complementary regions (2).  
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1.1.2 DNA origami 

The tile based DNA nanostructures fold by using many short oligonucleotides which very often 

results in low folding yield and purity. In order to eliminate these issues, the idea of mixing a 

long single stranded DNA with shorter synthetic oligonucleotides to form an octahedron was 

introduced13. In 2006 the scaffolded DNA origami technique was developed, where a long 7-

kilobase single stranded scaffold, derived from M13mp18 phage genome, was mixed together 

with 200 short oligonucleotides (staples) to form many 2D shapes14 (Figure 3). 

 

Figure 3. Schematic representation of scaffolded DNA origami technique. A long ssDNA scaffold is mixed 

with hundreds of short oligonucleotides, called staples, to form a DNA origami. 

The same principle was later used to form three dimensional complex structures with a 

diameter up to 100nm, as well as homomultimeric linear polymers and heterodimeric 

wireframe icosahedra15. A significant step to the development and propagation of the DNA 

origami field was the release of an open-source software, caDNAno, which allows the design 

of DNA origami nanostructures built from helices constrained in honeycomb16 or square 

lattice17. By inserting or deleteing bases at specific positions of the DNA helices, twisted or 

curved DNA origami structures can be formed which can further lead to complex circular 

structures, spherical balls or other complicated shapes18,19. One drawback of DNA origami 

nanostructures with packed helices is that they require the addition of Magnesium (Mg2+) or 

Sodium (Na+) during the folding process, which results in unstable structures when we apply 

them in biological systems. To surpass this limitation, a technique to design polygonal 

wireframe DNA origami was developed, resulting in more stable DNA origami structures 

under physiological conditions20,21. To produce these wireframe structures, we create 

polygonal meshes of the desired structures and then the software will generate the appropriate 

scaffold routeing and staples to fold it20. Although, wireframe DNA origami nanostructures 

have higher stability at low salt conditions, they tend to be more flexible compared to lattice 

based DNA origami. This flexibility can be minimized with careful considerations, regarding 

edge length, number of nicked edges and monovalent salt concentrations22. 

1.1.3 Functionalization of DNA origami 

DNA origami technique can be used for positioning functionalized molecules at predefined 

and well-designed positions. The hundreds of staples, that hold together a long scaffold 

sequence, occupy a known position in the 3D DNA nanostructure. Staples can easily be 

replaced during the folding process either with functionalized staples or with longer staples that 

can protrude outside the structure (Figure 4). The functionalized staples can carry chemical 

compounds, fluorophores for microscopy applications or aptamers for biological applications. 

The second approach for functionalizing nanostructures, uses oligos that protrude outside the 

structure, and that can be used to hybridize to a complementary oligonucleotide which can 

carry bigger molecules like proteins.  
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Figure 4. Functionalization of DNA origami. Functionalization of DNA can achieved a) by direct use of 

modified oligos during folding reaction or b) by folding the structure with oligos protruding outside the structure 

and then hybridize them with complementary sequences on protein-DNA conjugates  

Several approaches for conjugating proteins with oligonucleotides have been developed over 

the past years. Some of them target specific regions of the proteins while some others bind in 

non-specified regions. One method that can be used to modify any available protein without 

special modifications, is to react the primary amines of lysine residues with NHS esters23. This 

approach results in a high conjugation yield but low specificity on the modification site. Other 

approaches require the expression of proteins with specific tags in a desired position. Such tags 

are 1) SNAP-tags24, 2) Halo-tags25, 3) CLIP-tags26 and 4) SpyTag/SpyCatcher27 system which 

provide high yield reactions. Although, these tags are big (>20kDa) which sometimes can be a 

limitation for DNA nanotechnology. Alternatively, proteins can get expressed with unnatural 

amino acids (UAA) to functionalize with bio-orthogonal reactions with amber-codon-

suppression incorporation28. Production of proteins with amber suppression codon results 

usually in lower yield, compared to expression of native proteins. However, we can express 

proteins with specific amino acid sequences that will facilitate the substrate for enzymatic 

reactions. For example, the enzyme lipoic acid ligase (Lp1A) can recognize a 13 amino acid 

sequence29 and the enzyme sortase A can ligate an oligo-glycine peptide to the LPXTG 

sequence30. Many approaches for conjugating a DNA oligo to a protein exist, and the most 

suitable should be chosen according to the protein availability and the downstream application. 

1.1.4 Applications of DNA origami 

DNA origami, due to its programmability with a precision on the nanometer scale, is used in a 

variety of applications in biochemistry, biophysics, synthetic biology and drug delivery. The 

driving force for the emergence of the DNA nanotechnology field was to use DNA as a 

controllable material for positioning proteins, and resolve their crystal structures10. In order to 

explore the rigidity of DNA nanostructures, the 3D structures of small DNA objects were 

studied by X-ray crystallography12,31,32,33 and of big DNA origami with cryo-EM34. Although 

the DNA origami structures could not be resolved with high resolution on cryo-EM, they were 

able to function as supports for determining the structure of proteins35,36. A recent paper used 

DNA origami structures as a tag for specific proteins on the surface of vesicles, virus envelop 

and cells37 and studied them with cryo tomography.  
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An additional application, is using DNA origami to construct molecular machines38,39 that can 

either act as walking devices 40,41,42 or as a pair of tweezers43. These machines used toehold 

mediated strand displacement, base stacking or enzyme catalyzed reactions, in order to induce 

changes on the structures. Another way to control the dynamic conformational changes of DNA 

nano-devices, is by changing the cation concentration44. In this case, the DNA devices were 

forming open states at low Mg2+ and closed states at higher Mg2+ concentrations. Recently, a 

DNA molecular printer composed of three DNA origami linear actuators, was used to create a 

nanoscale robotic printer45. DNA origami because of their ability to undergo conformational 

changes, can apply and detect forces in biological systems. For example, a hinged DNA 

origami, that is able to position molecules down to the Bohr radius level46, was used to explore 

the forces between nucleosomes47.   

The characteristic of DNA origami to carry molecules with high programmability, created 

applications in the drug delivery field, where a nanostructure can be used either to kill abnormal 

cells or to reduce the side effects of the drugs. In one case, the chemotherapeutic agent 

anthracycline doxorubicin (Dox) was loaded on two DNA nanostructures with different 

degrees of twist, where different release rates of the drug were observed on breast cancer cells48. 

The same drug, anthracycline, when was combined with DNA origami structures, 

circumvented Drug Resistance in various cells lines49,50 and in vivo51. In another example, 

DNA origami structures were used as carriers of drugs that carry a logic gate for opening and 

releasing the drug after sensing the environment in vitro52 and in vivo53. To further expand the 

studies for in vivo drug delivery of DNA origami, protection of the DNA origami from nuclease 

mediated degradation is necessary. To improve the in vivo bio distribution of DNA origami, 

coating with PEGylated lipid bilayers54 or oligolysine-PEG solution55 is important. 

Several applications use DNA origami in order to position proteins and control their functions. 

For example, cells are known to compartmentalize enzymes, in order to increase the efficiency 

of their reaction. To control the spatial arrangement of multienzyme cascades with distance 

specificity for each enzyme, a DNA origami was used as a scaffold56,57,58. DNA 

nanotechnology was also used in order to protect enzymes. In this case, by using a DNA 

nanocage, increased protection against proteases was achieved59 and also allowed the 

controllable accessibility of the enzymes60.  

1.1.4.1 Spatial arrangement of receptors utilizing DNA origami 

The ability of DNA origami display proteins at well-defined positions, made it an attractive 

tool to study signal transduction. Cells communicate with the extracellular environment to 

initiate cellular events by forming spatial arrangements of receptors on the membrane. Such an 

example is the Ephrin receptor, which regulates cell migration and proliferation by recognizing 

their ligands on adjacent cells61. To study the effect of spatial arrangement of ligands on 

receptor activation, a DNA origami nanocalliper was used to present Ephrin A5 ligands at 

specific distances62. The effect of Ephrin A5 nanocalipers was later studied with sequencing 

technique as well, and divergent transcriptional responses were observed63. In another study, 

DNA origami was used to study the nanoscale arrangement on EGF receptor activation with 

patterned DNA nanostructures decorated with their ligands, using microarrays64. Moreover, 

DNA microarrays with immobilized DNA origami were used to study the cooperativity effect 

of integrins with EGF receptors65 while cluster formation of integrin receptors was recently 
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explored by using Multivalent DNA-Based Nanoparticles66. Death receptor 5 (DR5), a receptor 

that belongs to the tumor necrosis factor receptor superfamily, was found to require 

dimerization or trimerization of its transmembrane domain, suggesting that bigger interaction 

networks of receptors with ligands67 are necessary to induce apoptosis. When hexagonal 

patterns of DR5 ligands displayed at 5nm inter-ligand distance on a DNA origami 

nanostructure, death receptor clustering and a resulting apoptosis was observed68. An additional 

study for FasL death receptor, showed that hexagonal FasL arrangements present on DNA 

origami with 10 nm inter molecular spacing, exhibit higher efficiency than soluble ligands or 

different pattern arrangments69. 

1.2 MOLECULAR PATTERNS IN BIOLOGICAL SYSTEMS 

1.2.1 Immunology 

Molecular patterns are important in both innate and adaptive immune system70. A key element 

of these systems is the interaction between antigen and antibodies. Antibodies, also known as 

immunoglobulins, affect the immune system through their ability to neutralize pathogens. They 

have a characteristic “Y” shape, which is composed of two antigen binding fragments (Fab), 

important for binding to an antigen, and an Fc region responsible for initiating other immune 

responses. B cells are part of adaptive immune system and can either secret antibodies to the 

blood plasma or bind them with B cell receptors expressed on their surface. In humans, 5 

different types of antibodies (IgG, IgM, IgE and IgA) are expressed. The most abundant isotype 

IgG, can divide into four subclasses (IgG1, IgG2, IgG3 and IgG4), which differ only in the 

length of a region that connects the Fab arm with the Fc part (hinge region) (Figure 5). This 

hinge region is mainly responsible for the flexibility of the Fab arms which, as shown in 

electron microscopy studies, can vary its conformation between a Y and a T shape71.  Because 

of this characteristic, the crystal structures of full antibodies are difficult to be determined and 

not many are available72. 

 

Figure 5. Schematic illustrations of the human IgG1 subclasses. a) IgG1 b) IgG2. c) IgG3. d) IgG4. Each IgG 

subclass is composed of two heavy chains and two light chains that are colored blue and orange, respectively. The 

heavy and light chains are covalently bound via disulfide bridges. An antibody can be divided onto three main 

parts, the constant Fc that is linked to two Fab arms via the hinge region (represented with lines). The number of 

disulfide bridges varies between the IgG subclasses. 

Multivalent antigen arrangements are important for antibody mediated immune responses. The 

protein C1q initiates complement activation upon binding on hexamers of immunoglobulin G 

(IgG)73.  Multivalent interactions between antigens-antibodies are also important for antibody-
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dependent cell-mediated cytotoxicity and antibody-mediated antigen presentation74,75. 

Furthermore, multimers of antigens can also initiate B-cell signaling though B-cell antigen 

receptors (BCR)76. Specifically, bi- and trivalent haptens (small antigens) activated the BCR 

whereas monovalent haptens were ineffective77.  

1.2.1.1 Molecular patterns in immunology utilizing DNA origami 

The ability of DNA origami to present any molecule at various distances and configurations, 

made it a great tool to study immunological responses. In an exemplary work, the immunogen 

eOD-GT8, an engineered outer domain of the HIV-1 glycoprotein-120, was displayed on DNA 

origami to study the effect on B-cell activation78. In another study, to explore the spatial 

arrangement of PD-L1 ligands on T-cell inhibition, a DNA origami flat sheet with various PD-

L1 ligand configurations was utilized to regulate T-cell signaling79. DNA origami structures 

were also used for presenting CpG-motifs at 7nm distance, and high immune activation 

achieved by binding to Toll-like receptor 9 on macrophages80. Macrophages destroy pathogens 

through antibody-optionization mediated by Fcγ receptors (FcγR). Another study using DNA 

origami showed that macrophages probably sense ligand densities to make engulfment 

decisions81. 

1.2.2 Notch signaling pathway 

Notch signaling co-ordinates cell fate decisions of neighboring cells though direct cell-cell 

contact. During development it co-ordinates differentiation by directing lateral inhibition, 

asymmetric cell divisions, tissue patterning, angiogenesis and neurogenesis. The contact area 

between the two cells was found to affect the signal by using micro-patterning of Notch 

receptors82. It has been shown that mutations on the receptors or its ligands structures, can lead 

to genetic disorders and cancer. 

To better understand the mechanism of this pathway we need to take a closer look to its 

components. In mammals, four types of Notch receptors are expressed (Notch1-4) and two 

families of ligands: Serrate (Jag1 and Jag2) and Delta (DLL1, DLL3 and DLL4). Activation of 

this pathway relies on three proteolytic cleavage steps. During maturation at the Golgi, the 

Notch receptor is cleaved by furin-like convertase (S1) to form a non-covalently associated 

heterodimer which then translocates to the cell surface. There, upon interaction with its ligands 

expressed in the adjacent cell, the second cleavage occurs by ADAM metalloproteases (S2) 

and a subsequent intracellular cleavage by γ-secretase (S3). These events lead to the release of 

the Notch intracellular domain (NICD) which can translocate to the nucleus to assemble with 

a DNA binding protein of CSL family and the co-activator Mastermind, and act as a 

transcriptional activator (Figure 6). 
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Figure 6. Schematic diagram of Notch signaling pathway. The Notch receptor maturates at the Golgi where is 

cleaved by furin-like convertase (S1) to form a non-covalently associated heterodimer which then translocates to 

the cell surface. Upon interaction with its ligands expressed in the adjacent cell, the second cleavage occurs by 

ADAM metalloproteases (S2) followed by an intracellular cleavage by γ-secretase (S3). The notch intracellular 

domain (NICD) is released and translocates to the nucleus to act as a transcription factor. 

The Notch receptors are big molecules and each region has a discreet function. The 

extracellular part is composed of EGF repeats (29-36), which can either facilitate their 

interactions with ligands or bind calcium ions to determine the affinity of ligand binding, 

followed by three cysteine-rich Lin12-Notch repeats (LNR) and a hydrophobic 

heterodimerization domain which are known together as negative regulatory region (NRR). 

The NRR region is located next to the cell membrane and forms a loop to protect the S2 site 

from ADAM mediated cleavage83. The S3 site is located within the transmembrane segment 

and controls the release of the NICD. The NICD contains a RAM domain, seven ankyrin 

repeats which are involved in CLS interaction at the nucleus, a transcription activation domain 

(TAD) and a PEST region responsible for NICD degradation. Ligands of Notch are also single 

pass transmembrane proteins. The structure of Notch ligands contains a DSL domain at the N-

terminus and EGF-like repeats (16 for Jagged family and 5-9 for Delta family) followed by 

cysteine rich domain (CRD) only in Jagged family ligands. The N-terminus of human Jagged-

1 and DLL1 is a C2 phospholipid recognition domain that binds phospholipid bilayers in a Ca2+ 

dependent fashion84. Co-crystal structures of Notch1 and DDL4 revealed that DSL and C2 

domains of DLL4 bind on EGF11 and EGF12 of Notch185 while C2 and EGF3 of Jag1 engage 

EGF8 and EGF12 respectively. This data concludes that different sites of Notch receptors are 

responsible for discrete interactions with specific ligands. The binding preference of Notch 

receptors to specific ligands is mediated by post translation modifications induced by fringe 

proteins, which can glycosylate their EGF repeats. In mammals, three types of fringe proteins 

are present: Lunatic, Manic and Radical. Fringe modifications at EGF8 and EGF12 enhance 

activation of Notch by DLL-1, Manic and Lunatic modified EGF6 and EGF36 inhibit Notch1 

activation by Jagged1, while Radical enhances signaling from both Jag1 and DLL-186. The 
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affinity differences between ligands, can explain ligand specific behaviors, for example, 

expression of DLL1 and DLL4 lead to opposing effects on muscle differentiation87,88. 

Many scientists have tried to elucidate the circumstances under which the NRR region unfolds 

to uncover the S2 cleavage site. The currently accepted model of canonical Notch pathway 

activation involves the endocytosis of ligand-receptor complex by the ligand expressing 

cell89,90 which is controlled by the Epsin pathway91. This endocytosis occurs either for receptor 

recycling purposes or to exert a pulling force to uncover the S2 region of the receptor. By 

applying tension gauge tethers on ligands immobilized on surface, a force of 12pN was required 

for Notch activation92. The activation of Notch receptor by pulling forces was confirmed by 

magnetic beads tethered to Notch molecules on the cell surface93. The high affinity ligand DLL-

4 activates Notch at tensions of 1pN while the low affinity Jag1 required tension above 4pN94. 

In the same study, when a range of tensile forces applied for measuring the lifetime of ligand-

receptor bond, a catch bond behavior observed for both Jag1 and DLL-4. Dynamic expression 

of Notch target genes is known to be important during developmental processes. Recently, it 

was shown that cells use dynamics to discriminate signaling by DLL1 and DLL4 through 

Notch1 receptor95. Single cell imaging experiments revealed that DLL1 activates Notch1 in 

pulses to upregulate Notch target gene Hes1 while DLL4 in a sustained manner to subsequently 

upregulate Hey1 and HeyL genes.  

Notch signaling pathway is important in many biological processes and mutations can result in 

abnormal activation and several diseases. Understanding of the activation mechanism is of 

great importance for the development of new approaches to target this pathway. 
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2 RESEARCH AIMS 

The aim of the work presented in this thesis is to create research methods by using nucleic 

acids, for the characterization and detection of biological systems. The specific aim of each 

paper presented in the thesis is: 

Paper I. – To develop a new method for studying the spatial tolerance of different antibodies, 

using the DNA origami technique for creating molecular patterns of antigens. 

Paper II. – To investigate the effect of nanoscale spatial configurations of Jag1 ligands on the 

Notch receptor activation, using Jag1 patterned DNA origami nanostructures. 

Paper III. – To create a new method for folding DNA origami directly on magnetic beads, 

which permits the removal of excess folding material, the functionalization of nanostructures 

with molecules and their subsequent purification in one pot reaction. 

Paper IV. – To develop a new protocol for detecting RNA in Covid19 patient samples by 

circumventing steps in the standardized diagnostic procedure, that were cost and time 

consuming, with the goal to increase the diagnostic availability. 

 

 





 

 13 

3 MATERIALS AND METHODS 

3.1 FABRICATION OF PATTERNED DNA ORIGAMI 

3.1.1 Design of DNA origami nanostructures 

DNA origami structures presented in this thesis were designed by using the caDNAno 

software96,17. An 18-helix bundle (18HB) structure48,62, composed by 18 parallel double 

stranded helices (used in papers I, II, III) and a 44 helices Hollow Brick (HB) structure (used 

in papers I, III), were designed with helices packed in a honey comb lattice (Figure 7a and 7b). 

Τhe 2D rectangle (R) structure (used in paper III) is composed of 24 double stranded helices 

folded in parallel fashion (Figure 7c).   

 

Figure 7. Design of DNA origami with caDNAno software. Representative images of structural design for a) 

18-helix bundle (18HB), b) Hollow brick (HB) and c) 2D rectangle (R) structures. 
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The first step of designing a DNA origami was to determine the needed dimensions of the 

nanostructure, in order to present molecular patterns on it, in further experiments. Next, by 

knowing the geometrical characteristics of the B-DNA (0.34nm per base and 10.5nt for one 

helical turn) we designed lines with length that correspond to the length of the desired structure. 

These parallel lines represent the helices of the DNA scaffold that needed to be connected by 

crossovers. To continue, we used the “auto staple” feature of the caDNAno software, to create 

staple strands that connect the scaffold together. The software automatically highlighted staples 

that are long with thick lines, and we manually introduced staple break-points in order to create 

staples between 21 and 60nt. At the ends of the structures we either introduced staples that 

protrude by 3-5 bases (A-caps) or left unpaired scaffold to avoid aggregations during folding. 

We then chose randomly a point on the scaffold strand to apply the sequence of the scaffold 

DNA used (7560 bases for 18HB, 7246 bases for rectangle and 8634 for HB) and by using the 

feature “add seq” we generated the sequences of the staple strands. The staple sequences were 

further processed in Microsoft excel software and finalized for order.  

3.1.2 Production of ssDNA scaffold 

Bacterial culture of E.coli strain (JM109) starting from a single colony were grown in 2xYT 

media. At the exponential phase of the growth, the culture was inoculated with phages derived 

from M13mp18 containing ssDNA at the desired size (p7560 with 7560 bases for 18HB, p7249 

with 7249 bases for rectangle and p8634 with 8634 bases for HB). The bacteria were then 

cultured for 4-5 hours with p7249 and p7560 phages and for 3 hours with the p8634 phages at 

37oC. After this period of time, the bacteria were removed from the culture by centrifugation 

and the phages were isolated by PEG precipitation. The ssDNA was extracted from the phages 

by removing the coating of the phages with alkaline lysis followed by ethanol precipitation. 

The resulting pellet of ssDNA scaffold was resuspended in 10mM Tris buffer pH 8.5.  

3.1.3 Folding, purification and characterization of DNA nanostructures 
DNA origami structures were produced by mixing scaffold DNA with the corresponding 

mixture of staple oligonucleotides and subjecting the mixture to thermal annealing using a 

thermocycler. A standard folding reaction includes a final concentration of 20nM scaffold, 

100nM of staple strands in folding buffer containing 5mM Tris, 1mM EDTA and MgCl2. 

The optimal MgCl2 concentration for each structure was determined individually in a Mg 

screening experiment, where different amounts of Mg were tested during the folding reaction. 

The presence of this divalent cation is important during folding because it stabilizes the DNA 

helices in close proximity, through shielding their negative charges. In the case of project II, 

we avoided using EDTA during the folding process because the presence of EDTA in cell 

experiments could activate the pathway we were studying. The complete reaction mixture 

was annealed on a 16 hours program (65 oC for 4min, 65 oC to 50 oC for 1 min/0.7 oC, 50 oC 

to 35 oC for 1h/ 1 oC, 20 oC forever). 

The reaction described above contains staple strands in 5 times excess compared to the scaffold 

concentration and the unused material needs to be removed after the reaction is completed. In 

most of the experiments included in this thesis, we used an ultrafiltration method to separate 

the folded origami from the excess of unused staples where molecular weight cut-off filters 

were used (100k Amicon columns 0,5ml, Sigma, UFC5100). Initially, the filters were 

incubated for 10minutes at room temperature with washing buffer (1x PBS supplemented with 

10mM MgCl2). The folded DNA origami was diluted with washing buffer to 400ul total 
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volume and transferred into the filter tube and spun down for 1 minute at 10000 rpm. This 

procedure was repeated until no ssDNA oligos could be detected it the flow-through, using a 

spectrophotometer (Nano-Drop, Thermo Fisher). The final concentration of the purified DNA 

origami was determined by measuring the absorbance at 260nm using Nano-drop. 

The characterization of the folded DNA origami was achieved by running the structures in 2 

% agarose gels (0.5x TBE, 10mM MgCl2, 0.5mg/ml ethidium bromide (EtBr)) in an ice water 

bath for 3 hours at 90V. The folded DNA origami shows an increased migration speed 

compared to the scaffold molecule on an agarose retardation assay. This electrophoretic assay 

can be used to detect dimers and aggregates of the DNA origami as well as non-incorporated 

DNA strands. The gels were imaged with ImageQuant LAS 4000 (Cytiva). To further observe 

the shape of the folded DNA origami, we used negative-stained transmission electron 

microscopy (TEM).  The concentrations of the samples were adjusted to 5 or 10nM and 3 μl of 

samples were applied on a glow-discharged, carbon-coated, formvar resin grid for 20 seconds. 

The grid was then blotted on a filter paper and stained with 2% w/v aqueous solution of uranyl 

formate, supplemented with 20mM NaOH. The negative stained samples were imaged by 

Talos 120V Microscope at a magnification that is described in each experiment.  

3.1.4 Solid phase synthesis of DNA origami  

In this thesis we present a protocol we developed for folding DNA origami directly on a solid 

support. The desired amount of oligo dT25 magnetic beads (Thermo, 61005), was placed on a 

magnet to remove the storage buffer and was resuspended in Tris buffer (5mM Tris, 1mM 

EDTA). The folding mixture components (10nM scaffold, 50nM staple strand mixture, 100nM 

ssDNA linker and sodium polytungstate, SPT, at a final concentration of 270mM) were then 

added to the magnetic beads. For high folding yields we recommended to use 5.83 ng of DNA 

scaffold per μl of magnetic beads. The tube containing the reaction was placed in a PCR 

machine and folded by annealing at 65oC for 4min, then 65 oC to 50 oC for 1min/0.7 oC, 50 oC 

to 35 oC for 1h/1 oC and 20 oC forever until retrieved. When the reaction completed, the tube 

was placed on a magnet where the solution was removed and the beads were resuspended in 

washing buffer (1x PBS supplemented with 10mM MgCl2). This procedure was repeated two 

additional times. Finally, the magnetic beads were resuspended in elution buffer (1x PBS 

supplemented with 10mM MgCl2) containing the invasion strand at 250nM concentration for 

at least 1 hour. The tube was then placed on a magnet to separate the beads from the solution 

that contains the pure DNA origami. 

3.1.5 Conjugation of protein with DNA  

The protein Jag1Fc carrying 6x histidines (His tag) at the C terminus (used in paper II), was 

conjugated to a 21 bases oligonucleotide. Initially, the protein was buffer exchanged to 1x PBS 

pH 6.3, and 20 times excess in molar concentration of the chemical Bis-sulfon-PEG4-DBCO 

was added for 4 hours at room temperature (RT) (Figure 8). This chemical reacts with two 

imidazole rings of the His tag resulting in a protein carrying a DBCO group. Then we used 

desalting columns (Thermo Fisher, Zeba spin desalting columns 7k) to buffer exchange the 

protein in 1x PBS pH 7.2 and remove the unreacted excess of the chemical compound.  The 

DBCO modified Jag1 protein was reacted with a 21 bases long N3-modified oligonucleotide 

in a coper free click chemistry reaction for 4 hours at RT. The excess of oligonucleotides were 
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removed with weight cut-off filters (50k Amicon columns 0,5ml, Sigma, UFC5050). The 

protein modified with DNA oligos was diluted with washing buffer (1x PBS) to 400ul final 

volume and placed in the filter tube and spun down for 2 minute at 14000 rpm. This procedure 

was repeated until no ssDNA oligos could be detected at the flow-through using a 

spectrophotometer (Nano-Drop, Thermo Fisher). The final concentration of the protein 

conjugated with DNA was measured by Bradford assay (Sigma, B6916-500ml). 

 

Figure 8. Conjugation reaction of Jag1Fc protein with single stranded DNA oligonucleotide. Initially, the 

protein was mixed with the chemical compound Bis-Sulfon-PEG4-DBCO that selectively reacts with imidazole 

groups of His-tag present at the C terminus of the protein (1). DBCO modified protein reacted with an azide 

modified oligo at a Cu-free click chemical reaction to form protein-oligonucleotide conjugates (2). 

3.1.6 Formation and purification of functionalized DNA origami 

In this thesis, two approaches were used to functionalize DNA origami. In the first strategy, a 

modified oligonucleotide was added directly during the folding process. Such modifications 

are probes used in paper I (digoxigenin, 4-hydroxy-3-iodo-5-nitrophenylacetate, 4-hydroxy-3-

nitrophenyl) and fluorophores in paper II and III. These modifications can survive the high 

temperatures used during folding process. In the second strategy, we introduced modifications 

that are not resistant to high temperatures, such as proteins. In this case the DNA origami was 

folded with an oligonucleotide protruding outside of the structure, which is complementary to 

the protein-DNA conjugate sequence. The DNA origami with protruding oligos, after 

purification with ultrafiltration, were incubated with the protein conjugates at 37 oC for one 

hour, followed by a rapid cooling to 22 oC and incubated at the same temperature for 14 hours.  

Purification of functionalized DNA origami was performed with different methods. When the 

modification was added during folding and its molecular weight was below 100kDa, removal 

was achieved with ultrafiltration procedure after folding. When the protein Jag1Fc was added 

to the DNA origami (paper II), successful removal of the excess of the protein was achieved 

with size exclusion purification (FPLC, Superose 6 column). In the solid phase synthesis 

protocol we present in this thesis, we were able to remove any modification we introduced on 

the structure regardless of the molecular weight with our solid support (paper III). 
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3.1.7 Surface Plasmon resonance (SPR) 

Surface Plasmon Resonance is a label free technique able to measure the affinity of interaction 

and determine the association and dissociation rates between molecules. Association and 

dissociation are measured in arbitrary units, called Response units (RU), represented in a 

sensorgram. During the measurement, one of the components is immobilized on a chip surface 

while the other interactant is passed over the surface.  

In our experiments we took advantage of the strong interaction between streptavidin and biotin, 

to immobilize our biotin modified ligands on the chip surface. The CM3 chip surface was first 

activated with NHS/ECD (N-hydroxysuccinimide/1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide) to subsequently immobilize streptavidin at 10μg/ml in 10mM Sodium Acetate 

buffer pH 4.5 at a 6 minute contact time and 10 μl/min flow rate. 

In paper I we used the SPR technique to measure the binding kinetics of antibodies when 

precise patterns of antigens, presented on a DNA origami, were immobilized on a chip surface. 

Firstly, 200nM of a biotinylated oligonucleotide diluted in 1xHBS-EP running buffer, was 

injected over the streptavidin surface for 20 minutes with a flow rate 10 μl/min followed by a 

washing step with 50mM NaOH for 5 minutes. The DNA origami carrying antigen patterns on 

one side and ssDNA on the opposite side, were injected over their complementary biotinylated 

oligo previously anchored on the chip surface, with a flow rate 2 μl/min for 20 minutes. A 

washing step with buffer for 10 minutes removed any non-specifically bound DNA origami. 

Antibodies were diluted to five increasing concentrations close to a range of its KD (0.025-0.5 

nM for anti-DIG antibodies, 1-50 nM for anti-biotin antibodies and 0.0256-1nM for anti-NIP 

antibodies), and injected from the lowest to highest concentration for 5 minute each, with a 

flowrate 30 μl/min, followed by a 15 minute dissociation step. All antibody kinetic experiments 

with DNA origami antigen patterns were performed in 1xHBS-EP buffer supplemented with 

10mM MgCl2 and after each cycle the surface was regenerated with a 5 minute injection of 

50nM NaOH. The antibodies were injected using single cycle kinetics experiment and the 

binding curves were fitted to a 1:1 Langmuir binding model with the T200 evaluation software, 

to calculate the association rates, dissociation rates and binding affinities. The experiments 

were performed with a BIAcore T200 instrument. 

In paper II we used SPR measurements to show the different binding affinities of several Jag1 

nanopatterns with Notch1 receptor. The biotinylated extracellular domain of the human Notch1 

receptor (8-12 EGF) was immobilized at 200 RU. Jag1Fc DNA nanopattern samples were 

diluted to concentrations ranging from 2,5 nM to 10 nM in PBS, pH 7.4, supplemented with 

10 mM MgCl2. The flow rate of the samples was adjusted to 10 μl/min, and a total amount of 

70 μl was injected for 120 seconds on the immobilized receptor and multi-cycle kinetics 

experiment was performed. After the injection, the sample was left to dissociate by injecting 

buffer and at the end of each cycle, MgCl2 buffer was used to regenerate the surface for 60 

seconds at 30 μl/min flowrate. Data were processed with the BIAevaluation 3.2 software using 

a 1:1 Langmuir binding model. 
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3.2 BIOLOGICAL ASSAYS 

3.2.1 Culture of mammalian cells 

The mammalian cells cultured in the work presented in this thesis were HEK293T cells for 

Jag1 protein production and human derived induced pluripotent stem (iPS) cells  for the 

investigation of Notch signaling pathway (Nes, AF22) (paper II) 

HEK293T cells were cultured in DMEM (Dulbecco’s modified eagle medium) supplemented 

with 10% FBS (Fetal bovine serum) and 1% penicillin and streptomycin (pen/strep). The cells 

were cultured in flasks T75 (VWR, 734-2313) and expansion was performed when cells 

reached 90% confluency. For each round of high scale protein production 30 flasks were used. 

When cells were in 90% confluency, we transfected them with Jag1 plasmid. We pre-mixed 

Jag1 plasmid and transfection reagent (lipofectamine 2000) at a ratio 1:3 in optimem media, let 

the complex form for 15 minutes and then added it into the cells.  One day after transfection 

media were collected, and fresh DMEM with FBS and pen/strep were added to the cells for 4 

more days. The total amount of media collected from day1 and day5 were further processed 

for protein purification by using the affinity purification column His trap FF. The Jag1Fc 

protein that we produced contains 6 Histidines at the C terminus which was used for capture 

on a precharged Ni Sepharose 6 Fast Flow column by immobilized metal ion affinity 

chromatography (IMAC). 

NES cells were cultured as adherent cells in cell culture flasks (VWR, 734-2311) previously 

coated with 20 μg/ml polyornithine (Sigma) for 1 hour and 1 μg/ml Laminin2020 for 4 hours 

(Sigma). Cells were cultured in NES culture medium DMEM/F12+GlutaMax (Gibco), 

supplemented with 10 μl/ml N‐2‐supplement (100×, Thermo Fisher Scientific), 10 μl/ml 

Penicillin‐Streptomycin (10,000 U/ml, Thermo Fisher Scientific), 1 μl/ml B27‐supplement 

(50×, Thermo Fisher Scientific), 10 ng/ml of bFGF (Life Technologies) and 10 ng/ ml of FGF 

(PeproTech). The culture medium was replaced every second day. The NES cells were 

passaged enzymatically at 100% confluency using Trypsin‐EDTA (0.025%, Thermo Fisher 

Scientific). NES cells were seeded at a density of 40,000 cells/cm2. For the cell stimulation 

experiments we used 96 well plates where cells were seeded for 6 hours followed by 3 hours 

stimulation with Jag1 DNA nanopatterns. 

3.2.2 RNA extraction 

Two different protocols for RNA extraction were followed in paper II, for detection and 

characterization of the Notch signaling pathway. All samples analyzed with qPCR experiments 

were RNA extracted with the Power Sybr Green Cells-to-Ct Kit (Thermo Fisher Scientific, 

4402954). This protocol is optimal for working with 10 to 105 cells per reaction. Media from 

adherent cells were removed and 50 μl of Lysis solution were added to each well, pipetted for 

5 times and incubated at room temperature for 5 minutes. Stop solution at 5μl was then added 

to the solution, pipetted for 5 times and incubated at room temperature for 2 minutes. In the 

same Kit reagents for reverse transcribing (RT) the mRNA to DNA were included. The reaction 

mixture for the RT reaction contains 25 μl 2x Sybr RT buffer, 2.5 μl 20x RT enzyme mix, 12.5 

μl water and 10 μl of the extracted RNA sample. The reaction was added into a thermocycler 
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and incubated at 37oC for 60 min followed by RT inactivation at 95 oC for 5 min. The samples 

were hold at 4 oC and stored at -20 oC till the qPCR reaction. 

The samples analyzed with mRNA sequencing experiments were RNA extracted by using the 

RNeasy Micro Kit (Qiagen, 74004). This Kit is also suitable for working with less than 

105 number of cells in a 96 well plate set up. RNA molecules longer than 200 

nucleotides are purified which means that this procedure enriches mRNA extraction 

while smaller RNAs (such as 5.8S rRNA, 5S rRNA and tRNAs, which together make up 15–

20% of total RNA) are excluded. Media from adherent cells were removed and 75 µl Buffer 

RLT was added, pipetted up and down to disrupt and lysate the cells. Sample was transferred 

to a microcentrifuge tube and 75 µl of 70% ethanol were added. The samples were then 

transferred to MinElute spin column and centrifuged for 15 seconds (sec) at 8000g to bind 

RNA on the column. The samples washed with 700 µl Buffer of RW1, with 350 µl Buffer of 

RW1 and 500 µl Buffer of RPE and centrifuged after each wash for 15 sec at 8000g. After 

these steps, 500 µl of 80% ethanol were added and centrifuged for 2 min at 8000 g and at 

maximum speed for 5 minutes with the tube’s lid open. The RNA was then eluted with 14 µl 

RNase-free water and centrifuged for 1 min at full speed. The samples were further processed 

for library preparation with the TruSeq stranded mRNA Kit (Illumina, 20022371).  

3.2.3 Real time qPCR 

The real time quantitative polymerase reaction technique is used for the amplification and 

detection of targeted DNA molecules. The two existing methods for detection in real-time PCR 

use either a non-specific fluorescent dye that intercalates to double strand DNA (Sybr Green) 

or a sequence-specific DNA probe that is labelled with a fluorescent reporter, which allows 

detection only after hybridization with the complementary target sequence. In the sequence 

specific method, the probe carries a fluorophore on one side and a quencher on the other side. 

The primer sequences initiate the DNA polymerase reaction, and when it reaches the probe 

sequence, its exonuclease activity degrades the probe, allowing the fluorophore to be excited 

by the laser. All RT-qPCR experiments presented in this thesis were performed with a Step-

One-Plus real time PCR machine (Applied Biosystems) using the StepOne Software v2.3.  

In paper II we used the Power Sybr Green Cells-to-Ct Kit which is using a Sybr Green dye for 

detection. The reaction mixture included 10 μl of Sybr Green, 1 μl of primers (250nM final 

concentration), 5 μl of water and 4 μl of cDNA. Primers used in this study are Hes1 Fw: AGG 

CGG ACA TTC TGG AAA TG, Hes1 Rev: TCG TTC ATG CAC TCG CTG A, GAPDH Fw: 

ACT TCA ACA GCG ACA CCC ACT and GAPDH Rev: CAC CCT GTT GCT GTA GCC 

AAA. The reactions were placed into the qPCR machine and cycled using the following 

program: Enzyme activation at 95oC for 10 min, 40x PCR Cycles of 95oC for 15 sec and 60oC 

for 1 min, followed by a melting curve.  

In paper IV, presence of SARS-COV2 genes in samples were detected by reverse transcription 

and qPCR using the TaqPath RT-qPCR master mix (Thermo, A15299). The total reaction was 

20μl and contained 5 µl TaqPath master mix, primers-probe mix, sample, and RNase free 

water. The concentrations of primers and probes were:  E and RdRP: 300 nM each primer, 

200 nM probe; N1 and RdRP: 500 nM each primer, 125 nM probe. The thermal annealing steps 
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were: 25 °C for 2 min, 50 °C for 15 min, 95 °C for 2 min, and 45 cycles of 95 °C for 3 s and 

56 °C for 30 s.  

 
Table 1. Primers and probes used for SARS-CoV-2 RT-qPCR. 

Name 
Amplicon 

length (bp) 
Description Sequence (5' to 3') 

N1 72 

Forward GACCCCAAAATCAGCGAA AT 

Reverse TCTGGTTACTGCCAGTTGAATCTG 

Probe FAM- ACCCCGCATTACGTTTGGTGGACC -BHQ1 

E 113 

Forward GGAAGAGACAGGTACGTTAATA 

Reverse AGCAGTACGCACACAATCGAA 

Probe FAM- ACACTAGCCATCCTTACTGCGCTTCG-BHQ1 

RdRP 81 

Forward GTCATGTGTGGCGGTTCACT 

Reverse CAACACTATTAGCATAAGCAGTTGT 

Probe FAM- CAGGTGGAACCTCATCAGGAGATGC- BHQ1 

RNase P 65 

Forward AGATTTGGACCTGCGAGCG 

Reverse GAGCGGCTGTCTCCACAAGT 

Probe FAM- TTCTGACCTGAAGGCTCTGCGCG-BHQ1 

 

3.2.4 Ethical considerations 

In paper IV we intended to create a clinical method for detection of SARS-COV2 virus.  This 

study was performed according to the Swedish Act, concerning the Ethical Review of Research 

Involving Humans. Ethical oversight and approval were obtained by the appropriate Swedish 

Authority (Dnr 2020-01945, Etikprövningsnämnden). The clinical samples were collected and 

deposited in transport medium (Virocult MED-MW951S, Sigma; Transwab MW176S, Sigma; 

or Eswab 482 C, COPAN) at the Karolinska University Hospital, Stockholm, Sweden. In this 

work we used anonymized or pseudo-anonymized surplus material from samples that had been 

collected for clinical diagnostics of SARS-CoV-2, in accordance with the Swedish Act 

concerning the Ethical Review of Research Involving Humans which allows development and 

improvement of diagnostic assays using patient samples, which were collected to perform the 

testing in question.  Informed consent was obtained from the participants. 
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4 RESULTS AND DISCUSSIONS 

4.1 PAPER I 

4.1.1 Introduction of the PSPR technique 

In paper I we introduced a new method to measure the spatial tolerance of antibodies, by using 

precise nanoscale patterns of antigens displayed on a DNA origami nanostructure, with a 

surface plasmon resonance (SPR) instrument. A streptavidin coated chip surface was modified 

with biotinylated oligonucleotides which serve as anchors for the antigen decorated DNA 

origami carrying complementary ssDNA oligos (Figure 9). Two different types of 

nanostructures were used in this study: an 18 helix bundle (18HB) rod like structure and a 44 

helices brick like structure. Increasing concentrations of different antibodies were flown over 

the immobilized antigen patterns in a single cycle kinetics experiment and binding kinetics for 

several antibodies over antigen distances were measured (Figure 9). This method uses 

immobilized patterns with SPR technique and for this reason we refer to it as PSPR (patterned 

SPR). 

 

Figure 9. The PSPR method. a, Three-dimensional (3D) rendering of human IgG1 based on X-ray 

crystallography data (Protein Data Bank PDB:1HZH). b, The advantage of PSPR: in contrast to conventional SPR 

(left), which randomly arranges its ligands on the surface, the PSPR method (right) utilizes DNA origami to 

prepattern the antigen of interest (yellow dots) prior to immobilization. c, Antigen nanopatterns were fabricated 

using different combinations of antigen-decorated staple oligonucleotides (differently coloured lines). d, 3D 

models using cylinders as a representation of double helices (left) and transmission electron microscopy negative-

stain micrographs (right) of the DNA nanostructures used in this study. Scale bars, 40 nm. Two types of DNA 

nanostructures, an 18-helix rod and a 44-helix brick, were used to pattern the antigens. e, The antigen nanopatterns 

were immobilized onto a streptavidin-biotinylated oligonucleotide surface via oligonucleotide hybridization to 

sequences that protrude from the bottom of the origami. f,g, These were first allowed to immobilize in the SPR 

machine (f), followed by an injection of increasing antibody concentrations and finally a dissociation phase (g). 

The kinetic data can be obtained by fitting the binding curves with a 1:1 binding model. The model shows the 

origami and antibody rendered to scale, and illustrates a 16 nm bivalent binding and a monovalent binding. 

4.1.2 Measuring the spatial tolerance of human antibodies 

To explore the flexibility of the four human IgG subclasses (IgG1, 2, 3, 4), we used the 18HB 

DNA origami decorated with two 4-hydroxy-3-iodo-5-nitrophenylacetate (NIP) antigens at 

various distances from 3-44nm and a single antigen decorated nanostructure (0nm). When we 

placed two antigens on the nanostructure we observed a decrease in the Kd compared to the 
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single antigen sample. Among them, the binding was weaker when the antigens were separated 

by 3 and 17nm and the maximum affinity was observed at 16nm distance (Figure 10).  

The different IgG subclasses are known to differ in the flexibility of their hinge regions. IgG 1 

and IgG4 show similar flexibility, IgG2 is the stiffest among them, while IgG3 is the most 

flexible. In our SPR measurements we also observe differences in the binding affinities 

between the IgG subclasses. More specifically, IgG1 and IgG4 showed similar behavior, while 

IgG2 showed a slower increase of affinity at short distances, but became stronger at 14-16nm 

distances. IgG3 which is the most flexible, showed a strong binding even at short distances. 

To further explore the effect of the hinge region on the binding affinity of the IgG3 subclass, 

we engineered the IgG3 antibody to have a shorter 15 amino acids hinge region (m15), a 5 

amino acids hinge region (HM5) and created a variant lacking completely the hinge region 

(HM4). Surprisingly, the HM4 mutant exhibited a similar behavior to IgG2, whereas the m15 

mutant showed a similar binding behavior to IgG1 and IgG4. We also engineered a monomeric 

IgM variant which doesn’t form pentamers or hexamers like the natural IgM. This antibody 

that doesn’t contain a hinge region but it has an extra constant Fc domain, showed a strong 

bivalent binding for all distances tested between 3 to 17nm. Stronger binding was observed 

even at 29nm which indicates that the monomeric IgM either is able to stretch, because of 

partial unfolding, or it multimerizes to reach long distances. 

These results were further explored by using antibodies with higher and lower affinities to their 

cognate antigens compared to anti-NIP antibodies. A monoclonal rabbit anti-DIG antibody was 

used to measure the binding kinetics to Digoxigenin antigens presented on a DNA origami 

structure using our PSPR technique. When the structure had one antigen present (0nm) the Kd 

was between 25-35pM while when we placed two Dig antigens in close distance (7 and 14nm) 

a tenfold change increase was observed in the binding affinity. In contrast, when we studied 

the human IgG 1 and 3 and their binding tolerance against the lower affinity 4-hydroxy-3-

nitrophenyl (NP) antigens, a much lower affinity was observed at 3,7,14 and 17nm, which 

indicates that the antibody fails to bivalently bind at these distances, but a sharp increase at 

16nm distance indicates a stronger bivalent binding. 
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Figure 10. Antibody binding to precise antigen separations. Human anti-NIP antibodies binding to two NIP 

molecules patterned on the 18HB at varying separations. a,b, Scatter graphs of Kd and binding ratio (maximum 

resonance unit (RU) of antibodies/RU of nanostructures, which corresponds to average antibodies per structure) 

for the various separations. Exact structure designs are given in d. The ‘0’ distance is just one displayed antigen. 

The y axis (top panels) shows the apparent binding affinity recorded and fitted with BIAcore t200 evaluation 

software. The amount of antibody (in RU) that is bound to 1 RU of the structure (the binding ratio) is plotted in 

the bottom panels. a, Data for all wild type IgG subclasses. b, Data for IgG3 hinge mutants and monomeric IgM. y-

axis error bars = s.e.m., c, The same data as in a plotted as association constants, Ka (= 1/Kd), versus separations 

for the IgG subclasses. A peak behavior in the changes of Ka was observed for all the tested antibodies, the bivalent 

binding becomes weaker at short (3–7 nm) and long (17 nm) distances, and this behavior varies between different 

antibody subclasses (n = 3 or 4); central values = average value). d, Illustrations (top (left) and perspective (right) 

views) of the 18HB show the locations of the NIP-modified staple-oligonucleotides in blue and the NIP locations 

highlighted with white arrowheads. The distances are shown as the design distance ± distance error calculated.  

4.1.3 Validation of antigen decorated DNA origami 

The quality control of folded DNA origami nanostructures, used on PSPR measurements, was 

assessed by Transmission Electron Microscopy (TEM) (Figure 11a and 11e) and gel retardation 

assays (Figure 11b, c, d, f). To validate whether the different binding affinities, previously 

observed, are due to the flexibility of antibodies and their binding affinity to the cognate 

antigens, we performed gel retardation assays with the antigen decorated DNA origami. 

Initially, we observe that all DNA nanostructures decorated with antigens at various distances 

were folded at the same quality (Figure 11b). When we incubated the 0-17nm structures with 

2000 times excess of anti-NIP human IgG1 we observed that the structures run at lower speed 

than the empty structure while on 0nm (monovalent binding) there is no observable difference 
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at the migration speed (Figure 11c). For the distances 29 and 44nm we added 4000 times excess 

of antibodies, but a similar migration speed was observed as with the 0nm structures. This 

result shows that when the binding affinity is in the nM range it is difficult to see migration 

changes with gel retardation assay for the monovalently bound structures. To confirm this 

hypothesis, we ran the same experiment but the DNA nanostructures were decorated with the 

Dig antigens and the samples were incubated with the monoclonal rabbit anti-DIG antibody 

(Figure 11d). In this case that the affinity of the antibody is at the pM range, we observed the 

same shift between 0 and 17nm which means that monovalently bound antibody showed the 

same migration while 29 and 44nm migrate even slower which could correspond to two 

antibodies monovalently bound on the DNA origami. These results in combination show that 

an undetectable amount of nanostructures had defects in antigen oligonucleotide incorporation 

and the SPR results showing differences in binding affinities are due to the different response 

of antibodies to the antigen patterns. 

 

Figure 11. Quality control of utilized structures. Transmission Electron Microscopy (TEM) (a),(e) and gel 

characterization (b),(c),(d) and (f) of the distance displaying 18-helix bundle and hexagon displaying brick 

nanostructures. All gels are 2% agarose, pre-stained with Ethidium Bromide (EthB) (a) and (e): Uranyl Formate 

negatively stained TEM of E (‘Empty’ i.e. bearing no sites) control structures structures. Scale bars are 100 nm. 

(b) Identical gel mobility of the distance displaying 18-helix bundle reveals no discernable difference between the 

distance cases indicating proper folding of all structures. Empty, E, structure bearing no protruding sites. Other 

lanes are the structures used for the NIP distance experiments. (c) Structures used for the NIP distance experiments 
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incubated with an excess (1:2000 structure:Abs 0-17 nm, 1:4000 29 & 44 nm) of anti-NIP human IgG1. 

Appreciable binding and resulting shift can be seen in the samples showing bivalent binding (3-17 nm) whereas 

the samples showing predominantly monovalent binding (0, 29 and 44 nm) display barely discernable shifts due 

to the low affinity of monovalent binding.(d) Using the higher affinity rabbit anti-DIG Abs with DIG decorated 

structures reveals shifts also for the monovalent samples (0, 29 and 44 nm) with a larger mobility shift for the 

longer distances (29 and 44 nm) indicating two monovalently bound Abs. Excess is 1:1000 structure:Abs 0-17 

nm, 1:2000 29 & 44 nm. (f) Agarose gel of the hexagonal pattern displaying brick structures without Abs showing 

no discernable differences in folding quality. 

4.2 PAPER II 

4.2.1 Characterization of Jag1 nanopatterns (JNPs) 

In paper II we used nanoscale patterns of DNA origami decorated with Jag1 ligands, to study 

the effect of ligand clusters on the activation of Notch signaling pathway. Specifically, we used 

a rod like DNA origami structure to precisely position one, two, three, four or eight Jag1Fc 

proteins. To achieve this, the proteins were conjugated to a 21 bases oligonucleotide, which 

was used for the hybridization reaction to its complementary oligo protruding from the DNA 

origami. The successful hybridization reaction was confirmed with gel retardation assay, where 

an increased shift was observed when more proteins were loaded on the DNA origami (Figure 

12B). Negative stain transmission electron microscopy (TEM) was used to observe the correct 

geometry of the rod like structures (Figure 12C). The apparent KD of different Jag1 

nanopatterns (JNPs) was measured with surface plasmon resonance (SPR) instrument where 

the extracellular part of Notch receptor was immobilized on the chip. By performing multi-

cycle kinetics with increasing concentrations of JNPs, we observed that the affinity increased 

when the number of the proteins per nonpattern increased (Figure 12D). To further validate the 

number of Jag1 proteins incorporated per nanopattern, we used TIRF and DNA-PAINT 

imaging to show the functionalization state of each JNP. DNA origami structures were 

prepared with biotin handles for immobilization in the imaging chamber and the proteins were 

conjugated to a longer oligo carrying DNA-PAINT docking sites, for detection of the proteins 

on the structures with DNA PAINT imaging (Figure 12E). From this experiment we observed 

that for all the structures the fraction with the highest detected frequency was the one with the 

designed number of proteins (Figure 12F). 
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Figure 12. Characterization of Jag1Fc DNA nano-patterns. A) a rod like DNA origami was used to create 1x, 

2x, 3x, 4x and 8x Jag1Fc nanopatterns (JNPs). B) Gel retardation assay reveals an increasing shift of DNA when 

increasing number of proteins positioned on top of the DNA origami. 1Kb ladder (L), scaffold (Sc), 0x JNP (0), 

1x JNP (1), 2x JNP (2), 3x JNP (3), 4x JNP (4) and 8x JNP (8) run on agarose gel stained with ethidium bromide. 

C) Negative stained TEM of DNA origami rod D) Surface Plasmon Resonance measurements when Notch1 

(EGF8-12) receptor immobilized on chip surface and increased concentrations of 1x JNP (1), 2x JNP (2), 3x JNP 

(3), 4x JNP (4) and 8x JNP (8) flow through the chip. The mean apparent kD of different Jag1Fc nano-patterns is 

shown on a bar plot where dots represent two individual experiments. E) Schematic representation of the DNA 

origami used for the DNA PAINT experiments with Jag1 proteins conjugated to DNA-handles containing a pair 

of DNA-PAINT docking sites used for protein detection (red). F) Average (cyan) and individual cropped DNA 

PAINT images of nanopatterns containing 1 Jag1Fc (0 Jag: 6.5%, 1 Jag: 93.5%, N: 849), 2 Jag1Fc (0 Jag: 6.2%, 

1 Jag:18.6%, 2 Jag: 75.2%, N: 512), 3 Jag1Fc (0 Jag: 2.2%, 1 Jag: 3.0%, 2 Jag: 18.0%, 3 Jag: 76.8%, N: 935) and 

4 Jag1Fc (0 Jag: 2.1%, 1 Jag: 6.6%, 2 Jag: 5.1%, 3 Jag: 26.2%, 4 Jag: 60.0%, N: 470) (scale bar = 50nm) with the 

bar graphs showing the Jag site occupancy distributions of the different nanorods 

4.2.2 Activation of Notch signaling pathway with JNPs 

To test that JNPs can activate the Notch signaling pathway, we used an iPS cell line which 

shows high Notch activity. We performed immunostaining with an antibody against the 

extracellular part of Notch1 to confirm the presence of Notch1 receptor. To compare the effect 

of different Jag1 patterns and not Jag1 quantities on the Notch activation, we normalized the 

JNP concentration to the total amount of proteins. Then we stimulated the cells with the same 

concentration of proteins displayed on different nanopatterns and performed RNA extraction 

and RT-qPCR analysis with primers against a specific to the Notch pathway gene, Hes1, and 

an endogenous gene, GAPDH. This experiment showed significant upregulation of Hes1 gene 

when more than one protein was placed per nanopattern. We further validated our result by 

performing proximity ligation assay (PLA) experiment, using an antibody against a region of 

the intracellular part of Notch receptor that is exposed after cleavage from γ-secretase. Cells 

were stimulated with empty nanostructures (showing the endogenous levels of Notch activity) 

and a nanostructure that is decorated with 8 Jag1 proteins (8x JNP). With this experiment we 
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observed on the microscope more PLA signal per cell when we stimulated with the 8x JNP 

compared to empty nanostructures. In order to explore the effect of different JNPs on gene 

expression levels, other than Hes1, we performed mRNA sequencing analysis. We stimulated 

cells with empty nanostructures (resembles the endogenous activity levels of genes), a DNA 

origami containing 1 Jag1Fc (1x JNP) and a DNA origami with 8 Jag1Fc (8x JNP), RNA was 

then extracted and mRNA libraries were prepared for each sample in triplicates. Using a heat 

map analysis, many genes were observed to be upregulated by each condition and many of 

them were recognized as Notch pathway related genes. All the results from these experiments, 

show successful activation of Notch pathway by Jag1 nanopatterns displayed on DNA origami 

and particularly when we form bigger clusters of Jag1 ligands.  

4.2.3 Exploring the activation mechanism of Notch signaling pathway by 
JNPs. 

The ligand induced activation mechanism of Notch pathway requires the exposure of the NRR 

region to the ADAM10 metalloproteases and the subsequent cleavage by γ-secretase. The 

prevailing hypothesis for the NRR exposure involves forces generated by endocytosis of the 

ligand-receptor complex induced by a neighboring ligand expressing cell. Forces induced by 

magnetic beads has also been shown to induce cleavage of the extracellular part. Although in 

our Jag1 nanopattern system we don’t introduce external forces, we would like to investigate 

if there are repulsion forces generated by the negative charged surface of the DNA origami to 

the negative charged cell membrane that could cause the observed receptor activation. For this 

purpose we coated the external surface of the DNA origami with oligolysine solution (K10) at 

a ratio 0.5:1 N:P which was previously shown to not aggregate the structures55. We stimulated 

iPS cells with bare JNPs and JNPs coated with K10 and measured the activation of the Notch 

pathway, where the same activation levels were observed between the two conditions. The 

extracellular cleavage of Notch can be facilitated either by ADAM10 when is ligand dependent 

or by ADAM17 when is a ligand independent activation. In order to assure that we stimulate 

the pathway by a ligand dependent mechanism we used a selective inhibitor of ADAM10. Prior 

to cell stimulation the inhibitor GI 254023X was added to the cells. Seven wells containing 

different concentrations of inhibitor and one well without inhibitor were stimulated with the 

same concentration of 4x JNP. RNA was extracted and qPCR experiment with primers for 

HES1 and GAPDH revealed decreased activation of Notch pathway when the concentration of 

inhibitor was increased. Specifically, the IC50 was calculated to be 1,7nM which indicates a 

selective inhibition of the ligand-receptor interaction. 

We hypothesized that Jag1 clusters activate the Notch pathway, because they increase the local 

stability of the ligand-receptor complex through multivalent interactions. To validate this 

hypothesis, we produced Jag1 nanopatterns decorated with cholesterol moieties at the sides of 

the structure, which facilitate as anchors to the cell membrane. We then stimulated iPS cells 

with those structures and showed increased activation of Notch pathway by measuring Hes1 

gene levels, compared to structures without cholesterol moieties. From this result we conclude 

that prolonged residence time helps the complex accomplish a successful interaction. This 

prolonged interaction was observed with microscopy imaging when structures carrying 

fluorophores appeared to interact more with the cells. 
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To verify that Notch activation depends on local avidity increase, induced by clusters of ligand, 

we produced a nanopattern that was decorated with Jag1 and a protein that interacts with 

integrin receptors and CD36. It has been previously described that integrins co-localize with 

Notch1 in neural progenitors. This nanopattern which contains on one position a Jag1 protein 

and on three positions the protein Bai1, is similar to the nanostructure decorated with 4 Jag1 

proteins. Surprisingly, the DNA origami displaying the combination of Jag1 and Bai1 proteins 

gave the same activation of Notch pathway compared to a structure decorated with 4 Jag1 

proteins (4x JNP). This result supports further our hypothesis that Notch activation requires 

prolonged ligand binding which can be achieved in a biologically relevant context by ligand 

clusters through their increased avidity. 

4.3 PAPER III 

4.3.1 Introduction of the solid phase synthesis of DNA origami technique 

In paper III we introduced a method to synthesize DNA nanostructures directly on magnetic 

beads, and the reaction performed in heavy liquid to maintain the beads in suspension. The 

solid phase synthesis protocol for folding DNA origami includes: scaffold, staple strands, 

magnetic beads and sodium polytungstate (SPT) in Tris-EDTA buffer. Magnetic beads were 

incubated at room temperature in Tris-EDTA buffer containing 250, 260, 270, 280, 290 and 

300mM of SPT and imaged after 30 minutes, 1, 2 and 3 hours where we observed that SPT 

induces magnetic beads to remain in suspension for longer time when 250-270mM SPT was 

added to the mixture. An 18 helix bundle (18HB) DNA origami was tested with increasing 

concentrations of SPT (250-300mM) during folding. The sample was placed on a thermal 

cycler for a 16 hour folding program. With an external magnet, we captured the folded DNA 

origami and washed away the un-captured DNA origami as well as the excess of staple strands 

(unbound, U/B). Then we washed the sample three times, while only the first wash was run on 

the gel (W). Finally, the DNA origami bound on the beads was resuspended in Tris-EDTA 

buffer supplemented with 10mM MgCl2 and invasion strands. The sample was incubated under 

rotation and the DNA origami eluted from the beads (E). The unbound, wash and elution step 

samples from each folding reaction with 250-300mM SPT along with a reference structure, 

that was folded with the traditional method and purified with ultrafiltration columns, were run 

in an agarose gel. The reference structure was adjusted to a known concentration and the 

intensity of all bands were compared to it. By plotting the results in a bar plot from 4 individual 

experiments we observed that SPT concentrations between 250-280mM gave the highest 

folding yields. 
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Figure 13. Folding of DNA origami on magnetic beads in suspension, using sodium polytungstate (SPT). a) 

DNA origami is folded by mixing magnetic beads, scaffold, staple strands and SPT in Tris-EDTA buffer. After 

folding, a magnet was used to capture magnetics beads with the origami, and the unbound origami and excess of 

staples are removed (Unbound). Additionally, washing buffer added to the beads, to assure that excess of material 

was removed (Wash). Magnetic beads with captured DNA origami re-suspend in elution buffer containing 

invasion strands. By placing a magnet, we capture only the beads, and the eluted DNA origami remains in solution 

(Elution). b) Images of magnetic beads re-suspended in 0mM and 250-300mM SPT on folding buffer at different 

time points up to 3 hours. c) Agarose gel of an 18 helix-bundle rod (18HB) DNA origami folded in 250, 260, 270, 

280, 290 and 300mM SPT. Ladder 1kb (L), reference structures (R) and fractions of unbound (U/B), wash (W) 

and elution (E) steps ran on agarose gel. d) Intensity of each band measured and compared to a reference 18HB 

structure folded with a standard procedure. Standard deviations shown in bar plots from 4 individual experiments. 

4.3.2 Optimization of the solid phase synthesis of DNA origami technique  

To optimize the solid phase synthesis technique, we investigated the effect of MgCl2, linker 

concentration, invader concentration, invader time and bead to DNA scaffold ratio on the 

reaction’s folding yield (Figure 14). We first supplemented the reaction with different MgCl2 

concentrations, because typically close-packed DNA origami need MgCl2 to keep the 

negatively charged phosphate backbone of the DNA helices to stay in close proximity. 

However, supplementing the folding reaction with MgCl2 did not further improve the reaction 

yield. This could be explained by the fact that SPT solution contains sodium which is known 

to be able to replace MgCl2 during folding reactions. Another factor tested was the 

concentration of the staples which links the DNA origami with the magnetic beads. Here we 

observed that the linker concentration should be in 10 times excess compared to scaffold 

concentration. To continue, we tested different ratio of ng scaffold per μl of beads during 
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folding where we conclude that 5.83ng scaffold /μl bead can result in up to 90% folding yield 

compared to a typical folding procedure. One more critical step for the solid phase synthesis of 

DNA origami is the invasion step that will facilitate the elution of the pure origami from the 

magnetic beads. Initially we tested increasing concentrations of invader strands, where we 

found that 25 times excess to scaffold concentration resulted in a sufficient DNA origami 

elution. The time that the invader needs for successful elution of DNA origami was found to 

be at least 1 hour. 

 

Figure 14. Optimization steps on solid phase synthesis of DNA origami. Five factors that affect the production 

efficiency tested on 18HB structure and fractions of elution samples ran in agarose gel. Intensity of the bands were 

measured and plotted according to their relative intensity compared to the reference structure. Samples ran in 

agarose gels are: 1kb ladder (L), scaffold (Sc), reference structure (R) and fractions of solid phase synthesis 

samples as described in each experiment:  a) SPT in folding buffer supplemented with 5-20mM MgCl2 during 

solid phase synthesis. b) 5-50 times excess of Linker to scaffold concentration tested during folding. c) 6-70 ng of 
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scaffold per μl of magnetic beads tested during folding and yield was calculated from the intensity of the bands 

compared to the intensity of reference product. Each symbol corresponds to individual experiment. 

4.3.3 Folding different DNA nanostructures with the solid phase synthesis 
technique 

The previous experiments were performed with the 18HB structure. To assure that our method 

gives good folding yields with different DNA origami we applied it on a 2D rectangle (R) 

structure and a hollow brick (HB) structure. All samples folded with 5.83ng scaffold /μl bead, 

scaffold, 5x excess of staples, 10x excess of linker to scaffold and 270mM SPT in Tris-EDTA 

buffer for 16hours at a thermal cycler. On the agarose gels we observe that a small amount of 

DNA origami remained unbound to the magnetic beads after folding and the excess of staples 

was successfully removed. The lanes of eluted samples migrated at the same speed with the 

reference structure and their corresponding samples showed identical geometries in TEM, 

indicating that the correct DNA shape folded with the solid phase synthesis technique 

(Figure15). 

 

Figure 15. Different structures folded with the solid phase synthesis technique. Agarose gels for a) 18HB d) 

R and g) HB structures showing the migration of: 1kb ladder (L), scaffold (Sc), reference (R), unbound (U/B), 

wash (W) and elution (E) samples. b, e, h) Migration distance of each lane from agarose gels are shown on a plot. 

c, f, i) Sample TEM pictures of reference structures and structures from the solid phase synthesis for each case 

(scale bar 100nm). 

4.4 PAPER IV 

4.4.1 Optimization of hid-RT-PCR method 

In paper IV we explored several factors that could establish an easy clinical protocol, for time 

and cost efficient detection of the virus SARS-CoV-2. The main technical procedure for 

diagnosing coronavirus disease 2019 in patient samples included: 1) RNA extraction of the 
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virus 2) reverse transcription of RNA to cDNA and 3) detection of the cDNA by real time PCR. 

In this study we aimed to develop a simplified method that could circumvent the RNA 

extraction step and replace the usage of transport media which, at the time of the study, were 

in short availability.  

Our method development started by investigating the effect of transport media, used for swab 

sample collection, on real time PCR reaction. Synthetic SARS-CoV-2 RNA was spiked into 

three different transport media, and dilution series of the media were run on a single-reaction 

RT-PCR (Figure 16). The total reaction mixture is 20 μl and contained 10μl of sample and 

primer-probe for the nucleocapsid N1. From this experiment we concluded that inhibition of 

the reaction by the transport media was minimal when the amount was less the 25% in the RT-

PCR reaction. We continued by testing the direct detection approach (excluding RNA 

extraction step) in clinical samples. We inactivated the samples either by adding MagNa Pure 

96 external lysis buffer or by heating the samples at 65oC for 30minutes. Here, we observed 

that samples inactivated with lysis buffer failed to give positive signal, while the same samples 

that were inactivated with heat, were correctly detected positive when compared to the 

traditional detection method. This heat inactivated direct RT-PCR (hid RT-PCR) procedure 

was further investigated. Another important factor of the RT-PCR protocol is the pair of 

primers with the probe against specific regions of the virus.  For this reason, we tested primer-

probe sets that target SARS-CoV-2 genes RNA-dependent RNA polymerase (RdRP), envelope 

(E), and nucleocapsid (N1). Clinical samples were heat inactivated (65oC 30min), tested with 

different primer-probes and compared to detection with classical diagnostics. Here, we 

observed that N1 performs better than the other two genes, therefore we performed the 

following experiments with primer-probe for the N1 gene. Since we previously observed an 

inhibitory effect of the transport media to the RT-PCR reaction, we tested the input of heat 

inactivated clinical sample to the reaction mixture and found that loading 4 μl of sample into 

the 20 μl total reaction gives the optimal results. To further explore if the hid RT-PCR method 

is a reliable diagnostic tool for COVID-19 we tested it on 85 clinical diagnosed nasopharyngeal 

samples. We used 4μl sample input and primers for N1, RdRP with the hid-RT-PCR method 

and combined the results with clinical diagnostics after RNA extraction with primers for E and 

RdRP. Overall, most samples are in agreement between the two methods. Although, frozen 

heat inactivated samples appeared in higher Ct values compared to fresh eluted samples.  This 

effect can be explained either by the damage caused from freeze and thaw cycles or by the 

smaller input volume of sample on hid-RT-PCR method (4μL) compared to the conventional 

RNA extraction method (10μl). 
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Figure 16. SARS-CoV-2 hid-RT-PCR on frozen nasopharyngeal swab samples. a) CT values from RT-qPCR 

performed on dilution series of transport medium (Virocult, Transwab, and Eswab) using 50,000 spiked copies of 

synthetic full-genome SARS-CoV-2 RNA and the N1 primer-probe set. Lines represent the mean of duplicates, 

shown individually as dots. ND: not detected. b) Bar plots of CT values from SARS-CoV-2 hid-RT-PCR on 

clinical nasopharyngeal swabs inactivated with MagNA Pure 96 External Lysis Buffer (ELB) or heat (65 °C 30 

min). Dots indicate CT of hid-RT-PCR duplicates and crosses indicate CT values from diagnostics performed on 

fresh extracted RNA. Positive controls were extracted RNA from a positive sample (P) and a CDC positive control 

DNA plasmid (CDC+). Negative controls were extracted RNA from a negative sample (N) and water (H2O). ND: 

not detected. c) Amplification plots showing normalized reporter value (ΔRn, linear scale) as a function of qPCR 

cycle for the experiment and samples described in (b). (d) Bar plots of CT values of 11 positive nasopharyngeal 

swab samples using primer-probe sets targeting SARS-CoV-2 gene E, N, and RdRP. e) Boxplots of CT difference 

in same samples as in (d) comparing E and RdRP with the N1 primer-probe-set. Center lines denote the median, 

hinges denote the interquartile range (IQR) and whiskers denote outlier points at maximum 1.5 × IQR. f,g) Line 

charts of CT from individual clinical samples (colored lines) using variable amount of sample input. Shown as 

absolute CT (f) or CT relative to the 10μl input (g). h) Scatter plots of CT values from clinical diagnostics 

performed on extracted RNA (y-axis) and hid-RT-PCR (x-axis) of 85 nasopharyngeal swab samples, shown for 

different primer-probe set comparisons. Rho indicates Spearman correlation of positive samples. ND: not detected. 

i) Heatmap of CT values from diagnostics performed on 85 clinical samples using extracted RNA (E, RdRP) and 

hid-RT-PCR (N1, RdRP), ranked by E gene CT. Control for sample integrity by RT-PCR for RNase P in the same 

samples shown on the right. Two patients, marked with asterisk, were negative in extraction-based diagnostics but 

positive by hid-RT-PCR. The patients were later re-tested by extraction-based clinical diagnostics and confirmed 

to be SARS-CoV-2 positive. The patient marked with a ring was not re-tested. Three samples, marked with hash, 

were called COVID-19 positive by routine diagnostics but not by any primer-set in hid-RT-PCR. j) Scatter plot of 

CT values from 19 matched fresh (y-axis) and freeze-thawed (x-axis) extracted samples, using the E gene (cross) 

and RdRP (star) primer-probe sets. ND: not detected. hid-RT-PCR shown in this figure was performed on 

previously diagnosed frozen samples. 

To identify a heat inactivation program that will improve our hid-RT-PCR method, we tested 

different incubation times (65°C 30 min; 95°C 5 min; 95°C 10 min; 95°C 15min; and 98°C 

5min) to fresh nasopharyngeal sample stored in transport media. Our data showed Ct value 
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improvement, when we inactivated COVID19 samples at 95°C 5 min compared to 65°C 30 

min. This is a positive improvement since better inactivation of the virus will be achieved at 

such high temperatures. 

4.4.2 Generic buffers optimal for hid-RT-PCR method 

Our previous data demonstrate that using general transport media (Virocult, Transwab, and 

Eswab) to collect clinical nasopharyngeal samples exerts limitations to the input volume of the 

samples in the hid-RT-PCR method. To improve our method, we needed to find collection 

buffers that would allow the maximum volume of sample into the real time PCR reaction. To 

explore this hypothesis, we spiked a fixed amount of active in vitro expanded SARS-CoV-2 in 

generic buffers easily accessible in a lab (Figure 17). We then performed heat inactivation at 

95°C 5 min followed by real-time PCR using 4, 7, 10 and 13.5 μl input to a total of 20 μl 

reaction. Here, we identified many buffers that allow the maximum input to the pcr reaction 

mixture such as PVSA in nuclease-free water (50 μg/ml), TE, Tris buffer and nuclease-free 

water. When we stored the samples for 1, 4 and 7 days and tested them again, we observed 

that PVSA in water (pH 6.5) and 10 mM Tris buffer (pH 7) had unchangeable Ct values over 

the time. These buffers could be a cheap alternative solution to commercially available 

transport media that would permit a mass testing a samples. 
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Figure 17 Identification of generic transport buffers optimal for SARS-CoV-2 hid-RT-PCR. A Line charts 

of CT values (y-axis) from hid-RT-PCR (N1 primer-probe pair) for different volume of input sample (13.5, 10, 7, 

or 4 μl to a20 μl reaction; x-axis), showing the inhibition profile of different transport buffers and media. The 

experiment was performed by adding equal amount of in vitro expanded SARS-CoV-2 to each buffer condition in 

experimental triplicates (dots). The dotted black lines indicate PVSA in H2O condition, included for comparison. 

The buffers are ordered according to minimal CT. b Line charts of CT values (y-axis) from hid-RT-PCR (N1 

primer-probe pair, 4μl input to 20μl reactions) of in vitro expanded SARS-CoV-2 stored in different buffers for up 

to 7 days (x-axis) in fridge (4°C, square) or room temperature (21 °C, triangle) before subjecting the samples to 

heat inactivation (95°C 30 min) and hid-RT-PCR. The data are shown as individual replicates (points, n=3) and 

median (line) 
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5 CONCLUSIONS 
 

The papers presented in this thesis showed that we were able to surpass previous limitations of 

existing molecular biology techniques by utilizing rationally designed probes from nucleic 

acids. DNA origami, due to its unique programmability characteristics, constitutes a precise 

tool for creating nanopatterns to enlighten our understanding on cell signaling and 

immunological responses.  

In paper I, we used a patterned DNA origami to present antigens and measured the binding 

kinetics with their cognate antibodies. Specifically, we found that when antigens are separated 

at 3 to 17 nm distance the human IgG antibodies are binding bivalently with a distinct 

preference to 16nm distance. The binding profile changed when the affinity between antigens 

and antibodies was lower, but the peak binding affinity at 16nm remained. Moreover, 

differences in the antibody constant region showed to affect the binding strength with the 

antigen nanopatterns. IgM, which belongs to the first line of immune defense, showed a unique 

bivalent binding in a bigger range of antigen separation (3-29nm), when we studied a 

monomeric variant of IgM. Antibody producing cells initially express IgM and then switch to 

IgG a process known as differentiation and antibody class switch recombination. Our data 

suggest that more spatial tolerant antibodies are expressed at the first stage of immunological 

response and switch to the less spatial tolerant IgG, forcing the evolution towards antibodies 

that bind well in lower spatial tolerance. 

In paper II, we investigated the effect of ligand cluster formation on Notch signaling pathway. 

We created patterns of Jag1 ligand displayed on a rod like DNA origami and by stimulating 

iPS derived neural progenitors, we found that bigger clusters of ligands induce higher activation 

of the Notch receptor. This clustering effect persisted when high concentrations of different 

clusters were tested, which excludes a correlation between high activation and nanopattern co-

localization. We also demonstrated that the activation effect is happening in the absence of 

external forces which contradicts the main pulling of receptor hypothesis. On the other hand, 

when we increased the residence time of ligand receptor complex, we observed even higher 

activation levels of Notch receptor. All these results together led us to the conclusion that Notch 

receptor activation is affected by ligand cluster formation, which could result in prolonged 

binding of ligand receptor complexes in the absence of intercellular or external forces. 

In paper III, we developed a new method to fold DNA origami directly on magnetic beads 

which serve as a fast purification tool directly after folding. We introduced the chemical 

compound sodium polytungstate (SPT) during folding in order to keep the beads in suspension 

and in parallel to provide the necessary positive charge for the DNA origami to form. We 

concluded that our method achieves up to 90% yield for several DNA origami shapes and extra 

modifications were successfully removed with the same solid support.  

In paper IV, we explored procedures to circumvent RNA extraction step in protocols for 

detecting Covid19 in patient samples. We concluded that, by heat inactivating the samples, we 
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both inactivate the virus and we are able to detect with high accuracy the patients compare to 

standard diagnostic procedure. We showed the limitations of using commercial viral transport 

media with the hid-RT-PCR method and many alternative buffers were shown to preserve 

SARS-CoV2 storage over 7 days. Our data showed that our modified protocols for detecting 

Covid19 in patient samples could lead to scalable, rapid, and affordable diagnostics. 
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6 POINTS OF PERSPECTIVE 

 

In paper I. we used patterns of antigens displayed on a DNA origami set up and found that 

antibodies bound with high affinity when antigens were separated by specific distances. 

Multivalent interactions between antigens and antibodies are known to be important for 

effector functions such as complement activation73 and antibody-dependent cell-mediated 

cytotoxicity74. Since it is not known how specific patterns of multimerized antibodies affect 

antibody mediated functions, we could use the DNA origami technique, we have developed in 

this paper, to study the effect of different antibody patterns on downstream immunological 

processes. 

In paper II. we suggested a different mode of activation for the Notch signaling pathway. We 

showed that the residence time of the receptor-ligand complex plays a crucial role in Notch 

receptor activation and that it is mediated primarily through the clustering of ligands, which 

affects this pathway by stabilizing their interaction to the receptors. Although, we do not know 

how this prolonged binding induces conformation changes of the receptor that results in the 

exposure of the NRR region. By using single molecule techniques and high resolution 

microscopy, changes in the distribution of individual ligand-receptor complexes upon 

treatment could be observed and correlated to receptor activation. Furthermore, we could create 

monomers and dimers of receptor-ligand complexes on a DNA origami structure, and 

conformational changes of the receptor upon ligand binding could be studied by using cryo-

EM. 

In paper III.  we developed a method for folding and purifying DNA origami nanostructures. 

We found that sodium polytungstate (SPT) can create dense liquid solutions that keep magnetic 

beads in suspension for several hours. In the future, SPT could be used in other applications 

using magnetic beads, when stirring the reaction is prohibited. Additionally, our method could 

be applied on the emerging field of DNA origami superstructures97,98 by using the magnetic 

beads for the step-wise assembly of complexes composed of several nanostructures.  

In paper IV. we introduced a new protocol for detecting viral RNA in patient samples directly 

without RNA extraction. In our method we heat-inactivated the sample and then directly 

performed RT-PCR (hid-RT-PCR). This protocol could be used in the future for detecting 

different pathogens allowing large scale screening of the population in a fast and cheap way. 
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