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1 Introduction 

1.1 Extracellular Matrix 

Multicellular organisms have to orchestrate a large variety of cells with 

different functions. Positioning of specialized cells and information exchange 

between cells via signaling are important to fine-tune the cellular functions. 

Most mammalian cells adhere to a biological matrix, the extracellular matrix 

(ECM). Cells need the ECM as scaffold. But the extracellular matrix provides 

also signals, as many cellular processes are depending on signaling from the 

ECM.1-2 

The ECM consists of different proteins. Fibrillar proteins, e.g. collagen, and 

glycosaminoglycans, e.g. heparan sulfate, as carbohydrate component, form 

an interlocking mesh and serve as scaffolding material.3-4 The often acidic 

glycans bind sodium ions and thereby lead to hydration of the ECM via 

osmosis, providing a water reservoir for cells. Collagen is the most abundant 

protein of the ECM,5 in fact, it is the most abundant protein in the human 

body. Collagen is a heterotrimer, consisting of 2 identical polypeptide-chains 

and a third chain that differs slightly in its amino acid composition. The three 

polypetides are twisted into a right-handed helix. Collagen is found in fibrils in 

the extracellular space. Many collagen trimers are covalently attached to 

each other, so that a large and stable fibril is formed. Collagen is synthesized 

as precursor protein in the cells.6 It has a unique amino acid composition as 

many proline and lysine residues are posttranslationally hydroxylated.7 The 

numerous hydroxylation-sites are needed for tight packing of the three 

polypeptides into the helical structure. Procollagen is secreted by cells into 

the periplasmatic space. Loose ends are chopped away by an enzyme called 

collagen peptidase and the trimer is now called Tropocollagen. Another 

enzymatic transformation by lysyl oxidase, which transforms lysine and 

hydroxylysine residues to aldehyde-modified derivatives, is needed. 

Aldehydes as reactive groups lead to covalent attachment to other trimers, so 

that a large collagen-fibril is formed, which contributes to the scaffold of the 

ECM. 

For function of the ECM, proteins are necessary which interact with cells. 

Many different cell adhesion molecules (CAMs)8 are known. One important 

protein is fibronectin,9-10 which binds to collagen and other components of the 

ECM and can interact with cells via receptors on the cell surfaces. These 
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receptors regulate many different cellular processes like adhesion,11 

migration,11 growth, secretion and apoptosis.12 Binding to the ECM leads to 

signaling into the cells. Among the ECM receptors, integrins are the 

predominant proteins.13-16 Integrins are a family of homologue heterodimers 

constituted of an α- and β-subunit and commonly recognize a tripeptide-motif 

of arginine-glycine-aspartate (RGD-motif) which is present in fibronectin. 

Different cell types express different α- and β- subunits with a unique ligand 

spectrum, so the adhesion of cells to certain components of the ECM is 

programmed in the expression of special integrins.17 

A specialized form of the ECM is the so called basement membrane,18 which 

is a sheet-like deposition of ECM. Many epithelial cells reside on the 

basement membranes. If cells lose the connection, the survival-signals from 

the ECM do not reach the detached cells anymore. Upon losing these signals 

apoptosis, the programmed cell death, is activated. Losing their dependency 

of signaling from the ECM is one of the first mutation steps which lead to 

cancer.2 

Healthy cells are highly dependant on the ECM to be able to proliferate 

naturally. A growing challenge in the field of tissue engineering depends on 

growing and manipulation of cells in vivo. Scientist rely on artificial materials 

as “Band-Aids” for keeping cells healthy in artificial surroundings. 

1.2 Artificial Extracellular Matrix 

Cells normally only attach poorly onto glass, plastic or metal surfaces,19 

which are common materials that are easy to engineer. To culture cells in 

vitro the substrates on which the cells should grow have to be coated.20-22 

Even if cells are grown on unmodified substrates, cells secrete proteins 

which are absorbed onto the substrate and binding of the cells is mediated by 

this protein layer, but these processes are generally very slow.23  

The simplest way to improve cell attachment to an artificial substrate is to 

subject polystyrene to plasma treatment,24-25 so the polystyrene is oxidized. 

Hydroxyl- and carboxyl-groups are introduced, thereby rendering the 

hydrophobic plastic more hydrophilic. The negative charges of the carboxyl 

groups have a similar effect as the acidic glycosaminoglycans of the ECM. 

The negative charges bind sodium ions and thereby hydrate the surface by 

osmosis. Additionally, the adsorption of secreted proteins is improved on this 

more hydrophilic surface.24 

Still, this surface’s properties can be improved.19, 21-22, 24, 26 Fragmented 

proteins of the ECM, for example collagen, can be adsorbed onto the surface 
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and thereby facilitate cell adhesion and cell growth. Another approach is to 

use poly-lysine peptides.27 These positively charged polymers interact 

electrostatically with the negatively charged cell surfaces and thereby 

mediate cell adhesion. These generic modifications are commonly used to 

culture many cell lines, for example HeLa or HEK cells. However, many cell 

lines require more sophisticated growth substrates. These simple substrates 

additionally lack any kind of selectivity. For tissue engineering purposes, 

more specific approaches have to be developed. Especially, in medical 

applications, for example for the transplantation of artificial heart valves or 

stents, selective cell adhesion to the artificial material is necessary to prevent 

side effects.28 For these kind of application, the above mentioned solutions 

do not suffice.28 

1.2.1 Applications of ECMs 

The nonphysiological character of “easy-to-manipulate” materials, like 

metals, plastic, glass and others, leads to problems,26 when these materials 

are transplanted into the body. Inflammation, encapsulation of the artificial 

material and thrombogenesis are common side effects of artificial 

transplants.29 However, during treatment of some severe malignancies, for 

example arteriosclerosis, or the transplantation of artificial heart valves, such 

artificial materials are necessarily introduced into the human body.30-31 

Especially, if these materials have direct contact to the blood, they can cause 

many severe side effects.29 

Atherosclerosis and related coronary heart diseases are the most 

predominant diseases in developed countries.32 Atherosclerosis is a disease 

characterized by the deposition of excess lipids in the arterial vessels.33 This 

depositions lead to the recruitment of macrophages to clean the excess of 

extracellular lipids in the arterial intima, the innermost cell layer. The 

macrophages fill with lipid droplets, giving a foamy appearance under the 

microscope, these altered cells are called “foam cells”, which release 

cytokines, stimulating the proliferation of smooth muscle cells.34-36 Altogether, 

these processes lead to the formation of atherosclerotic plaques which 

reduce the diameter of the affected vessel, thereby impeding the blood 

transport. Furthermore, these plaques can disrupt spontaneously and thereby 

completely block smaller vessels, for example the coronary heart vessels, 

inducing a heart stroke.  

The affected vessels can be treated by opening the obstruction with a 

balloon, which is introduced into the vessel via a catheter and the balloon is 

inflated at the side of obstruction.37 To prevent restenosis,38 the reclosing of 
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the vessel via the same processes, stents are used. Bare metal stents suffer 

from low biocompatibility.39 Bare metal surfaces are thrombogenic, leading to 

blood clotting and thereby reclose the stent. Even worse, these thrombi can 

be transported via the blood system to smaller vessels, which are then 

blocked completely. Furthermore, the presence of the artificial surface leads 

to an inflammation response.38 Proinflammatory cytokines are released at the 

site and smooth muscle cells grow into the stent to encapsulate the artificial 

material, thereby again reducing the vessel diameter. 

Different strategies are followed to minimize the side effects, for example 

drug eluting stents40 are used, which release compounds, which for example 

abolish blood clotting at the stent, but have also adverse effect on 

endothelialisation. These stents are often made of bare metal with a polymer-

coating. This polymer is loaded with the drug, which slowly is passively 

released to the surrounding.41 

Besides the negative reactions of the blood on the artificial material, it is 

slowly covered by proteins of the ECM.23 To this coating, epithelial cells can 

slowly attach. When the surface is completely covered with ECM-proteins, 

the side effects are diminished. To improve biocompatibility, this process has 

to be as fast as possible. 

 

Fig 1.01: Concept of in vivo grafting. A biocompatible material is coated onto the metal surface 
of the transplant. This biocompatible material bears bait molecules that interact with surface 
markers of target cells (epithelial progenitor cells, EPCs). These cells adhere to the surface and 
attach to it. Finally, the EPCs differentiate into epithelial cells (ECs). Adapted from ref.28 

One interesting strategy is so called in vivo grafting of the stent (Fig.1.01).28, 

42 The metal surface is covered with a biocompatible material, which also 

bears molecules, that interact with a special, desired cell type. These cells 

should be recruited to the stent and grow on the artificial material. Target 

cells are for example epithelial progenitor cells (EPCs).43-48 EPCs are adult 

stem cells, which can only differentiate into cells of the epithelial-lineage and 
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occur naturally in the blood. Furthermore, EPCs partake in repair of blood-

vessel damage.49-50 

Stents coated with polyethylene glycol presenting an antibody against CD34, 

a protein present on EPCs28 but also on many other cells, are transplanted. 

Indeed, cells are attracted to the stent, but in addition to the wanted 

recruitment of EPCs, cells of the immune system are recruited which 

deteriorate the above mentioned side effects.28 Currently, the unspecificity of 

the bait molecule (antibody against CD34) limits this approach. Another 

improvement of the coating material would be the tunability of the physical 

properties. As cells grow differently depending on the stiffness and other 

parameters, like charge and hydration state of the surrounding,20 the coating 

would optimally be tuneable to achieve best growing conditions for different 

target cells.  

A molecule, which possesses the property to be manipulated on the sub-

nanometer scale is DNA, rendering it a promising material for the 

development of a new generation of artificial transplant-coating material. 

1.3 DNA as Material for Nanotechnology 

DNA and other components of chromatin were isolated by Friedrich Miescher 

in 1861 for the first time.51 He discovered, that this substance resides in the 

nuclei of cells and called it nuclein. In 1878 the non protein component of 

nuclein, the nucleic acid, was isolated by Richard Altmann.52 The general 

structure of nucleotides being composed of a phosphate, a sugar and a 

nucleobase has been discovered in 1937 by Phoebus Levene (Fig. 1.02 A).53 

The first X-ray structure of a DNA duplex was described by James Watson 

and Francis Crick in 1953.54 This work was awarded with the Nobel Price of 

Medicine in 1963 for James Watson, Francis Crick and Maurice Wilkins. 

 

1.3.1 Structure of DNA 

The structural model Watson and Crick proposed consists of two DNA 

strands which form an antiparallel helical duplex. Each strand is a polymer of 

nucleotides. A nucleotide consists of one of the four nucleobases (Fig. 1.02 A 

bottom), connected to the 1-position of 2-deoxyribose. The sugar is 

phosphorylated at the 5’-position and connected to the 3’ hydroxyl group of 

the next nucleotide via a phosphodiester. In the duplex, the nucleobase of 

each strand interacts with a nucleobase of the sister strand. Adenine can 

interact via two hydrogen bonds with thymine (Fig. 1.02 B), guanine interacts 
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via three hydrogen bonds with cytidine. In that way, a DNA strand can form a 

duplex with a second strand when the base sequence is complementary. 

Besides the hydrogen bonds, the DNA duplex is stabilized by π-stacking and 

hydrophobic interactions of the aromatic nucleobases.55 

 

Fig 1.02: A: Structure of a nucleotide within a DNA strand. The nucleobase (either adenine, 
guanine, thymin or cytosine) is connected to the 2’-desoxyribose at the anomeric center. The 
5’-hydroxyl group is connected via a phosphodiester to the 3’-group of the next nucleotide. The 
structures of the nucleobases are shown below. B: Schematic top view along the helix axis 
onto the Watson-Crick base pair of adenosine and thymidine, R corresponds to the 2’-
desoxyribosephosphate. C: Van-der-Waals side view onto the B-DNA double helix.56 The major 
and minor grooves are indicated. 

Under physiological conditions DNA adopts the B-DNA structure (Fig. 1.02), 

which was described by Watson and Crick. The DNA duplex forms a right 

handed helix. The nucleobases are perpendicular to the helix axis. 10.5 base 

pairs form one helix turn with a pitch of 3.4 nm. The diameter of the DNA 

duplex is 2 nm. 

Double-stranded DNA (dsDNA) is rigid up to a length of 50 nm (150 bp),57 

whereas single-stranded DNA (ssDNA) is very flexible and can form hairpin 

structures for example. Two indentations can be found in the DNA helix, 

which follow the DNA strand in helical fashion, the major and minor groove.  

Other double helical DNA structures such as A-DNA58 and Z-DNA56 are also 

known. 

DNA has its biological importance mainly as information carrier of the genetic 

information of living organisms. Due to its importance, nature evolved a large 

variety of DNA-modifying enzymes, which can be used to manipulate DNA on 

a base-pair resolution. 
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1.3.2 DNA-modifying Enzymes 

DNA is synthesized in cells by enzymes called DNA polymerases 

(Fig. 1.03 A).59-60 These enzymes copy DNA in a semi-conservative manner. 

The DNA strands of the DNA duplex are separated and each of the strands 

serves as a matrix to synthesize a second strand, incorporating the 

complementary desoxy-ribonucleotides opposite the templating nucleobase. 

This process is needed in nature to duplicate the genome prior to cell 

division. In addition, DNA polymerases play a role in other cellular processes, 

like for example DNA repair.61 DNA polymerases are also used in molecular 

biology. Thermostable DNA polymerases62 were found that stay active at 

elevated temperatures. So in a process called polymerase chain reaction 

(PCR)63 one can amplify virtually any DNA sequence. During PCR the target 

DNA, or template, is heat denatured at high temperature. The temperature is 

lowered, so short oligonucleotides of about 20 bp length, the primers, can 

bind to complementary patches on the template. The temperature is then 

elevated to the optimal elongation temperature of the applied DNA 

polymerase. The enzyme elongates the primer in a template dependent 

manner. The DNA polymerase thereby synthesizes a complementary strand 

to the template strand and a fully intact DNA duplex is formed. As this 

happens to both template strands, the DNA amount has been doubled. After 

running this cycle 20 to 40 times, the target DNA sequence has been copied 

many times, and thereby one ends up with large amounts of the target DNA. 

 

Fig 1.03: Selection of DNA-modifying enzymes. A: DNA polymerases elongate primer strands 
that are hybridized to a template strand by incorporation of dNMPs according to the Watson-
Crick base pairing rules. B: DNA ligases close nicks in the DNA, by forming the 
phosphordiester-linkage. C: Endonuclease cleave the DNA at palindromic recognition sites. 
Double strand brakes are the result of this enzymatic turnover. 
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To preserve the genetic information, nature has evolved many enzymes for 

DNA repair. One class of enzymes are ligases (Fig. 1.02 B),64 enzymes that 

can close DNA nicks by catalyzing the formation of the phosphordiester. 

Ligases are highly used by molecular biologists. Pieces of DNA can be 

covalently attached to each other, when they bear complementary single 

stranded DNA patches, so called “sticky ends”. The single stranded patches 

hybridize and the ligase then covalently attaches the strands together. 

Nucleases65 (Fig. 1.03 C) are enzymes, evolved by nature for genome 

editing or for protection from pathogens. They either digest DNA from the 

ends by chopping away single nucleotides (so called exonucleases) or they 

incise a DNA strand at specific sequences within the strand 

(endonucleases).66-68 There are many more DNA modifying enzymes 

present, which can be used to manipulate DNA, that are not mentioned in 

this work. 

The inherent property of DNA to be programmable by Watson-Crick base-

pairing, the predictability of its structure and the possibility to amplify DNA in 

vitro makes it an interesting material for nanotechnology. The toolbox 

provided by nature to manipulate DNA with base pair resolution furthermore 

expands the scope of applications in this field. 

1.3.3 DNA Nanotechnology 

In DNA nanotechnology, scientists want to fold DNA into designed shapes to 

construct for example molecular machines or highly defined materials. With 

its favorable properties of programmability by Watson-Crick base-paring and 

the possibility to manipulate DNA on the nanometer scale, Nadrian Seeman 

proposed in the early 1980s to use DNA to form so called crossover tiles 

(Fig. 1.04 A),69 which self-assemble into a 2 dimensional lattice. This concept 

was inspired by the naturally occurring Holliday junction,70 which is an 

intermediate in the homologous recombination. In this process DNA strands 

of two sister chromosomes cross over, so that a 4-way structure forms, which 

can slide along the DNA strand. Seeman designed four DNA strands in a 

way that an immobile Holliday junction is formed. At the edges single-

stranded overhangs lead to self organization of the tiles to form a lattice via 

hybridization. 

Since then, many different approaches were undertaken to improve the 

system. More rigid double crossover tiles were developed by Seeman and 

coworkers.71 Furthermore, many nano-objects72-74 were folded from DNA, 

e.g. a box with closable lid.75 In 2006, Rothemund proposed the concept of 
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DNA origami (Fig. 1.04 B).76 In his approach he uses one long ssDNA strand 

which is folded into designed shapes by the application of helper strands, 

which are complementary to parts of the scaffold strand. By carful design, 

virtually any shape can be assembled. This concept was applied to the third 

dimension and 3D-objects could be generated by this approach.77-79 For 

example, membrane spanning pores can be created and can be introduced 

into membranes.80-81 The conductivity through this pore can be fine tuned by 

careful design of the pore and can be applied, e.g. for single molecule 

sequencing. 

 

Fig. 1.04: Examples of DNA nanotechnology. A: DNA crossover tiles. At least 4 DNA strands 
are annealed to each other to form a crossover structure with sticky ends. Due to the sticky 
ends, the tiles self assemble to form a regular pattern. B: DNA Origami. A long ssDNA strand, 
e.g. the genome of M113-virus (black) is folded with short, partially complementary 
oligonucleotides (red, green, blue) in a complicated manner. By careful design virtually any 
shape can be formed, e.g. a DNA smiley. Adapted from ref.77 

The concept of using crossover structure was picked up by Dan Luo and 

coworkers, to create a DNA-based hydrogel.82-83 They designed DNA 

crossovers with different number of arms and different degrees of flexibility 

by adding single stranded patches. Furthermore, the DNA self-assembles by 

hybridization of sticky ends. The crossover structures are then covalently 

connected to each other by application of ligases. Luo could show, that this 

microscopic assembly could form macromolecular structures.  
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In the above mentioned examples, DNA structures are made of careful 

hybridized DNA strands to give more-way structures. These structures are 

held together by hybridization. Another approach is to use covalently 

connected more-way DNA structures. DNA strands are covalently attached to 

a branching core, thereby branched DNA structures are created. 3-way DNA 

structures were shown to form higher assemblies.84 Furthermore, Keller et al. 

were able to show, that a covalently connected 3-way DNA construct could 

be used as primer in polymerase chain reaction (PCR), thereby enzymatically 

forming a large 3D-DNA network.85 

Ordered DNA arrays were also explored to arrange proteins in controlled 

spatial orientation.86 Furthermore, the interaction of whole cells can be 

programmed with DNA. 

1.3.4 Application of DNA for Tissue Engineering 

To specifically program cell interactions with other cells or a substrate, DNA 

has found its application in tissue engineering. Aldaye et al. folded DNA 

strands to form a collagen like structure.87 The group was able to decorate 

the collagen-like DNA fibers with parts of fibronectin. Absorption of the 

protein modified DNA fibers to glass lead to efficient adhesion of HeLa cells 

to the modified surface. Furthermore, HeLa cells were able to resist 

detachment from the surface, when physical forces were applied.  

In 2011, Heath and coworkers published a microarray, decorated with DNA 

strands for programmed cell-attachment.88 Via microfluidics, spotted 

oligonucleotides could capture complementary adapter strands that have 

another sequence to hybridize to a third oligonucleotide. They functionalized 

different cell types (e.g. primary neurons and astrocytes) with different DNA 

oligonucleotides. Each cell type was modified by a unique sequence that is 

complementary to a unique sequence on the microarray. Subsequent 

application of the cells to the microarray, the labelled cells find their 

predetermined position due to the hybridization of complementary 

oligonucleotides. So, cells could be brought into proximity, which modulate 

the mutual survival. 

Using a similar approach, Gartner et al. created nano-tissues by 

programming cell-cell interactions via DNA oligonucleotides.89 Therefore, 

cells were again functionalized with DNA oligomers. Two different cell types 

were used; genetically engineered CHO cells, expressing murine IL-3 and 

FL15.12-cells, which are depending on IL-3 presence to survive and grow 

properly. DNA-tagged cells aggregated as expected and the FL15.12 
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survived and grew, whereas without DNA modification the cells did not find 

their counterpart and died. 

Both approaches show the usefulness for programming cell behavior. One 

disadvantage of the shown approaches is that purified cells have to be 

chemically modified to bear the coding oligonucleotides. To interact with 

native cells, which do not have to be purified in first place, one needs 

molecules that selectively bind to special cells, so called bait-molecules.87, 90 

 

1.4 Bait-molecules for Cell Attachment 

In organisms cells find their correct habitats and correct interaction partners 

via proteins or glycans on the cell surfaces.91 One can exploit this kind of 

marker system to address specific cells. With knowledge of the expressed 

surface markers one can find the correct molecule to interact with the given 

cell. In immunohistology for example, one uses antibodies against surface 

markers that distinguish between different cell lines. Antibodies are 

commonly used agents to specifically interact with proteins (for more 

information see ref92-94). Apart from antibodies, binding to cells can also 

achieved by using different other bait molecules. 

1.4.1 Fibronectin 

In chapter 1.1 the importance of fibronectin as component of the extracellular 

matrix has been described. Fibronectin is a 440 kDa glycoprotein,9 which 

interacts with a diverse set of ECM components. It consists of two near 

identical subunits, which are connected via C-terminal disulfide bonds. 

Fibronectin is coded in one gene, but alternative splicing yields a plethora of 

different isoforms.  

Each monomer contains 3 different modules, type I, II and III. Several 

repeats of the different modules are present. Type I domains are involved in 

matrix assembly,95 interaction with other fibronectin molecules and other 

components of the ECM. Type II domains are important for collagen binding. 

Type III domains are present in 15 repeats. Many are important for binding to 

components of the ECM. Repeats 9 and 10 are important for cell binding.9, 95 

Repeat 9 has modulatory tasks, whereas repeat 10 interacts with integrins of 

the cells via a RGD-presenting domain. 

For integrin binding only a small part of fibronectin is needed. The 10th repeat 

of the type III domain (FN310) is needed.96 As there are no posttranslational 
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modifications present in this domain and it readily folds to its native form, this 

domain is very well suited to act as a bait molecule for integrin expressing 

cells. However, as many cells express integrins, FN310 is not a selective bait 

molecule. 

1.4.2 Cyclo-RGD 

As cells bind to the ECM mostly via integrins (chapter 1.1), ligands were 

designed to address different integrin subtypes,17 for example for in vivo 

staining of tumors,97 for the attachment of cells to artificial materials98-100 or 

for drug delivery purposes.101 Integrins bind to peptides bearing the RGD 

motif. As these linear peptides are very flexible, they can adopt 

conformations to fit into virtually any RGD-binding pocket of integrins. By 

forcing the peptide to a conformation, for example by synthesis of circular 

peptides, binding to subsets of integrins is improved.17, 102 If the preformed 

conformation fits into the binding pocket, the affinity rises, as entropic 

penalties to adopt the fitting conformation are reduced in the cyclic peptides. 

Furthermore, if the preformed conformation does not fit to a binding 

conformation, the cyclic analogue should bind worse to the integrin. 

Following this approach, many cyclic RGD-peptides were developed that 

bind with high affinity to a subset of integrins.103-104 The cyclic pentapeptide 

c(RGDfK) binds with high affinity to αvβ3 integrins, whereas hexapeptides 

bearing the RGD motif do not bind to the same integrin, however they are 

good ligands for αIIbβ3 integrins, which are common on platelets and are 

involved in blood clotting.17 

With this system in hand, different integrins can be addressed, but many cells 

express several integrins. This approach gives the opportunity to address 

different cells with modest selectivity. For more specific cell binding, more 

selective bait molecules are needed. As mentioned in chapter 1.4 antibodies 

can give this opportunity to target proteins on the cell surfaces. Aptamers 

also enable specific cell binding, as they can be generated to recognize 

whole cells. 

1.5 Modification of DNA by Bioorthogonal Chemistry 

To modify biopolymers chemical ligation reactions are needed. As most 

biopolymers are best soluble in water, these reactions also have to be 

compatible with water as solvent. Furthermore, such ligation reactions should 

have good yields and only give non problematic side products.  
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The reaction of epoxides or aziridines with nucleophiles (Fig. 1.05 A) is a 

very potent labelling reaction,105 as the epoxides or aziridines are easy to 

synthesize and their stability in water is good enough. Nucleophiles within the 

biomolecules react faster with the electrophiles than water. As many 

nucleophilic moieties are present in biomolecules, e.g. the exocyclic amino 

groups of DNA, this approach most often leads to multiple labelling of the 

biopolymer or of labelling at different positions. 

 

Fig. 1.05: Selection of labelling reactions of biomolecules. A: Nucleophilic opening of epoxides 
or aziridines by nucleophiles. B: Peptide-bond formation of NHS-activated carboxylic acids with 
amine groups of the biomolecule. C: Staudinger ligation of a phosphine reagent with azido-
modified biomolecules. D: Michael addition of thiol moieties to maleimides. E: Copper catalyzed 
alkyne-azide cycloaddition (CuAAC) of alkynes with azido-functionalized biomolecules. F: 
Strain promoted azide-alkyne cycloaddition (SPAAC) of cyclooctyne derivatives with azido-
functionalized biomolecules. G: Inverse electron demand Diels-Alder Reaction (DARinv) of 
tetrazines with alkene-functionalized biomolecules. 

Another similar approach is the reaction of activated carboxylic-acid 

derivatives, e.g. as NHS-esters or as acid-chlorides with biomolecules (Fig. 

1.05 B).106 This procedure is often used to functionalize proteins, as lysine 

residues are commonly present on protein surfaces. The amino-groups can 

react with the activated carboxylic acid to form a peptide bond.  

If site-specificity is needed, chemical transformations are required, that do 

not interfere with the naturally occurring reactive groups. Some interesting 
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reactions have been described, e.g. the Staudinger ligation (Fig. 1.05 C),107-

108 the Michael addition (Fig. 1.05 D),109 [3+2] cycloadditions,110 remarkably 

the Huisgen 1,3 dipolar cycloaddition of alkynes and azides, especially as 

Cu+-catalyzed variant (Fig. 1.05 E),111-112 the strain promoted azide-alkyne 

cycloaddition (SPAAC, Fig. 1.05 F)113 and the Diels-Alder reaction (Fig. 1.05. 

G).114 The Huisgen 1,3 dipolar cycloaddition and the Diels-Alder reaction will 

be discussed in chapter 1.5.1 and 1.5.2, respectively.  

The site-specific reaction have in common, as the reaction does not include 

naturally occurring moieties and therefore, the reactive group has to be 

introduced into the biopolymer. A very common method is to incorporate 

chemically altered building blocks, which make up the biopolymer, e.g. 

modified nucleotide triphosphates107, 115 to synthesize modified DNA or 

unnatural amino acids,116 which are incorporated into proteins. If the modified 

building blocks have a similar shape to the natural building blocks, there is a 

good chance, that these molecules can be introduced into the biopolymers 

via the natural machinery. 

For Staudinger ligation azides react readily with triarylphosphines to 

imminophosphoranes.108 Normally, these are hydrolysed to 

triphenylphosphinoxid and the corresponding amine. This reaction is called 

Staudinger reduction.117 In a modification of this reaction introduced by 

Bertozzi and coworkers,108 an ester-modified triaryl-phosphine is used. 

Thereby, the ester moiety acts as electrophilic trap and reacts with the 

imminophosphorane to form an amide bond. This reaction is a promising 

labelling reaction. Again, some drawbacks are present. The phosphines are 

prone to oxidation and the reaction kinetics are rather slow. Despite this 

problems, the Staudinger ligation was successfully applied in living cells. 

Furthermore this concept has been further optimized to a traceless 

Staudinger ligation variant.118 

The Michael addition between thiol-groups and maleimides is an interesting 

and largely applied labelling reaction.109 The reaction starts with a 

nucleophilic attack of the thiol at the β-carbon of an α,β-unsaturated carbonyl 

derivative under base catalysis, giving the saturated ligation product. 

Especially, the great reaction kinetics prompt this reaction to a promising 

labelling reaction. One disadvantage, especially for in vivo applications is, 

that in cells many metabolites are present that bear thiol groups, e.g. 

glutathione, which can cross-react with the maleimide derivatives. Many 

proteins bear thiol groups, which could undergo Michael addition with 

maleinimides. 
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1.5.1 Copper Catalyzed Azide-Alkyne Cycloaddition 

Rolf Huisgen described in 1961 1,3-dipolar cycloadditions of different 

compounds.110 Next to other interesting conversions, he found, that azides 

react with terminal alkenes to form mixtures of 1,4- and 1,5-triazoles in a 

concerted reaction. As terminal alkenes and azides are virtually absent in 

biomolecules, this reaction would give a very interesting bioorthogonal 

ligation reaction. Unfortunately, this reaction does only proceed at elevated 

temperatures.  

In 2002 Sharpless and Meldal reported a Cu+-catalyzed version of the 

Huisgen 1,3-cycloaddition independently from each other.111-112 In fact, 

calculations indicate, that this process does not happen concerted,119 so the 

term 1,3 cycloaddition is not true. This kind of reaction is termed copper 

catalyzed alkyne azide cycloaddition (CuAAC). Terminal alkynes react with 

azides under copper catalysis to form only the 1,4- triazoles. Many different 

copper sources can be applied. For example Cu2+ salts can be reduced to 

Cu+ by addition of sodium ascorbate120 or other reducing agents. Cu+ salts, 

such as Cu(I)-halides121 can also be applied. Water is perfectly tolerated, the 

reaction is even faster in water than in organic solvent.  

To protect the Cu+
, ligands were developed which protect the copper ion from 

oxidation to Cu2+. Furthermore, these ligands have advantageous effects on 

the reaction kinetics.120, 122-123 
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Fig. 1.06: A Mechanism of the CuAAC. The copper catalyst interacts with the alkyne and the π-
complex forms. The pka-value of the terminal proton is reduced drastically, so that the proton 
can be displaced easily and the copper-acetylide can form. The azide interacts with a second 
Cu+ and thereby comes in close proximity to the alkyne. The terminal nitrogen attacks the 
acetylide carbon. For ring contraction the copper-bound nitrogen can attack the copper-bound 
carbon of the alkyne, thereby the triazole is formed. Protonation of the triazole-catalyst complex 
releases the catalyst and the reaction product. Adopted from ref119 B: Selection of commonly 
used Cu+-stabilizing ligands. 

The reaction mechanism is not fully understood up to now, but calculations 

and kinetic studies resulted in a commonly accepted reaction mechanism 

(Fig. 1.06 A).119 The reaction starts with the interaction of the alkyne with the 

Cu+ via the π-electrons. This interaction increases the acidity of the terminal 

proton. This proton can be removed in water without any additional base, so 

the copper acetylide can be formed. The azide interacts with a second Cu+ 

and is brought into close proximity to the acetylide. Indeed, kinetic studies 

have revealed, that the CuAAC follows a second order kinetic in regard to the 

Cu+-concentration.119 The terminal nitrogen atom of the azide can attack the 

first acetylide-atom and thereby forming the first bond of the triazol reaction 

product. The metal-atom containing ring undergoes a rearrangement and the 

first nitrogen atom is connected to the terminal carbon atom of the former 



Introduction 

17 

alkyne-group. Addition of a proton releases the reaction product and the 

catalyst.  

TBTA (Fig 1.06 B) was proposed by Sharpless and coworkers to be an 

efficient ligand.120 As the solubility in water of this ligand is bad, t-butanol is 

used as co-solvent. Further ligands have been developed. To elevate water 

solubility, Brown used THPTA (Fig 1.06 b)) as efficient ligand.124 With this 

ligand many experiments were performed to functionalize DNA via CuAAC. 

The existence of bulky groups elevates the reactivity, as only one ligand can 

bind to the copper ion, thereby the not catalytically active complex made of 

two ligands and one metal cannot form. BTTAA (Fig 1.06 b)) was used to 

modify glycan moieties on living cells.123 

When biomolecules are functionalized, the concentration is often low. To 

achieve efficient conversion, copper and ligand have to be present in excess, 

especially as the reaction kinetic is second order with regard to Cu+. Under 

these conditions, oxygen can cause problems. If oxygen oxidizes Cu+ 

reactive oxygen species are generated, which can react for example with the 

4’-H atom of DNA and thereby induce DNA-strand brakes.125 To avoid such 

side reactions, oxygen has to be strictly excluded. 

A further development was undertaken by Bertozzi and coworkers. By using 

strained cyclooctynes,113 it was shown, that these react readily with azides 

under ambient conditions without the need of Cu+. The alkynes are more 

sterically demanding and the reaction kinetics are slower, but cytotoxic Cu+ 

needs not to be present. 

All in all, the CuAAC and its copperless modification are very useful reaction 

in the chemist’s toolbox. Even though this reaction type is promising, for 

multiplex orthogonal labelling purposes another, truly bioorthogonal, reaction 

is needed. Such a promising reaction is the Diels-Alder Reaction  

1.5.2 Diels-Alder Reaction 

A [4+2] cycloaddition of 1,3 dienes with substituted alkenes was described in 

1932 by Otto Diels and Kurt Alder.114 They were awarded the Nobel Price in 

1950 for the discovery of this useful reaction type. The reaction is a truly 

pericyclic reaction of electron rich dienes and electron lacking alkenes, to 

form cyclohexene derivatives.  
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Fig 1.07: A: Mechanism of the Diels-Alder reaction (DAR) and the inverse electron demand 
Diels-Alder reaction (DARinv). DAR takes place between an electron rich diene and an 
electron-deficient alkene. Electron-withdrawing- (EWG) and electron-donating-groups (EDG) 
are indicated. In DAR, the highest occupied molecular orbital (HOMO) of the diene interacts 
with the lowest unoccupied molecular orbital (LUMO) of the alkene in a suprafacial/suprafacial 
interaction. In DARinv, the LUMO of the diene interacts with the HOMO of the alkene. B: 
Energy diagram of the frontier orbitals. Electron-rich compounds have elevated orbital energies 
than their electron-poor counterparts. For DAR, the energy difference of the HOMOdiene –
LUMOalkene is smaller than the difference of LUMOdiene-HOMOalkene. In DARinv, the energy 
difference between LUMOdiene and HOMOalkene is smallest, as the absolute energy-positions of 
the orbitals is shifted. Adapted from ref126 

 

The reaction starts with a suprafacial/suprafacial interaction of the 4π-system 

of the diene with the 2π system of the alkene. Considerations of the frontier 

orbitals of the reactants show, that the highest occupied molecular orbital 

(HOMO) of the diene can interact with the lowest unoccupied molecular 

orbital (LUMO) of the dieneophile (Fig. 1.07). The interaction is especially 

strong, when the energy of the orbitals is similar. This is the case for an 

electron rich diene and an electron deficient dienophile, as electron rich 

compounds have higher energy of the frontier orbitals as electron-poor 

compounds. Also, termed as inverse electron demand Diels-Alder reaction 

(DARinv),127 electron deficient dienes react with electron rich dienes, but the 

HOMO of the dienophile and the LUMO of the diene interact with each other. 

As the reaction is concerted, the stereochemical information of the reactants 

is also present in the reaction product.  
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This reaction is also a very interesting labelling reaction, as dienes and 

terminal alkenes are not commonly present in biopolymers. Especially the 

inverse electron demand Diels-Alder reaction using 1,2,4,5-tetrazines as 

diene is used successfully for labelling reaction (Fig. 1.08).128-133 Terminal 

alkenes readily react with tetrazines, strain promoted variants are again 

much faster and exceed the reaction kinetics of CuAAC in order of 

magnitudes.129, 134 

 

Fig. 1.08: DARinv with 1,2,4,5-tetrazines and alkenes. After DARinv, a bicyclic compound is 
formed, that stabilizes by elimination of nitrogen. The reaction product is easily oxidized by 
oxygen to re-establish the aromatic system. 
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2 Aim of the Work 

The aim of this work was to establish a material, to attract living cells to a 

substrate. To achieve this, a system consisting of branched DNA networks 

that can be covalently attached to surfaces and the functionalization of these 

networks with bioactive compounds should be developed. Via these bioactive 

compounds, cell adhesion to the modified substrate should be achieved. In 

proof of concept studies, the elaborated substrates should be tested in 

simple cell culture experiments. 

Firstly, branched DNA should be synthesized. For this, an efficient synthesis 

route to a building block for automated DNA synthesis should be developed. 

This compound should give the possibility to perform bioorthogonal chemistry 

for functionalization. The automated DNA synthesis should be optimized for 

the efficient synthesis of branched DNA. 

With synthesized branched DNA, the formation of DNA networks should be 

explored. Either network formation by hybridization of self complementary 

branched oligonucleotides or by PCR with branched primers should be 

explored. The DNA network formation should be performed on glass slides, 

to generate DNA modified glass substrates. 

For the envisioned approach, these DNA networks have to be modifiable. For 

this purpose, the feasibility of different bioorthogonal ligation reaction, e.g. 

copper-catalyzed alkyne-azide cycloaddition or Diels-Alder reaction should 

be addressed. 

These reactions should be used, to covalently bind a bioactive bait molecules 

onto the DNA networks. Suitable bait molecules should be tested and 

synthesized so they can be connected to the DNA network with the 

previously tested ligation reactions. 

Finally, all components developed in this work should be brought together, to 

assemble the substrate-bound bioactive DNA networks. In proof of concept 

studies, this new substrate should be tested in cell culture systems. 
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3 Results and Discussion 

3.1 General Concept for the Generation of an Artificial 

Extracellular Matrix 

To generate a substrate bound DNA based artificial extracellular matrix, 

some challenges have to be addressed. First of all, the DNA networks have 

to be developed. The protocols for attachment of the DNA to the substrate 

have to be elaborated and suitable bait molecules have to be chosen. They 

have to be chemically bound to the DNA networks by bioorthogonal 

reactions. 

 

Fig 3.01: Concept for the generation of cell adhesive DNA-networks. Branched primers will be 
synthesized. An amino functionalized glass slide will be modified by branched DNA. On this 
slide a PCR will take place, using branched primers, so a DNA network will form on the slide. 
The branched primers bear a reactive group for bioorthogonal modification with bait molecules, 
to recruit target cells to the DNA network. 

Branched DNA constructs with three DNA strands (3-way DNA constructs) 

will be synthesized (chapter 3.2) to form a DNA network by serving as primer 

in a PCR reaction (chapter 3.3). The PCR reaction will be performed on glass 

slides (chapter 3.4). As also spotted DNA will be incorporated into the DNA 

network, the whole network will be surface bound. The networks should be 

modifiable via chemical reactions. Different chemical ligation reaction should 

be tested to be suited for modification of DNA and especially of DNA 

networks (chapter 3.5). Bioactive molecules will be tested (chapter 3.6) and 

their applicability for cell selective adhesion to DNA networks will be tested 

(chapter 3.7). The general assembly of the bioattractive material is illustrated 

in Fig. 3.01. A surface is modified with branched DNA. The branched ends of 

this surface take part in a PCR with additional branched primers, thereby 

forming a DNA network. The branch-points bear a handle for site specific 



Results and Discussion 

24 

bioorthogonal labelling chemistries, so bioactive compounds can be 

covalently attached to the networks. These DNA-modified substrates can the 

be used for the selective recruitment of cells. 

3.2 Chemical Synthesis of 3-way-DNA 

As building block for the DNA network formation, a DNA molecule was 

envisioned, that bears three DNA strands (Fig. 3.02). The branching core is 

an alkane, which is derived from bis-homotris 1. The molecule bears 3 

hydroxyl-groups for connection to the DNA strands and one amino-group for 

further chemical modification. As first molecule, a derivative with a pentynoic 

acid was chosen, to be modifiable by CuAAC. 

 

Fig 3.02: Design of the 3-way DNA molecule. This molecule can be synthesized from 
bis-homotris (1). The amino-function can be modified with activated carboxylic acids (e.g. 
pentynoic acid, red). Via the three hydroxyl groups (blue), DNA strands (grey) can be 
synthesized, all bearing a 3’ end. 

During automated DNA synthesis, the nucleotides are incorporated into the 

DNA strand by stepwise addition of activated species, the nucleoside-

phosphoramidites. Several conversions during one elongation cycle have to 

be performed (Fig. 3.03).135 The first nucleoside is generally bound to the 

solid support via the 3’-hydroxyl group. The cycle starts with the deprotection 

of the 5’-end (step 1). Normally, the DNA building blocks are protected by the 

dimethoxytrityl group (DMT), as this protection group is readily cleaved off by 

mildly acidic conditions. The DMT-cation has a bright orange color. This can 

be used to assess the incorporation efficiency of DMT-protected building 

blocks during synthesis, either by light absorption measurement or by 

conductometric methods. The liberated 5’ hydroxyl group can then be 

elongated. For the elongation, the nucleoside phosphoramidite of the next 
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nucleotide has to be activated by tetrazole or related compounds (step 2). 

The diisopropyl-moiety of the phosphoramidite is protonated by the activator. 

After protonation, diisopropylamine is liberated by an attack of the tetrazolium 

ion. This species reacts readily with the 5’-hydroxyl group to give the 

elongated DNA-strand. As some strands are not elongated, they have to be 

capped to not react in later cycles (step 3), as this would lead to DNA strands 

with one base missing. If the reaction is blocked completely, the strands are 

much shorter and much easier to separate from the full length product. The 

remaining 5’-hydroxyl groups are acetylated by reaction with acetic anhydride 

and N-methylimidazole. To increase the polymer’s stability, the phosphor(III) 

species is oxidized to the phosphate derivative by application of aqueous 

iodine solution (step 4). The next cycle begins with the deprotection of the 5’ 

end.  

 

Fig. 3.03: Automated DNA-synthesis. A: Synthesis cycle for automated DNA Synthesis. The 
first nucleotide is bound to the solid support. In step 1, the DMT-protection group is removed by 
acid treatment. The next nucleotide is coupled by application of a phosphoramidite, that is 
activated with tetrazole or related compounds (step 2). In step 3, non reacted DNA strands are 
excluded from further synthesis by capping with acetic acid anhydride and NMI. In step 4 the 
phosphor(III)-triester is oxidized with iodine to the phosphate. The strand is elongated by 1 
nucleotide and can enter the cycle again. B: structure of standard phosphoramidites for the 
synthesis in 3’ to 5’ direction and inverse phosphoramidites for the synthesis in 5’ to 3’ direction 
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DNA is synthesized from the 3’- to the 5’-end. The synthesis from the 5’-end 

to the 3’-end is also possible, when inverse phosphoramidites are used, 

which are 3’-DMT protected 5’-phosphoramidites.136 Generally, the yields 

during inverse synthesis are lower as the primary phosphoramidites are 

prone to side reactions and the secondary 3’-hydroxyl is sterically more 

hindered, so the reactivity is lowered in comparison to the 5’-hydroxyl group. 

This reaction scheme (Fig. 3.03) shows that molecules introduced into the 

DNA strand by automated synthesis have to bear a phosphoramidite-moiety 

as reactive group and a DMT-group for further elongation. Different synthesis 

routes for the building block are conceivable and are discussed in the 

following three chapters. 

3.2.1 Synthesis via bis-phosphoramidite (2) 

 

Fig 3.04: Synthesis-strategy via bridging of two DNA strands. The first DNA arms are 
synthesized on solid support via standard synthesis (a)). The branch-point is introduced by 
incorporation of compound 2 (b)), thereby two DNA strands should be bridged. The last arm is 
synthesized by inverse chemistry (c)). Detachment from the solid support and removal of the 
protection groups is achieved by treatment with concentrated ammonia (d)). As building block, 
the bis-phosphoramidite building block 2 is needed. 
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As the 3-way DNA needs to have 3’ end at all arms, at least one strand has 

to be synthesized with inverse phosphoramidites. As this part of the 

synthesis generally has lower yields, only one strand should be synthesized 

by inverse phosphoramidites. Therefore, the first two arms are synthesized 

by standard automated DNA synthesis. The two arms are then bridged by 

addition of the branch point as bis-phosphoramidite 2. The last DNA strand 

can then be synthesized by the inverse DNA strategy (Fig. 3.04). 

 

Fig 3.05: Synthesis of the bis-phosphoramidite building block 2.  

For this strategy, a bis-phosphoramidite-mono-DMT-building block 2 is 

needed. The synthesis was started from commercially available bis-

homotris 1 (Fig.3.05 A). In the first attempt, the molecule was protected with 

DMT-chloride in dimethylformamide with triethylamine as proton scavenger. 

This reaction is unselective, as all three hydroxyl groups can react with the 

DMT chloride, so a mixture of all three derivatives was observed. With 1.5 

equivalents of DMT chloride, the yield for the mono-protected derivative was 

highest. As second step, the protected branch point 3 was incubated with 

CDI-activated pentynoic acid 5. Unfortunately, 2 equivalents of pentynoic 
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acid reacted to the compound. Via 1H-NMR, it was discovered, that the O-

esters were formed and not the desired N-amide. This reaction outcome was 

unexpected, but can be reasoned with the low reactivity of the α-tertiary 

amine-group. Additionally, the amine-reactivity is further reduced by 

intramolecular H-bonding with the primary hydroxyl groups.137 Exchanging 

the activation reagent of the carboxylic acid did not alter the reaction 

outcome. So the strategy was changed completely (Fig. 3.05 B).  

Unprotected bis-homotris 1 was reacted with the pentynoic acid NHS-ester 7 

in buffered water to yield the N-substituted product (Fig. 3.05). The reasoning 

behind this reaction is that the intramolecular H-bonding with the hydroxyl 

groups should be diminished as water as highly polar solvent should interact 

with the hydroxyl groups, so the reactivity of the amine should be raised. 

Indeed, the desired product 8 could be isolated in low yields, but the 

hydrolysis of the NHS-ester was the main side reaction. The reactivity of the 

α-tertiary amine is still relatively low. For other branch points, a more 

sophisticated synthetic strategy was elaborated (chapter 3.5).  

The protection of 8 with the DMT group was possible with the same protocol 

as used before. As last step, both free hydroxyl groups should be converted 

to the phosphoramidites. For this reaction, the protected building block 6 was 

incubated with 2.2 equivalents of 2-cyanoethoxy-N,N-diisopropylamino-

chlorophosphine 9 in dry tetrahydrofurane (THF) and 5 equivalents of 

diisopropylethylamine (DIPEA). The addition of all reagents is performed at 

0°C. After 5 minutes stirring, the ice bath is removed. After 1.5 h, the reaction 

proceeded to completion, as was addressed by TLC and mass spectrometry. 

The solution was concentrated to dryness and purified via column 

chromatography. Unfortunately, only the hydrolysis or oxidation products of 

the target-molecule could be isolated, which are not suitable for DNA 

synthesis. After several optimization steps, it was realized, that the 

compound decomposes upon evaporation of the solvent. When all 

evaporation steps are performed at 0°C, the target compound 2 can be 

obtained in quantitative yields. The compound was used directly, without 

long-term storage, for DNA synthesis, as primary-phosphoramidites tend to 

hydrolyze when stored for elongated times. 

Normally, large excesses of reagents, including the phosphoramidites, are 

used for automated DNA synthesis to achieve high reaction yields. When the 

bis-phosphoramidite is used in large excess, one would expect, that bridging 

of two DNA strands does not occur, as too many phosphoramidite-molecules 

react with one strand only, until all DNA strands are modified by one branch 

point, so after synthesis, only 2 arm-products would be realized. To force the 
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reaction to bridging, the phosphoramidite is not applied in excess and the 

DNA is synthesized on high-density resin, to have many DNA molecules in 

close proximity to each other. The coupling time had to be increased, to 

make up for the loss of reactivity, due to the low concentration of the 

phosphoramidite. The synthesis was finished by synthesis of the third arm via 

inverse synthesis. To monitor the reaction, at first mass spectrometry was 

used. But this procedure is not well suited to screen different reaction 

conditions fast, as after synthesis, the oligonucleotides have to be 

deprotected and cleaved off the resin by ammonia treatment over night. The 

oligomers have to be purified via HPLC and then, the terminal DMT-group 

has to be cleaved off by treatment in 80% acetic acid. A last HPLC step is 

necessary, to purify the unprotected oligomers. For mass spectrometry 

analysis, the DNA oligomers need to be free of salts, so they have to be 

freeze-dried several times. This whole post-synthesis procedure takes about 

5 days, until the reaction outcome can be monitored by mass spectrometry. 

To speed up the monitoring process, a poly-acrylamide gel electrophoresis 

(PAGE) protocol was established. After deprotection and cleavage from the 

resin, the solution can be loaded onto a gel and the different reaction 

products can be separated on the gel. The DMT-protected oligonucleotides 

can readily be analyzed. The staining was performed by using stains-all, a 

staining reagent that stains DNA, RNA and carbohydrates with different 

colors, but with only modest sensitivity.138 Nevertheless, as large amounts of 

DNA were synthesized, sensitivity was no problem. 

Unfortunately, bridging of two strands and final elongation of the third strand 

was never observed by using this strategy, although many different 

conditions were tested. The compromise of low concentration of the 

phosphoramidite 2 to achieve bridging and high concentration to achieve 

efficient coupling was not tunable to success. Longer coupling times mostly 

yielded hydrolysis of the phosphoramidite-moieties, so no further reaction 

could be observed. 

3.2.2 Synthesis via solid-phase phosphsphitylation 

In another synthesis-strategy, the branching molecule was not applied as bis-

phosphoramidite, but the DNA strands on the resin were phosphitylated139 to 

synthesize the wanted DNA construct by bridging two strands. As the lack of 

stability of the primary phosphoramidites was one synthetic problem, a 

synthetic route was explored, which does not rely on the purification of the 

bis-phosphoramidite-branch point 2. Instead, the synthesized DNA strands 



Results and Discussion 

30 

on the resin should be phosphorylated directly on the resin and should be 

coupled to the free hydroxyl groups of the branch point139 (Fig. 3.06).  

 

Fig 3.06: Synthesis-strategy via bridging of two phosphoramidite-modified DNA strands. DNA-
strands synthesized by standard chemistry are modified by incubation with 2-cyanoethoxy-N,N-
diisopropylaminochlorophosphine and DIPEA (a)). The branch-point is introduced by 
incorporation of compound 6 and tetrazole (b)), thereby the two phosphoramidite-moieties are 
activated and can be bridged by 6. The last arm is synthesized by inverse chemistry (c)). 
Detachment from the solid support and removal of the protection groups is achieved by 
treatment with concentrated ammonia (d)). 

The third arm should then be synthesized by inverse synthesis. As the mono-

DMT-protected derivative 6 was already synthesized, no further synthetic 

efforts had to be undertaken. The DNA was synthesized by standard DNA 

synthesis and was DMT-deprotected on the resin. The resin was then 

incubated with a solution of 2-cyanoethoxy-N,N-diisopropylaminochloro-

phosphine in THF and DIPEA. As the DNA is resin-bound, large excesses of 

the reagent can be applied and can be washed away. After that, a mixture of 

compound 6 and tetrazole in acetonitrile was added. Regarding bridging of 

two strands, the same considerations had to be undertaken as in 3.2.1 as 

high excesses of the alcohol would lead to high conversion rates, but only 

half the amount of the compound in regard to DNA strands would lead to 
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efficient bridging of 2 DNA strands. Again, the wanted full length product was 

not obtained by using this approach.  

3.2.3 Synthesis via mono-phosphoramidite (10) 

Another synthesis strategy was followed, which does not rely on the bridging 

of two DNA strands on the solid support. Two strands of the branch point 

have to be synthesized simultaneously by inverse DNA synthesis (Fig. 3.07).  

 

Fig. 3.07: Synthesis-strategy without bridging of two DNA strands. The first arm is synthesized 
by standard chemistry (a)). The branch-point mono-phosphoramidite 10 is coupled to this 
strand (b)). The last two strands are synthesized simultaneously with inverse phosphoramidites 
(c)). 

In this stsrategy, lower yields are expected, as abortion of the synthesis on 

one strand leads to incomplete product formation, even though the other 

strand is synthesized perfectly. So the application of lower yield synthesis for 

the parallel synthesis can be problematic. At this point efforts were 

undertaken, to increase the general yield of the DNA synthesis. The 

synthesizer programs were tweaked, but this only had little effect on the 

yields. The most dramatic effect showed the exchange of the activator. 

Commonly, 5-ethylthio-1H-tetrazole is used as activator. The exchange to 

4,5-dicyanoimidazole140 elevated the coupling yields even in standard DNA 

synthesis dramatically.  

For this synthesis strategy, a bis-DMT-protected-mono-phosphoramidite-

derivative 10 is needed.  
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Fig. 3.08: Synthesis of the mono-phosphoramidite 10. 

The synthetic route is similar to 3.2.1 (Fig. 3.08). The DMT-protection 

protocol is adjusted to yield mostly the bis-protected derivative 11 by using 

2.5 equivalents of DMT chloride. The reaction with 1.1 equivalents 2-

cyanoethoxy-N,N-diisopropylaminochlorophosphine neatly yields the target 

product 10. Again, the molecule proves to be prone to hydrolysis and 

oxidation. Nevertheless, by using this synthetic route, the desired 3-way DNA 

molecules could be synthesized and the identity was verified by PAGE and 

HR-ESI-MS. 

 

Fig. 3.09: A: Analytical PAGE of the synthesized oligonucleotides. 1: 64 bp long linear control, 
2: 20 bp long linear control. 3: bNetA-crude. 4: bNetB-crude. 5: bNetA after 2-fold HPLC 
purification. 6: bNetB after 2-fold HPLC purification. In the crude products bands with higher 
electrophoretic mobility and high intensity can be found. These correspond to the DNA with 
arms missing. A lower electrophoretic migration speed was found for branched DNA compared 
to linear control DNA of the same size. B: Sequences of bNetA and bNetB. 

3.3 Generation of DNA Networks 

3.3.1 Previous Work 

Asymmetric 3-way DNA constructs were previously generated by S. Keller, 

University of Konstanz (Fig. 3.10). In first experiments, a branch point was 

used based on N4-alkylated 5-methyl-cytosine. With this branching molecule, 

oligomers were synthesized and assembled to form different shapes, like 

circles with additional ssDNA-arms.84 
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In 2008, the same branching molecule was used to generate DNA networks 

via PCR.85 The all 3’-branched primers (Fig. 3.10) were synthesized similar 

as described in chapter 3.2.3. Synthesis had to be performed in a way that all 

three arms of the branched oligomer bear a 3’-end, as each arm should be 

elongated in PCR. It was shown, that branched primers are readily accepted 

by DNA polymerases for branched PCR (bPCR) and that thereby DNA 

networks can be formed. Even rigid branching molecules (Fig. 3.10) were 

readily accepted to be elongated at all three arms in PCR, so the DNA 

polymerase readily accepts branched DNA of various shapes.  

 

Fig. 3.10: Branchpoints used in earlier studies. The flexible branchpoint is a 5-methyl-cytosine 
derivative. The rigid branchpoint is derived from the benzene scaffold. 

Applying the rigid branch point, it was shown, that chemically modified 

nucleotides can be incorporated into the network.141 Spin-labelled dTTP-

derivatives were incorporated and the dynamic behavior of the network was 

investigated via electron paramagnetic resonance spectroscopy (EPR). The 

EPR data suggests that indeed a DNA network was formed. The 

incorporated spin labels showed two populations with different dynamics. The 

different dynamic behavior of the spin labels can be explained by the site of 

incorporation in the DNA network. About 92 % of the labels showed slow 

movement. These spin labels are inside the rigid DNA network, therefore the 

dynamic movement is reduced. The remaining 8% of spin labels showed fast 

movement. This population of spin labels is incorporated at the edges of the 

DNA network at the remaining free arms.  

The finding that branched DNA networks can easily be prepared by PCR 

applying branched primers is the foundation of this work. Nevertheless, the 

applied branching molecules in the early works were not further modifiable, 

as they are lacking chemical groups for further modifications.  
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3.3.2 DNA Networks by Hybridization of Complementary DNA strands 

Additional to the PCR-based network generation another approach was 

addressed to form DNA networks. For this approach, the rigid branch point 

was used for enzyme-free network formation. Self-complementary 3-way 

oligonucleotides were synthesized and annealed. The thermal denaturation 

behavior was addressed in the presence of different salts. 

 

Fig. 3.11: Sequences of the used self-complementary oligonucleotides with the rigid 
branchpoint. TM(TEAA): melting temperature in 0.1 M TEAA-buffer pH=7, TM(NaCl): melting 
temperature in 0.1 M TEAA-buffer pH=7, 150 mM NaCl, TM(MgCl2): melting temperature in 
0.1 M TEAA, pH=7, 150 mM NaCl, 100 mM MgCl2. 

It was found, that GC-rich sequences showed melting in magnesium 

containing buffers. For a 4-mer with the sequence BP-(GGCC-3’)3 (Fig. 3.11, 

ODN-sc-III) higher melting temperatures were found as for the all base 

containing 6-mer (BP-(AGGCCT-3’)3, Fig. 3.11, ODN-sc-IV). However, self-

complementary network formation was dependent on salt. In the absence of 

sodium chloride and magnesium chloride, no duplex formation was observed 

and when only magnesium chloride was missing, only some self-

complementary sequences formed networks (Fig. 3.11). If one conceives this 

kind of DNA network for surface bound network formation, one has to make 

sure, that in every buffer, magnesium ions have to be present. As 

magnesium is not compatible with all buffer systems (e.g. MgHPO4 

precipitates at low concentrations),142 this approach was not followed. 

Furthermore, in many buffers or media, reagents can be present, that lower 

the melting temperature of DNA. Therefore, parts of the network can always 

be detached, due to partial melting and the diffusion of the detached 

oligonucleotides. Therefore, the PCR-approach was followed for network 

formation. 

3.3.3 DNA Networks by PCR 

Branched DNA primers can be used for generation of DNA networks (chapter 

3.3.1). To use synthesized branched primers for several target DNA, the 

sequences were designed in a way that the branched primers can be used 

on virtually any template DNA (Fig. 3.12). The sequences of the branched 
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primers were designed to have a rather high melting temperature, so they are 

GC-rich. 

 

Fig. 3.12: A: Sequences of the branched primers for network formation, GC-content and 
calculated melting temperature. B: Design principle of the templates for the branched PCR. 
Using adapter primers with 5’-overhangs the template is generated by PCR. Different template 
lengths can be realized by design of the adapter primers. The overhang of aNet-rev has the 
same sequence as bNetA, the overhang of aNet-for has the sequence of bNetB, so the 
branched primers can bind to the adapter PCR product. 

To generate the templates, adapter PCR was performed. Adapter primers 

were designed to be complementary to patches of the commercially available 

vector pET21B with the gene of human polymerase β inserted into the 

multiple cloning site (for sequence of the vector see appendix). The origin of 

replication and the terminator regions were excluded, as it is known, that 

DNA in these regions can form higher order structures, which are hard to 

amplify by PCR. The adapter primer have a 5’-overhang which bears the 

same sequence as the branched primers, so the branched primers can bind 

to the generated PCR product. To use a new vector or target DNA, the 

template for the bPCR can be generated in the same fashion with carefully 

designed adapter primers. Adapter primers for different template lengths 

were designed. Purification of the PCR product was done by agarose gel 

electrophoresis. Commercially purification kits only gave very low yields of 

DNA, so instead the “freeze and squeeze”143 protocol was used. In this 

method, DNA is separated via agarose gel electrophoreses. The bands are 

cut and frozen. In this step, the agarose mesh is distorted and the DNA can 

diffuse easily out of the gel matrix. The DNA is harvested by centrifugation 

through a bed of glass wool. The DNA is then precipitated and washed 

several times to get rid of buffer salts. With this procedure, good quantities of 

template DNA was obtainable with excellent purity. 

To find the best conditions for network formation via PCR, the first 

optimization experiments were performed using linear primers with the same 
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sequence as the branched primers. Taq DNA polymerase was chosen as 

polymerase, as it is commercially available and has shown that it tolerates 

branched primers in PCR.85 Annealing temperature, MgCl2-amount and the 

presence of additives, like dimethylsulfoxide (DMSO) or bovine serum 

albumin (BSA) were optimized. BSA was included with respect to the 

surface-bound PCR (chapter 3.4.4). As DNA can interact with glass surfaces 

and other materials via electrostatic interactions144-145 and thereby 

unspecifically binds to these surfaces, blocking agents are needed. BSA is a 

commonly applied blocking agent in many surface depending applications 

like micro arrays or blots of different kinds.146 After conditions were found that 

gave high yields of linear PCR product, the branched primers were applied. 

During agarose gel electrophoresis of the branched PCR solutions (Fig. 

3.13), a smear to high molecular weight is expected, as large DNA networks 

form, that only show reduced electrophoretic migration. A smear is expected 

as a distribution of networks of different sizes is expected. 

Best conditions proved to be 40 pM of template DNA (Fig. 3.13). Higher 

amounts reduced the smear to lower molecular weight. 800 nM primers and 

200 µM of each dNTP were used. As additives, 5 vol. % DMSO, 2.5 mM 

MgCl2 and 2 mg/mL BSA were added. 0.2 U/µL Taq DNA polymerase was 

used for efficient network formation. The reaction was carried out in a specific 

reaction buffer, that contains KCl (for composition see experimental section).  

 

Fig. 3.13: Branched : 2.5 % agarose gel of PCR solutions with either linear (l) or branched (b) 
primers. Template lengths are depicted above the gel. When branched primers are used, the 
PCR product is too large to enter the agarose gel matrix, indicating the successful formation of 
DNA networks. In the linear cases, the expected bands are found. The contents of the PCR 
solution and the cycling protocol are also stated. 

The template DNA was initially heat-denatured at 95°C for 5 minutes. During 

the cycles, the denaturing temperature is lowered to 88°C for 90 seconds. 

The lowered temperature is used, as the already formed DNA network should 

not be melted. Different annealing temperatures were tested. 88°C was the 

lowest temperature with no loss of PCR efficiency. Annealing of the branched 
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primers is performed at 66°C for 40 seconds and the elongation proceeds at 

the optimal temperature for the Taq DNA polymerase of 72°C. The 

elongation time was adjusted to the applied template length. The cycle is 

repeated 39 times. A final elongation of 10 minutes at 72°C was performed. 

With this protocol, DNA networks were obtainable, indicated by a smear to 

the pockets of the gel. Large DNA based objects were formed, that are too 

large to enter the gel matrix (Fig. 3.13).  

 

3.4 Generation of DNA Networks on Glass Slides 

To bind the DNA networks to the surface, DNA has to be bound to the 

surface. Using 5’-amino functionalized DNA and phenylenediisothiocyanate 

(PDITC) activated amino-glass slides is an established system.147-148  

 

Fig. 3.14: Immobilization strategy. Amino-glass slides are activated by application of 
phenylenediisothiocyanate (PDITC) and pyridine. The surface bound amino-groups attack the 
PDITC. The thioisocyanate-modified surface can then be incubated with 5’-amino-
functionalized DNA in buffer at pH=8.5 to covalently attach the DNA strands to the surface. 

Amino functionalized glass slides were purchased (Genetix, Molecular 

Devices). The surface of these slides can be activated using p-

phenylenediisothiocyanate. Thereby, a nucleophilic attack of the amino group 

towards one isothiocyanate group takes place and the thio-urea derivative 

forms. The activated surface can react with amino-modified DNA in the same 

manner, so the DNA strands are covalently attached to the surface. 

This chemistry was explored in this work, although many other reactions are 

conceivable.149-151 

3.4.1 Spotting of DNA 

To maintain solution-like reaction conditions for enzymatic reactions, 

although the reaction proceeds in proximity to the surface, the DNA strands 
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connecting the DNA network to the glass surface (surface strands) should be 

relatively long. Around 1000 bp long DNA strands (for sequence see 

appendix) were designed in a similar fashion as the templates for the bDNA 

(chapter 3.3.3) and should be generated by PCR.  

 

Fig. 3.15: A: Sequences of the branched primers for surface attachment. These primers are 
asymmetric. B: Design principle of the templates for the branched PCR. Using adapter primers 
with 5’-overhangs the template is generated by PCR. The overhang of aSu-rev enables binding 
of either bNetA or bNetB, so the branched primers can bind to the adapter PCR product. 

One primer is purchased as 5’-amino modified primer to be covalently 

attached to the surface, the second primer is an asymmetric branched primer 

with one arm consisting of a sequence complementary to the attachment 

strands, and the other two arms are of the same sequence as the branched 

primers of the network-PCR. So these primers can partake in network PCR. 

Upon incorporation, the network is then bound to the surface. 

For modification of the surfaces, the amino glass slides were activated by 

phenylenediisothiocyanate (PDITC) in DMF. After washing, the amino-

modified primers were added in 0.1 M phosphate buffer pH=8.5. After 

reaction over night, unreacted PDITC was blocked by conversion with 

concentrated ammonia solution. To elongate the primers by enzymatic 

reaction, templates and branched primers were added. The reaction solution 

had the same composition as for the network PCR in chapter 3.3.3. To 

perform this reaction on the surface, a closed reaction vessel had to be 

created. Many different systems were tested. The “In-Situ hybridization 

frames” (Thermo Scientific) proved most reliable. For heating, a thermocycler 

for glass slides was used (MJ Research). 

No DNA could be detected on the surface after SybrGreen I staining. The 

polymerase showed only low activity in close proximity to the surface. With 

this process, high density modification of the surface was not possible. 
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Fig. 3.16: Protocol for the generation of bDNA-network modified glass-slides. PCR is performed 
using SuA/B-for-NH2 and bSuA/B-rev to generate a long PCR product with one end amino-
modified and the other end with branched primers. This DNA is spotted to the surface using the 
isothiocyanate-amine-ligation chemistry. Network PCR is performed on the DNA-modified 
surface. DNA networks are formed and bound to the surface. The reaction outcome can be 
monitored by SybrGreen I staining and fluorescence readout or by spiking of α-32P-dATP to the 
PCR reaction and phosphorimaging. 

The protocol was adjusted to achieve efficient modification of the surfaces 

(Fig. 3.16). As the enzymatic elongation of surface bound primers did only 

work poorly, the PCR with amino primer and surface branched primers was 

performed in solution. This product was then spotted onto the surface.  

The PCR product has to be double stranded, so the spotting buffer had to 

contain salts, so PBS (0.1 M phosphate buffer, 150 mM NaCl, pH=8.5) was 

used. Furthermore, the concentrations of DNA had to be lowered, as high 

µM-amounts of PCR product were not feasible. After ligation to the surface, 

the passivation of the surface cannot be done with ammonia, as this agent 
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again would lead to melting of the PCR product. Instead, a 0.1 M solution of 

aminoethanol was used in spotting buffer. 

By using radioactively labelled PCR product, created by spiking α-32P-dATP 

in the PCR, a simple readout was possible to check which concentration of 

amino-modified PCR product is needed (Fig. 3.17). Therefore, a dilution 

series of PCR product in spotting buffer was applied to the surface. After 

reaction over night, the slides were washed thoroughly until the washing 

solution did not contain any radioactive species any more. Then the spotted 

amount of DNA was read out by phosphorimaging. 

 

Fig 3.17: Amount of spotted PCR product in dependency of the concentration of PCR product. 
left: Phosphorimaging of the slides with spotted DNA. 10% dATP was exchanged by α-32P-
dATP during PCR. right: analysis of the images. Amount of radioactivity present on the slides 
after extensive washings vs concentration of the spotted DNA. Error bars represent the 
standard error of mean. Saturation is achieved below 200 nM of PCR product. 

As the amount of spotted DNA saturates, a concentration of 0.4 µM of each 

PCR product is more than enough. 

After changing of the supplier of the amino-modified slides (from Genetix to 

Molecular Devices) a new problem arose. DNA oligomers attached 

unspecifically to the surface, even though the surface was passivated in the 

first hand. This can be attributed to a higher density of amino-groups on the 

surface. If more amino groups are present, the activation with PDITC does 

not convert all of them, so unreacted amino-groups remain. At neutral pH, the 

amino groups are positively charged and the surface can interact with DNA 

electrostatically. This unspecific interaction was exploited in the literature for 

example for the fabrication of the first generation DNA microarrays.152 
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Fig. 3.18: Revised spotting protocol. The amino slides are activated by PDITC-treatment. 
Amino groups not converted by this treatment are passivated by ligation to succinic anhydride 
via NMI catalysis. The amino-DNA is incubated to be covalently attached via the 
isothiocyanate-moities. Unreacted reactive groups are passivated by application of amino-
hexanoic acid. Thereby, the negative charges on the surfaces are increased, so DNA cannot 
attach to the surface electrostatically. 

To neutralize the charges, another blocking step was included in the spotting 

protocol (Fig. 3.18). First of all, the amount of PDITC in the activation solution 

was increased. After activation, the surface was incubated with succinic 

anhydride and NMI. This reaction leads to addition of succinic acid to the 

amino groups and thereby add negative charges to the surface. Then, the 

DNA was spotted with the same protocol as before. The passivation after 

DNA spotting was modified, as 0.1 M aminohexanoic acid was chosen as 

passivation agent, as this molecule adds further negative charges to the 

surface.  

 

3.4.2 Generation of DNA Networks on the bDNA-modified Surface 

The protocol for bPCR established in solution was transferred to reaction on 

the slides. The slides were preincubated with the PCR buffer, lacking DNA, 

polymerase and dNTPs for 30 min at room temperature. The BSA should 

interact with the surface and thereby block the sites on the surface that would 

otherwise lead to interaction with the DNA polymerase. This unwanted 

interaction reduces the activity of the enzyme. This incubation buffer is 

replaced by the PCR solution (chapter 3.3.3) and the slide is thermocycled 

with the same program as in chapter 3.3.3. The existence of formed network 

on the surface was assessed by SybrGreen I staining. Furthermore, the 
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reaction solution was loaded onto an agarose gel, to see if in the supernatant 

PCR product has formed. In the first experiments, no surface bound DNA 

was detectable, but in the supernatant, high molecular mass DNA networks 

were found, so the enzymatic reaction in solution worked, but connection to 

the surface did not take place to a detectable extent (Fig. 3.19 A). The 

network formation in solution is a competing process to network binding to 

the surface. Unfortunately, the network growth including the surface bound 

primers is too slow, so all primers are used up for the soluble DNA network. 

 

Fig. 3.19: bPCR on the glass slides and digest of the generated DNA networks. A: left: agarose 
gel of the supernatant in the reaction chamber, M: marker, R: PCR reaction; right: picture of the 
slide after SybrGreenI staining and illumination at 300 nm. Spotted DNA: 200 nM DNA was 
present during spotting, empty surface: no DNA was spotted. Without primer extension of the 
surface-bound branched primers network formation in solution can be seen, but no deposition 
of the DNA to the slide. B: After elongation of the surface bound primers in a previous primer 
extension reaction, DNA deposits to the surface during network PCR. C: Digestion of the 
formed DNA networks with EcoRV endonuclease. As the recognition site is near the glass-
surface, the enzyme cannot cleave the DNA. D: Digestion with DNase I and snake venom 
phosphodiesterase (SVPD). The DNA networks can be cleaved by exonucleases. 

To facilitate the binding to the surface, the branched primers on the surfaces 

were elongated in a first enzymatic step to full length. Therefore, linear 

primers were used in very low concentration (8 nM), so no network can be 

formed in solution, but the primers were elongated. The supernatant was 

removed after 10 PCR cycles and the bPCR solution was applied to the 

slides, after the slides were thoroughly washed. Indeed, after 40 cycles, DNA 

was found to be attached to the surface, assessed by Sybr Green I staining 

(Fig. 3.19 B). 

To test, if the DNA can be processed by enzymes and thereby proof that the 

signal arises from bound DNA an endonucleoase treatment was performed. 

The surface strands have a recognition site for EcoRV-endonuclease near 
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the surface. Identically synthesized networks were either incubated with 

reaction buffer and enzyme, or without enzyme for 8 h.  

No significant difference in fluorescence was observed after washing and 

staining, indicating, that the enzyme was not able to cleave the DNA 

(Fig. 3.19C). This finding is in line with the observation, that the DNA 

polymerase showed only minor activity, when the reaction site was close to 

the surface. 

To further elaborate on the availability of the immobilized networks for 

enzymes, a mixture of DNase I and snake venom phosphordiesterase I 

(SVPD) was applied. These enzymes cleave DNA unspecifically. After 

reaction for 8 h, no fluorescence was observed anymore, when enzymes 

were present, indicating, that the fluorescence indeed stems from DNA 

bound to the surface (Fig. 3.19D). 

The effect of the additional treatment with succinic anhydride should be 

verified. So slides were prepared following the protocol with the succinic 

anhydride blocking (Fig. 3.18). A second set of slides was prepared, that was 

prepared following the protocol without additional blocking. To one reaction 

chamber of the slides, the branched primers were added and in the other 

reaction chamber, only the linear primers were applied, so no network 

formation is expected. α-32P-dATP was spiked into the dNTP-mix to yield 

labelled PCR product. 

 

Fig. 3.20: Background reduction due to additional succinic-anhydride blocking during spotting. 
branched PCR: branched primers were used for network PCR, linear PCR: linear primers were 
used. By using linear primers during PCR, no network can be formed, only little amounts of 
DNA should deposit onto the glass slide, whereas with branched primers, the network forms 
and deposits to the slide. Without the succinic anhydride treatment the linear PCR product 
deposits unselectively to the surface, whereas with the additional blocking step, unspecific 
binding is abolished. α-32P-dATP was spiked in the PCR and the slides were analysed by 
phosphorimaging 

This experiment (Fig. 3.20) clearly shows, that the additional blocking step is 

necessary to prevent unspecific binding. Furthermore, the higher radioactivity 

when branched primers are used and not linear primers, clearly show, that 

larger amounts of DNA are bound to the surface, indicating a DNA network. 
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All in all, DNA networks were prepared and bound to a substrate. To use 

these networks for tissue engineering purposes, they have to be chemically 

modified. Different chemical ligation reactions were explored in this work. Not 

only the possibility, to chemically modify the branch points, but also the 

possibility, to modify the DNA internally by using modified dNTPs was 

explored.  

3.5 Bioorthogonal Modification 

3.5.1 Click Chemistry 

As the branched primers bNetA and bNetB are already alkyne modified, 

modification by CuAAC should be performed. First of all, a suitable Cu+-

ligand is needed and the reaction conditions for the reaction on DNA have to 

be fine tuned. 

TBTA 14 was described as first generation ligand for CuAAC by Sharpless 

and coworkers.120 This ligand remained the “gold standard” for a long time. In 

organic synthesis, this ligand is still widely used, but for the modification of 

biomolecules, the lack of water-solubility limits its applicability. Brown and 

coworkers therefore established THPTA 16 as ligand with improved water 

solubility.124 In another report, BTTAA123 23 was used, for modification of 

azide-functionalized glycans on living cells. All three ligands were 

resynthesized to check, if they are useful ligands for CuAAC with DNA 

(Fig. 3.21).  

TBTA 14 and THPTA 16 were synthesized by click reaction of 

trispropargylamine 13 with benzyl-azide 12 or 1-hydroxypropylazide 15, 

respectively, in a straight forward manner.37, 120 The azides were synthesized 

from the commercially available bromides. Simple bromine to azide 

exchange gave the modified azides. The ligands were obtained in moderate 

yields (TBTA: 42%; THPTA: 43%). 
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Fig. 3.21: Synthesis of the click ligands TBTA 14, THPTA 16 and BTTAA 23. 

The synthesis of the asymmetric ligand BTTAA was more sophisticated, 

nevertheless straight forward. The most challenging conversion was the 

synthesis of t-butylazide 17. The simplest conversion to this compound is via 

SN1-substitution of t-butanol with NaN3. A report153 using concentrated 

sulfuric acid and sodium azide was not followed due to safety considerations, 

as HN3 forms during reaction, a toxic and explosive gas. Instead, a mixture of 

t-butanol, trimethylsilyl-azide and BF3-diethylether complex in toluene was 

stirred at room temperature.154 The reaction product could be isolated via 

destillation as solution in toluene in a yield of 51%. t-butylazide was ligated to 

propargylaldehyde diethylacetale 18 via CuAAC with quantitative conversion. 

The aldehyde moiety was quantitatively liberated by acid-treatment. 

Reductive amination of 2 equivalents compound 20 with propargylamine 

yielded compound 21 in 78%. This compound was converted via a final 

CuAAC with azidoacetic acid 22 to BTTAA 23 in 74% yield. 
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To address the usefulness of the ligands, a small molecule test system was 

used. SulfoCy5-azide (2 mM), kindly provided by Dr. Stephan Hacker, 

University of Konstanz, was incubated with propargylamine (3 mM) in 

presence of the ligands (20 mM). CuSO4 (4 mM)/sodium ascorbate (40 mM) 

was chosen as Cu+ source, as this system is widely used in modification of 

biomolecules.122, 155  

The conversion of the blue dye was followed by thin layer chromatography 

(TLC). BTTAA proved to be the ligand with fastest reaction kinetics, as 

complete conversion was achieved after 2 h, whereas for THPTA, complete 

conversion was achieved after 18 h. With TBTA, the conversion stopped at 

about 60%, deduced by the intensity of the TLC spots. 

BTTAA showed to be a useful ligand for CuAAC and the reaction on the DNA 

branch points were tested with this ligand (Fig. 3.22). The branched primer 

bNetB (500 pmol) and Cy5-azide (50 nmol) were mixed and the solvent was 

removed. Cy5-azide was used as test-molecule, as its fluorescence 

facilitates the reaction readout via analytical HPLC. The reagent mix 

contained 20 mM BTTAA, 32 mM sodium ascorbate and 4 mM CuSO4 in 

25 µL 0.1 M sodium phosphate buffer (pH=7.0). The reagent mix was 

degassed three times, as oxygen could lead to reactive oxygen species in 

the mix that would destroy the DNA. The reaction was started by adding the 

reagent mix to the dry DNA and azide. The reaction was monitored by 

analytical ion exchange HPLC. After 2 h, about 70% conversion was 

observed (Fig. 3.22B). The reaction product eluted from the HPLC with 

slightly higher retention time as the starting material showing DNA 

absorbance, dye-absorbance and dye fluorescence. The higher retention 

time of the product can be reasoned with the additional charge, which is 

introduced by the dye. After 4 h the conversion was nearly complete 

(Fig. 3.22C).  

Interestingly, the sum of the signals of product and starting material in the 

DNA channel remained constant, indicating that the DNA was not 

decomposed in the Cu+-containing mixture and that BTTAA as ligand and the 

absence of oxygen protected the biopolymer. With this protocol, the DNA 

branch points can efficiently be converted and modified.  
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Fig. 3.22: Ion exchange HPLC analysis of the click reactions. A: Chromatograms of the starting 
material. B: HPLC chromatogram after 2 h incubation. C: HPLC chromatogram after 4 h 
incubation. After 2 h 70% of the starting material was converted to the reaction product 
(depicted in D). After 4 h, only traces of starting material remain. arb. U.: arbitrary unit 

 

3.6 Modification of DNA by Incorporation of functionalized 

dNTPs and postsynthetic CuAAC 

As also modification inside the DNA strands connecting the branch points in 

the DNA networks could be interesting, alkyne-modified dTalkyneTP and 

dCalkyneTP were developed. 
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Fig. 3.23: Structure of alkyne modified triphosphates and phosphoramidite 

Dr. Samra Obeid, University of Konstanz, synthesized and used modified 

dNTPs in a competition primer extension experiment. The modified dNTPs, 

dTalkyneTP 24 and dCalkyneTP 25 were synthesized, as described in the 

literature (Fig. 3.23).156 Furthermore, the dCalkyne-phosphoramidite 26 was 

synthesized.  

 

Fig. 3.24: Competition experiments of the modified triphosphates vs their natural counterparts. 
A: Partial primer/template complex. The incorporation site of the dNTPs is indicated by an 
arrow. PAGE analysis of the primer extension reactions in the presence of mixtures of 
dTalkyneTP and dTTP (left) or dCalkyneTP and dCTP (right). P: primer, the ratio of 
dNalkyneTP/dNTP was varied from 0/1 to 100/1 ((1/1, 2/1, 4/1, 10/1, 20/1, 50/1, 100/1). B: The 
relative amount of incorporated dNTP (solid) and dNalkyneTP (dashed) are plotted against the 
ratio dNalkyneTP/dNTP. For dTalkyneTP 24, a 7 fold excess is needed for 50% incorporation and 
for dCalkyneTP 25, a 2-fold excess is needed. 

Primer extension experiments were performed with different ratios of 

dNTP/dNalkyneTP as substrates for the polymerase (Fig. 3.24). The total 

amount was kept constant. The nucleotide analogs were incorporated with 

very good efficiency. When dTalkyneTP was present in 7-fold excess to dTTP, 

both nucleotides were incorporated with the same efficiency (Fig. 3.24 left), 
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for the CalkyneTP, only a 2-fold excess was needed for the same effect (Fig. 

3.24 right). As nucleotide analogues are often badly accepted, the high 

acceptance of these modified nucleotides was completely unexpected, as 

another report of a modified analogue lacking the benzene-ring was 2500-

fold less active.157 

To shed light on this unexpected good processivity of these alkyne-modified 

dNTPs by KlenTaq DNA polymerase, crystallographic studies were 

undertaken.156 It was found, that the aromatic linker at the nucleobase 

interacts with an arginine side-chain via cation-π-interactions. Furthermore, 

the same side chain stabilizes the phosphate backbone of 3’-primer terminus. 

This stabilizing interaction arranges all components in a proper conformation 

for efficient catalysis, so the aromatic moiety in the modification leads to the 

good acceptance. 

 

Fig. 3.25: PAGE readout of the click reaction on the primer extension product. The partial 
primer template complex is depicted on the right. P: primer, C: negative control, all dNTPs 
without dCTP. +: all dNTPs, 1: dCalkyneTP, dTTP, dGTP and dATP; 2: as 1 but followed with 
click reaction with biotin-azide 27; 3: same as 2, but without CuSO4 in the click reaction. STV: 
incubation of the reaction with streptavidin 

As these alkyne-modified nucleotides are readily incorporated, it was 

addressed, whether they can be modified via CuAAC inside the DNA strand. 

Therefore, primer extension experiments with the nucleotide analogues were 

performed. Thereby DNA duplexes were formed. This DNA was ligated by 

CuAAC with the previously established modification protocol to the azide 

modified biotin derivative 27158 (Fig. 3.25). Biotin interacts with a protein, 

streptavidin, with very high affinity.159 The bond strength resembles the 
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strength of a covalent bond. This interaction can be used in PAGE analysis, 

as upon interaction, the electrophoretic mobility of the complex is greatly 

reduced, compared to the free biotin-bearing molecule. Indeed, the 

incorporated alkyne-moiety underwent CuAAC (Fig. 3.25, lane 2). 

Furthermore, the biotin moiety is still available for the interaction with 

streptavidin (Fig. 3.25, lane 2 STV).  

In a follow-up study, the elongation of alkyne-modified DNA was 

addressed.160 For this, DNA was synthesized, that had dCalkyneMP at the 3’-

end of a primer, as the cytosine derivative showed superior acceptance by 

KlenTaq polymerase compared to the thymidine derivative. So the respective 

phosphoramidite had to be synthesized (Fig. 3.26).  

 

Fig 3.26: Synthesis of the dCalkyne-phosphoramidite 25. TPSCl: 2,4,6-
triisopropylbenzenesulfonyl chloride, 9: 2-cyanoethoxy-N,N-diisopropylaminochlorophosphine. 

The synthesis of the phosphoramidite was started by acetylation of 

commercially available 5-iodo-2’-desoxyuridine, to the 3’, 5’ O-diacetylated 

nucleoside 28. The alkyne moiety was introduced by Sonogashira coupling of 

compound 28 and 1,4-diethinylbenzene in moderate yields (46%). To convert 

the nucleoside to the cytosine-derivative, the 4-carbonyl-function of 

compound 29 is activated with 2,4,6-triisopropylbenzenesulfonyl chloride 

(TPSCl) and DMAP. This intermediate was then converted without 

purification to the deprotected cytosine-derivative 30 by reaction in 

concentrated ammonia-hydroxide solution in THF. The nucleoside 30 was 
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isolated in good yields (62 %). The 4 amino-group was protected with the 

formamidine protection group to compound 31 in 65 % yield. A final DMT-

protection to the readily protected nucleoside 32 was performed in moderate 

yield (52 %). The phosphoramidite was synthesized with standard protocols 

using 2-cyanoethoxy-N,N-diisopropylaminochlorophosphine and DIPEA in 

THF. The final compound 26 was isolated in 95 % yield and was used for 

oligonucleotide synthesis. Solid supports normally applied for DNA synthesis 

already bear a natural nucleotide, so the resulting DNA strand has a natural 

nucleotide at its 3’-end. As the modification should be present at this position, 

an alternative solid support was used. This support bears a cis-3,4-

dihydroxy-2,5-dimethoxy tetrahydrofurane moiety (Fig. 3.27). This ribose-like 

moiety is attached via the pseudo-2’-hydroxyl group to the solid support and 

is DMT-protected at the pseudo 3’ position. 

 

Fig. 3.27: Ammonia-induced cleavage mechanism from the universal Q-support 

The DMT group is deprotected as for normal nucleotides and the DNA strand 

can easily be synthesized. Upon ammonia treatment, the tetrahydrofurane-

moiety is detached from the resin. The free pseudo 2’ hydroxyl group attacks 

the pseudo 3’-phosphate group, resembling the base catalyzed RNA 

cleavage mechanism. Thereby, this artificial moiety at the 3’-end of the DNA 

oligomer is detached including the phosphate group. The nucleotide that was 

incorporated as first phosphoramidite now forms the 3’ end. This modified 

primer was used for competition experiments. dCTP/dCalkyneTP ratios were 

used for primer extension experiments, with either the natural CMP at the 

primer end or with dCalkyneMP. Interestingly, it was found, that the 

incorporation efficiency with the natural primer was lower 

([dCalkyneTP]/[dCTP]= 27), as with the modified primer 

([dCalkyneTP]/[dCTP]= 7) (Fig. 3.28).  
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Fig. 3.28: Primer extension with dCalkyneTP with 3’-modified primer (A) or natural primer (B). 
top: Partial primer template complex. Incorporation site of the dCTP is indicated by an arrow. 
middle: PAGE analysis of thee primer extension reactions. The ratio of dCalkyneTP/dCTP was 
varied from 1:20 to 20:1 (1:20, 1:10, 1:2, 1:1, 2:1, 4:1, 10:1, 20:1). bottom: plot of the relative 
amount of primer extension product (solid: incorporation of dCalkyneTP, dashed: incorporation of 
dCTP) 

Crystallographic studies were performed by Dr. Samra Obeid, University of 

Konstanz, to gain insights into the molecular foundation of the high 

acceptance of the modified nucleotide triphosphate.160 In the ternary 

structure of KlenTaq DNA polymerase with the modified primer and modified 

dCalkyneTP, the aromatic rings of the modifications interact via π-π- stacking 

with each other. This stabilization of the ternary complex could explain the 

higher incorporation efficiency of the modified nucleotide triphosphate after 

the modification in comparison to the natural nucleotide. 

All in all, these experiments demonstrated, that DNA strands can internally 

be modified via the incorporation of alkyne-modified dNTPs. Even the 

subsequent incorporation of several modified dNTPs is possible, as the 

modification stabilizes the ternary complex. So these dNTPs can be valuable 

tools in the formation of modifiable DNA networks. 

Nevertheless, the possibility to perform Click chemistry without the need of 

Cu+-catalysis should be explored as alternative to CuAAC 
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3.6.1 Strain Promoted Click Chemistry 

 

Fig. 3.29: New synthesis scheme for the acetyl-protected intermediate of the branch point 
building block  

In the Bachelor’s thesis161 of Carolin Schwartz, University of Konstanz, and 

the Master’s thesis162 of Alexander Finke, University of Konstanz, the 

applicability of strain promoted azide-alkyne cycloaddition (SPAAC) was 

explored. First of all, the synthesis of the branch point had to be revised, as 

the active ester chemistry with the unprotected bis homotris gave bad yields 

(Fig. 3.29).  

The synthetic route starts with the tris-carboxyl-acid 33. The carboxyl-

moieties are converted to the hydroxyl-moieties by reduction with BH3-THF 

complex, giving the product 34 in 73% yield, without affecting the nitro-group. 

The generated hydroxyl-groups are then protected by reaction with acetic 

anhydride in pyridine. The tris-acetylated compound 35 can easily be purified 

by extraction and was obtained in near-quantitative yield. The introduction of 

the acetyl-groups prevents the hydroxyl groups to react with the activated 

carboxylic acids, which was observed for unprotected bis-homotris (chapter 

3.2.1). To liberate the amino-group, the nitro-functionality is reduced to the 

amine by heterogeneous hydration using Raney-Ni catalyst. To force the 

reaction, the hydration was performed in a Parr-apparatus at 3.7 atm 

hydrogen pressure. The amine-moiety was synthesized in good yields 
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(91 %). To synthesize a common precursor 39, the protected branched 

molecule was ligated to 6-azidohexanoic acid 37. The peptide bond-

formation with the protected bis-homotris 36 should be better as with 

unprotected bis homotris (chapter 3.2.1), as H-bonding of the hydroxyl-

groups with the amine-group is reduced, as the acetyl-groups withdraw 

electron density from the oxygen atoms, thereby, the lone electron pairs are 

worse H-bond acceptors. Furthermore, the solubility of the molecule in 

organic solvents is improved. With water exclusion, activated carboxylic acids 

can react with the molecules for elongated times, as the active esters do not 

hydrolyze. The carboxylic acid 36 was activated with HATU and DIPEA. The 

amine 35 was added and after reaction for 3 h at room temperature, the 

ligation product 38 was obtained in moderate yields (57%). This molecule 

was stored as common precursor, as now different moieties can be attached 

to the branch point, as the azide group serves as a protected amine-

functionality. This moiety can easily be reduced to the amine group by 

hydrogenation at ambient hydrogen pressure with palladium on charcoal as 

catalyst in quantitative yield. The wanted reactive handle can be introduced 

into the molecule as activated carboxylic acid, e.g. by HATU activation. 

For copper-less click chemistry, a strained cyclooctyne is needed, that bears 

electron withdrawing groups. MFCO 43 (Fig. 3.30) was chosen, as it has 

acceptable reaction kinetics and can easily be synthesized from 

commercially available compounds.163 
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Fig. 3.30: Synthesis of the cyclooctyne-modified branchpoint for SPAAC. Tf2NPh: 
N-phenyl-bis(trifluoromethanesulfonimide), KHMDS: potassium bis(trimethylsilyl)amide, 
9: 2-cyanoethoxy-N,N-diisopropylaminochlorophosphine 

The synthesis starts with cyclooctanone and dimethylcarbonate. These 

compounds undergo aldol-addition when NaH is present. The α-carboxylated 

cyclooctanone is fluorinated by reaction with selectfluor, a nucleophilic 

fluorine source, giving compound 41 in 79% yield. Compound 41 is then 

eliminated to the cyclooctyne by conversion with N-phenyl-

bis(trifluoromethanesulfonimide) and potassium bis(trimethylsilyl)amide. As 

first conversion, the triflyl-enol-ether is formed. As a good leaving group is 

present, the excess of base deprotonates the α-proton and the triflate is 

eliminated, yielding compound 42 in 57% yield in one pot. To connect this 

cyclooctyne moiety to other molecules via its carboxylic acid moiety, the 

methyl ester is saponified quantitatively with LiOH. The carboxylic acid 43 

can be activated via common activation agents, such as HATU and can 

readily be covalently attached to the amino branchpoint via peptide formation 

in 52% yield. 

Compound 44 can be easily deprotected quantitatively by incubation with 

NaOMe, to liberate the hydroxyl groups. DMT-protection and 

phosphoramidite formation can be performed with the initial protocols 

(chapter 3.2.1). 
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Upon DNA synthesis, problems occurred, as the MFCO-moiety is not stable 

towards ammonia but all other synthesizer reagents. It was found, that after 

synthesis of a test branched oligomer, the molecular mass was 14 Da larger 

than expected and the molecule did not react in SPAAC. The identity of the 

modification could not be discovered. So, the deprotection of the 

oligonucleotides was changed to potassium carbonate in methanol at room 

temperature. This lead to the problem that the guanosine-residues of the 

oligonucleotide were only partially deprotected and species with +28 Da were 

found in mass spectrometry analysis, indicating N2-formylation. 

Nevertheless, as these unwanted modifications were found at the DNA and 

not at the reactive site, SPAAC was performed with this molecules. Indeed, 

the MFCO-moiety undergoes efficient ligation reaction and can be a valuable 

tool for DNA-network modification, with optimization of the deprotection 

strategy of the oligonucleotides. 

 

Fig. 3.31: Ion exchange HPLC analysis SPAAC of cyclooctyne-modified branched DNA with 
sulfo-Cy3-azide. The starting material is indicated by a black bar. The reaction product elutes at 
about 30 minutes. Adapted from Master’s Thesis A. Finke, University of Konstanz. 

To have the possibility to perform multiplexed labelling of the DNA networks, 

a labelling chemistry should be used, that rely on completely different 

reactive groups. Inverse electron demand Diels-Alder reaction is such an 

orthogonal chemistry. 
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3.6.2 Inverse Electron Demand Diels-Alder Reaction 

 

Fig. 3.32: Structure and synthesis of dvinATP 48 and dvinUTP 49. 

For internal functionalization of the DNA strands, 7-vinyl-7-deaza-2’-

deoxyadenosine (dvinATP (48)) and 5-vinyl-2’-deoxyuridine (dvinUTP (49)) 

were investigated and synthesized (Fig. 3.32). The synthesis of dvinU was 

started from commercially available 5-iodo-2’-deoxy-uridine. The vinyl group 

was introduced via a Stille coupling using tributyl(vinyl)stannane and 

tetrakis(triphenylphosphine)-palladium(0) complex as catalysts and and CuI 

in 79% yield. The synthesis of dvinATP was started from 6-chloro-7-deaza-

adenin 51. The nucleobase analogue was iodinated at the 7 position with N-

iodo succinimide in 81%. The iodinated base 52 was glycosylated using 1-
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chloro-3,5-O-bistoluoyl-2-deoxyribose 58 and tris-[2-(2-methoxyethoxy)-

ethyl]amine (TDA). The nucleoside 54 was obtained in 37% yield. 

Deprotection of the sugar and simultaneous substitution of the chlorine with 

the amino-group was achieved by stirring compound 54 in methanolic 

ammonia for 48 h at 90°C. The iodinated adenosine-derivative 55 was 

isolated in 80% yields and this nucleoside was also subjected to a Stille 

coupling, yielding the vinylated nucleoside-analogue 56 (88%).  

To test, whether the vinyl-groups are still capable of undergoing inverse 

electron demand Diels-Alder reaction, kinetic measurements were performed 

by Ellen Batroff, University of Konstanz. The nucleoside analogues were 

incubated with an equivalent of a water-soluble tetrazine 57.164 The reaction 

was monitored via UV-spectroscopy, as the tetrazine shows strong 

absorbance at 522 nm. 

 

Fig. 3.33: Reaction kinetic of the DARinv of 57 with dvinU and dvinA. The reaction of second 
order of dvinA is about 14-fold faster than the reaction of dvinU. 

The second order rate constants were determined (dvinU: k2=0.010 (± 0.0002) 

(L/(mol·s)); dvinA: k2=0.140 (± 0.001) (L/(mol·s))). Interestingly, the second 

order rate constant of the reaction of dvinA with tetrazine 57 is very high. The 

reaction proceeds faster than many other, successfully applied, labelling 

reactions, such as the Staudinger ligation165 or SPAAC.166 dvinU reacts about 

14-fold slower than dvinA. To explain this finding, the frontier orbitals of the 

tetrazine and the nucleoside-analogues were calculated by Obadah S. Abdel-

Rahman, University of Konstanz. 
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Fig. 3.34: Calculations of the frontier orbitals. The LUMO of the tetrazine does not have 
electron density at the carbon atoms that partake in the reaction, so the LUMO+1, the 
energetically next higher orbital takes part in the reaction. The energy difference between the 
LUMO+1 and the HOMO of dvinA is 0.55 eV smaller than in the dvinU case. This finding can 
explain the higher propensity of dvinA to undergo DARinv. 

It was found, that the energy difference between the interacting orbitals 

(LUMO+1 of the tetrazine, HOMO of the nucleobases) of the tetrazine and 

dvinU is larger by 0.55 eV than the difference between the corresponding 

orbitals when considering dvinA. The smaller energy difference can explain 

the higher reactivity of dvinA in comparison to dvinU (Fig. 3.34).  

To be useful for the synthesis of modified DNA, the nucleotides have to be 

efficiently incorporated into the DNA by polymerases. To test this, the 

nucleotide-triphosphates were synthesized by applying the standard Kovac-

Ötvös167 procedure. Briefly, the nucleoside is phosphorylated by POCl3. This 

intermediate is converted to the cyclic meta-triphosphate by addition of 

pyrophosphate and is opened to the linear triphosphate by the aqueous work 

up. The nucleotide triphosphates were obtained in good yields (dvinUTP: 

21%; dvinATP: 22%) and primer extension experiments with dvinATP and 

dvinUTP were performed (Fig. 3.35). 
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Fig. 3.35: PAGE analysis of PEX in the presence of either dvinATP or dvinUTP, followed by 
DARinv with tetrazine 58; A: PEX with dvinATP. P: primer; C: negative control without dATP; 
+: PEX with natural dNTPs; 1: same as + but with DARinv with 58; 2: PEX with dvinATP, dGTP, 
dCTP and dTTP; 3: same as 2 but with DARinv with 58; STV: additional incubation with 
streptavidin. B: PEX with dvinUTP. P: primer; C: negative control without dTTP; +: PEX with 
natural dNTPs; 1: same as + but with DARinv with 58; 2: PEX with dvinUTP, dGTP, dCTP and 
dATP; 3: same as 2 but with DARinv with 58; STV: additional incubation with streptavidin. No 
DARinv was observed with dvinUTP. C: DARinv on DNA with different amounts of tetrazine 
(from 25-fold excess: 22 µM to 100-fold excess: 450 µM), incubation time from 5 to 60 minutes. 
D: structure of tetrazine 58. 

Both nucleotides were incorporated efficiently into the DNA. When dvinA is 

incorporated, the DARinv takes place on the DNA duplex (Fig. 3.35 A, 

lane 3). The DARinv with dvinU was significantly slower, so no conversion 

was observed in the investigated time-frame. 
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dvinATP was investigated further, whereas dvinUTP was excluded. Time 

course experiments were performed, applying different concentrations of the 

tetrazine 58. Tetrazine 58164 was kindly provided by Dr. Andrea 

Niederwieser, University of Konstanz. Using only a 25-fold excess (22 µM), 

no conversion was observed (Fig. 3.35 D). Applying a 100-fold excess of 

tetrazine 58 (88 µM) conversion was nearly completed after 2 h. By using a 

500-fold excess (450 µM), the reaction is nearly completed after 30 minutes. 

This experiment showed a very high conversion rate on the dsDNA. To get 

deeper insights, kinetic measurements were performed. As the DNA is 

present in very low concentration (880 nM), the tetrazine has to be present in 

excess. Therefore the kinetic rate constant of pseudo first order can be 

determined. From this rate constant, the second order rate constant can be 

deduced. The vinyl-modified dsDNA was achieved by primer extension 

reactions. The DNA was purified by G25-gel filtration to remove the unbound 

dvinATP. The DNA was then incubated with tetrazine 58. Addition of the 

tetrazine was timed, so all samples could be stopped simultaneously by 

loading onto the polyacrylamide gel, thereby defining the incubation time. 

The bands were visualized and quantified by phosphorimaging. 

 

Fig. 3.36: Reaction kinetic of DARinv on DNA. As the reagent was present in large excess, the 
reaction constant of pseudo-first order was determined. Left: plot of the concentration of the 
remaining starting material versus reaction time. Right: representative PAGE of the reaction. 

Interestingly, the DARinv reaction rate was about 3-fold higher (0.42 (± 0.03) 

(L/(mol·s) than on the nucleosides. This finding can be explained by the polar 

microenvironment in the major groove of the DNA. In this highly hydrophilic 

surrounding, the DARinv can speed up, at it has been shown, that the 

reaction speed of Diels-Alder reaction increases dramatically with the polarity 

of the solvent.168 

As dvinATP was readily accepted by polymerases, PCR was performed with 

this compound. dATP was completely exchanged by the nucleotide-analogue 
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and PCR was performed. A 414 bp fragment was amplified, harboring 160 

adenosines. Indeed, the PCR product formed, but with somewhat lower 

efficiency compared to the PCR efficiency with only natural dNTPs. The PCR 

product showed lower electrophoretic motility in comparison to the 

unmodified DNA. Upon DARinv with the biotin-modified tetrazine derivative 

58, a large shift was seen, indicating conversion of the multiple modified 

DNA. To address the DARinv efficiency on this highly modified dsDNA, the 

reaction product was digested to nucleosides using benzonase and SVPD. 

The reaction product was analyzed by analytical HPLC. No dvinATP was 

detectable anymore, indicating very efficient DARinv. Instead, a new peak 

eluted at higher retention time. 

 

Fig. 3.37: PCR with dvinATP and HPLC analysis of the nuclease-reaction product of the PCR. 
Top left: agarose gel of the PCR. 1: PCR with natural dNTPs, 2: 1 with DARinv with 58; 3: PCR 
with dvinATP, dGTP, dCTP and dTTP; 4: 3 with DARinv with 58. top right and bottom: HPLC 
chromatogram of digested PCR product with SVPD and benzonase. The PCR product is 
digested to nucleosides. dC, dG and dT and dvinA eluted as defined peak (top left). The 
tetrazine resulted in characteristic peaks (bottom left). The PCR product incubated with 58 
yielded in no detectable dvinA peak. A new peak (indicated by an arrow) eluted close to the 
tetrazine-derived peaks (bottom right). 

To conclude, dvinATP is a valuable tool for the synthesis of modified DNA. As 

it is efficiently incorporated by DNA polymerases, it is very useful in the 

generation of modifiable branched DNA. 



Results and Discussion 

63 

As bioorthogonal ligation reactions are available for the generation of 

modified bDNA, the bait molecules can be attached to the bDNA. Therefore, 

chemically modified bait molecules have to be generated. 

3.7 Bait molecules 

3.7.1 cRGDfK 

The cRGDfK was synthesized by Alexander Finke, University of Konstanz, in 

his master’s thesis.162 The decision to cRGDfK was made, as it is a 

thoroughly studied peptide, which has also been used widely for attachment 

studies of cells to surfaces.17 The substrate spectrum is known. So, HeLa 

cells are known to bind to this peptide. As this cell line is also widely used, 

this seemed to be an adequate test system. 

The synthesis of the modifiable peptide started with the linear peptide 

synthesis, using commonly used Fmoc-strategy (Fig. 3.43). Glycine bound to 

2-chlorotrityl chloride resin was used as first amino acid. This resin was 

chosen, as it is easily cleaved by acid, with all side chain protection groups 

unaffected by the detachment conditions. Another deviation from the 

standard-strategy was the usage of the lysine-protection group. As the lysine 

should be modified with azidohexanoic acid, its protection group should be 

detachable without affecting the other-side chain protection groups.  

Therefore, the Dde-protection group (dimethyl-2,6-dioxocyclohexylidene)-

ethyl) was used , as it can be detached by hydroxylamine and imidazole.169 

The deprotection of the Dde-group did not work quantitatively, but, as it is 

nicely separable by HPLC, the coupling of azidohexanoic acid was performed 

using standard peptide-chemistry conditions. After functionalization, the 

peptide was detached from the resin and the N-terminal Fmoc group was 

deprotected. Cyclization was performed by activating the C-terminus of the 

peptide with PyBOP (benzotriazol-1-yl-oxytripyrrolidinophosphonium 

hexafluorophosphate). The peptide cyclizes readily. The final deprotection of 

the remaining protection groups were performed with TFA, omitting the 

standardly added scavenger triisopropylsilane, as this lead to reduction of the 

azide. Finally, the azide-modified cyclic peptide was obtained.  
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Fig. 3.38: Synthesis of azido-modified cyclo-RGDfK. The peptide was synthesized with 
standard peptide synthesis using pyBOP and NMI as activating agents. The synthesis was 
started with glycine bound to chloro-trityl chloride resin. a) The Dde-protection group was 
removed by incubation with hydrazine. b) Azidohexanoic acid was activated by pyBOP and NMI 
and coupled to the liberated lysine amino-group. c) The Fmoc-protecion group was removed by 
treatment of piperidine, and the peptide was detached from the resin by treatment with acid. 
The peptide was cyclised by activation of the C-terminus with pyBOP and NMI. e) The 
remaining protection groups were removed by acid treatment. 

The cRGDfK-peptide can now be used to modify the DNA networks for initial 

cell immobilization studies.  

 

3.8 Initial Cell Experiments with Functionalized Networks 

3.8.1 Generation of bDNA Networks on Glass Slides 

As now all tools are in hand to prepare modified DNA networks, the complete 

system should be assembled and tested in cell culture. The DNA networks 

were prepared on slide as described in chapter 3.4. The DNA networks were 

then subjected to CuAAC on the slide. As good readout, Cy-3 azide was 

used as reaction partner to detect the success of the reaction by 
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fluorescence of the slides. Reaction over night did not lead to fluorescence 

on the slide, so it was concluded, that the reaction did not take place.  

 

Fig 3.39: a): Schematic representation of the generation of modified surface-bound DNA-
networks. The network primers are submitted to CuAAC with bait molecules (either biotin-azide 
or cRGDfK-azide. These primers are then used for network generation. b): In solution PCR with 
branched primers. 1: biotin-modified branched primers, 2: unmodified branched primers, M: 
marker 

As the ligation on the slide was not efficient, the branched primers were 

modified with either biotin azide 27 (Fig. 3.25) or the cRGDfK-azide (Fig. 

3.38). The functionalized primers were used to generate the DNA networks in 

solution, thereby the modified bDNA is formed. The biotin-moiety gives the 
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possibility to read out if the networks are modified. A blot with the DNA 

networks was performed and streptavidin-coupled alkaline phosphatase was 

chosen as detection system. The blot was stained using 5-bromo-4-chloro-3-

indoxylphosphate (BCIP) and nitro-blue tetrazolium chloride (NBT). The 

staining clearly proved, that the DNA networks are modified and glass-slide 

bound DNA networks were prepared by the elaborated protocols with the 

cRGDfK-modified branched primers (Fig. 3.44). 

 

3.8.2 Attraction of HeLa cells to cRGDfK modified DNA networks 

For cell culture, the incubation chambers were glued to the slide. HeLa cells 

were grown to confluency, trypsinized and seeded onto the DNA-network 

modified slide at half-confluency. One chamber contained cRGDfK-modified 

networks and the other with unmodifed DNA. Microscopic images were 

recorded every 30 minutes of 20 positions of each condition. After 4 h 

incubation, the medium was agitated by pipetting to detach weakly bound 

cells.  

 

Fig. 3.40: Initial cell experiments. The slides with either cRGDfK-modified DNA networks or 
slides with unmodified DNA networks (control) were incubated with HeLa cells. Every 30 
minutes 20 frames were imaged per condition. left: The average amount of cells on the images 
were determined and plotted. right: representative images of the cells. About 2-fold more cells 
directly attach to the surfaces. After agitating the medium cells detached and only in the cRGD-
case reattached to the surface, so after 24 h, about 7-fold more cells are bound to the modified 
substrate. 
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Indeed, the amount of cells attached to the cRGDfK-modified DNA networks 

is double as high as to amount of attached cells to the unmodified networks 

(Fig. 3.45). After agitation, cells detached in both cases, but after prolonged 

incubation, the cells re-adhered to the modified DNA networks whereas 

reduced attachment to the unmodified networks was observed, so about 7-

fold more cells are bound to the modified DNA networks after 24 h. 

This experiment nicely shows, that the DNA networks are indeed suited to 

attach cells via bait molecules, proofing the applicability of the approach. 
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4 Summary  

The aim of this work was to establish a material based on branched DNA, 

with cell attractive properties. 

Several challenges had to be addressed to reach this goal. First of all, the 

building blocks for automated DNA synthesis had to be efficiently 

synthesized. Two synthesis routes were elaborated to synthesize bis 

homotris-based branched DNA building blocks with exchangeable chemical 

handles at the branching core.  

Three distinct synthesis strategies at the automated DNA synthesizer were 

tested for applicability. As inverse DNA synthesis is unavoidably needed, two 

strategies aimed at only synthesizing one DNA strand with this less efficient 

DNA synthesis, to raise the overall yield of branched DNA. These strategies 

relied on the bridging of two synthesized DNA strands on the solid support. 

To achieve efficient bridging, only low excesses of the branched-DNA 

building block could be applied, resulting in only low coupling efficiencies. As 

these strategies appeared to be inefficient, a synthesis strategy was 

optimized that relied on the parallel synthesis of two DNA strands with 

inverse DNA synthesis. To ensure the best possible yields, the general 

synthesizer chemistry was optimized. Thereby, the exchange of the 

activating agent ethylthio-1H-tetrazole with 4,5-dicyanoimidazole increased 

the yields significantly, providing the foundation for the efficient synthesis of 

branched DNA constructs, bearing free 3’-ends as needed for elongation by 

DNA polymerases. 

The enzymatic elongation of the branched primers was optimized. Especially 

with the surface-bound application in mind, the concentration of additives 

was optimized, to ensure efficient PCR with the branched primers. Additives 

like BSA were needed, to passivate surfaces that can come in contact to the 

DNA. Efficient PCR protocols were elaborated. 

To form DNA networks by branched PCR on glass slides, DNA had to be 

immobilized an glass substrates. The spotting procedures had to be 

optimized, particularly in respect to unselective, electrostatic immobilization 

of DNA. Amino functionalized glass slides were activated by 

p-phenylenediisothiocyanate treatment. Unreacted amino groups had to be 

passivated by a treatment of succinic anhydride and N-methylimidazole, to 

convert the positive charge of the amino function to a negative charge of the 
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succinic acid. DNA spotting protocols and subsequent passivation steps were 

optimized, so branched DNA modified glass slides are now reliably 

obtainable.  

Considering the modification of the branched DNA networks, bioorthogonal 

ligation reactions were tested towards their applicability. As promising 

reactions, the copper catalyzed alkyne-azide cycloaddition and the Diels-

Alder reaction were tested. As the building block for the synthesis of 

branched DNA already had a pentynoic acid-moiety, the copper catalyzed 

reaction was explored first. Different Cu+-stabilizing ligands were synthesized 

and tested. BTTAA showed by far the best properties to be used with the 

branched DNA constructs. Protocols were elaborated for the efficient ligation 

of branched primers. Additionally, the possibility for the modification of DNA 

strands by the incorporation of alkyne-bearing dNTPs was explored. Two 

dNTPs were explored, that were alkyne modified and were readily 

incorporated by enzymatic synthesis. The ligation protocols elaborated for 

the branched DNA worked efficiently on the intra-strand modified DNA. 

The approach for incorporating modified building blocks by enzymatic 

reaction and post-synthetic labelling of the DNA was transferred to 

modification by Diels-Alder reaction. For that reason, vinylated dNTPs were 

synthesized and their incorporation into DNA by primer extension 

experiments was tested. Both dvinATP and dvinUTP were incorporated 

efficiently by KlenTaq DNA polymerase, but upon incubation with a biotin-

modified tetrazine, only the dvinAMP containing DNA underwent inverse 

electron demand Diels-Alder reaction. Measurements of the reaction kinetics 

revealed even higher conversion rates on DNA as on the isolated 

nucleosides. All in all, these favorable reaction kinetics prompted the inverse 

electron demand Diels-Alder reaction a very promising labelling reaction. 

With labelling reactions in hand, suitable bio-active molecules, so called bait 

molecules, were tested for their attachment to the DNA networks. These 

bioactive compounds should lead to cell attachment to the DNA networks. As 

bait molecule a cyclic peptide was established. This peptide presenting the 

well-known RGD motif can serve as attachment site for various cell types, as 

the RGD-motif is the universal recognition sequence in many multicellular 

organisms. An azide-functionalized version was obtained. 

The modification of surface-bound DNA by CuAAC was tested. A fluorescent 

azide was used in first studies, to detect efficient conversion of the DNA 

networks on the slides by reading the fluorescence signal. No efficient 

ligation protocols could be established directly on the glass slides. But the 
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conversion of branched primers with either a biotin azide or the azido-

functionalized cRGD-peptide was possible. So, modified branched primers 

were obtained, which were used for the generation of surface bound 

bioactive DNA networks. 

With these networks, first proof of concept studies were performed. HeLa 

cells were cultured on DNA modified slides, with and without bait molecules. 

It was shown, that to the bait molecule-modified DNA networks double as 

many cells adhered as to the unmodified DNA networks. After stressing of 

the cells and prolonged incubation, up to 7-fold more cells adhered to the 

functionalized networks compared to unmodified DNA networks. 

To conclude, a cell attractive material could be generated and the first 

experiments towards its application are very promising. 
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5 Outlook 

As the first experiments with the cell attractive modified glass slides were 

very promising, their properties have to be explored in more detail. For 

example, the physical properties can be varied and their effects on cell 

growth can be tested. Using different mesh-sizes of the DNA networks 

changes the average distance of the bait molecules in respect to each other. 

Furthermore, the stiffness of the material is changed, when the mesh size is 

varied. 

Furthermore, as orthogonal ligation reactions are available, multiplex 

modification of the DNA networks can be performed. For example selective 

bait molecules and growth factors could be ligated to the DNA network, so a 

certain cell type could be attracted by the bait molecule and its genetic 

program can be altered by interaction with growth factors, after binding to the 

network. Systems like this can be very interesting in the directed 

differentiation of stem cells to e.g. neuronal cells. 

Another possibility to use the developed substrates for cell culture would be 

for growing cells that form cell-networks. Normally, when harvesting these 

cells, the naturally occurring cell-cell interactions are broken. A DNA based 

substrate could be digested after the cell-networks have formed, thereby 

detaching the cells very mildly from the growth-substrate. 

When EPC specific bait molecules are known, these could be covalently 

attached to the branched DNA networks, to recruit these adult stem cells to 

the network. After adhesion, the EPCs can then differentiate into epithelial 

cells, so a new epithelium is formed surrounding the substrate. This can be 

very interesting towards medical applications. Stents, for example, could be 

coated with such a substrate, so the side effects that arise due to the contact 

of an artificial material with the blood, could be diminished. 

All in all, these newly developed material can prove itself to be a very 

interesting material for advanced cell culture or for biomedical applications.
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6 Zusammenfassung und Ausblick 

Das Ziel dieser Arbeit war es, ein bioaktives Material aufzubauen, welches 

auf verzweigter DNA beruhte. 

Mehrere Herausforderungen mussten gemeistert werden, um zu diesem Ziel 

zu gelangen. Zuallererst mussten die Bausteine für die automatisierte DNA 

Synthese synthetisiert werden. Zwei Synthesewege wurden erarbeitet, um 

verschiedene chemisch modifizierbare Gruppen am Verzweigungspunkt 

anbringen zu können.  

Zur Synthese der verzweigten DNA wurden drei verschiedene Strategien 

getestet. Da unvermeidbarer Weise auch inverse DNA Synthese 

durchgeführt werden musste, wurden zwei Strategien getestet, die nur einen 

der drei Stränge mittels dieser weniger effizienten Syntheseverfahren 

herstellten. Diese beiden Strategien beruhten auf der Verbrückung zweier 

DNA-Stränge auf dem Trägermaterial. Jedoch konnte dieser Syntheseschritt 

nicht effizient durchgeführt werden, sodass von diesen Strategien 

abgelassen wurden. Bei der dritten Synthesestrategie wurden zwei DNA-

Stränge parallel mittels inverser DNA Synthese hergestellt. Um Verluste 

durch schlechte Ausbeuten zu verringern, wurde im Vorfeld die Synthesizer-

Chemie optimiert. Vor allem der Austausch des Aktivator-Reagenz von 

Ethylthio-1H-tetrazol zu 4,5-Dicyanoimidazol hatte eine durchschlagende 

Verbesserung der Syntheseausbeuten zur Folge.  

Die enzymatische Verlängerung der verzweigen Primer wurde optimiert, vor 

allem in Hinblick auf die oberflächenbasierte Anwendung. Die 

Konzentrationen an Additiven wie DMSO und BSA wurde optimiert. BSA ist 

ein gängiges Passivierungsmittel in vielen molekularbiologischen 

Anwendungen, die auf Oberflächen beruhen. 

Die PCR wurde auf Objektträgern durchgeführt. Dazu musste DNA auf 

diesen immobilisiert werden. Vor allem die unspezifische, elektrostatische 

Interaktion von DNA mit der Glasoberfläche musste verhindert werden. 

Passivierungsverfahren wurden entwickelt, mit denen die unselektive 

Interaktion weitestgehend verhindert werden konnte. Die selektive Anbindung 

von DNA konnte jedoch erfolgen.  

Um die DNA-Netzwerke funktionalisieren zu können, waren bioorthogonale 

Reaktionen nötig. Die Kupfer katalysierte Azid-Alkin-Zykloaddition und die 

Diels-Alder Reaktion mit inversem Elektronenbedarf wurden getestet. Bei der 
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Click Reaktion wurden verschiedene Liganden getestet, wobei sich BTTAA 

als den anderen überlegen darstellte. Protokolle wurden etabliert, mittels 

denen die verzweigte DNA effizient modifiziert werden konnte. Auch die 

interne DNA Modifikation wurde untersucht. Alkin-modifizierte dNTPs wurden 

auf Einbau durch KlenTaq-DNA Polymerase untersucht und die so 

modifizierten DNA Stränge mittels Click Chemie modifiziert. Die für 

verzweigte DNA entwickelten Methoden konnten erfolgreich auch auf dieses 

System übertragen werden. 

Die interne DNA Modifikation wurde auch mit Diels-Alder Reaktion 

untersucht. Dazu wurden zwei vinylierte dNTPs synthetisiert und deren 

Einbau in die DNA getestet. Beide Nukleotide wurden gut eingebaut, jedoch 

konnte nur das Adenosin-derivat nach dem Einbau noch über die 

Zykloaddition funktionalisiert werden. Die Reaktionsgeschwindigkeit war 

hierbei sogar größer am DNA Duplex als am Nukleosid. Die Diels-Alder 

Reaktion mit inversem Elektronenbedarf stellte sich folglich als sehr 

interessante Reaktion im Hinblick auf die Anwendung heraus. 

Mit der Funktionalisierungschemie in Händen konnten nun die 

Fängermoleküle aufgebracht werden. Als Fängermolekül wurde ein 

zyklisches Peptid, cRGDfK, ausgewählt. Dieses Peptid präsentiert das RGD-

Motiv, ein universelles Anheftungsmotiv in vielzelligen Organismen. Viele 

verschiedene Zelltypen können an dieses Peptid binden, welches als azid-

funktionalisierte Form hergestellt wurde. 

Objektträger-gebundene DNA-Netzwerke konnten erstellt werden, welche 

dieses Peptid präsentierten. In „Proof-of-concept“ Studien konnte in HeLa-

Zell-Kultur gezeigt werden, dass ca. doppelt so viele Zellen an das 

modifizierte DNA Netzwerk binden als an unmodifiziertes DNA Netzwerk. Bei 

Ausübung von Stress und verlängerter Inkubationszeit konnten sogar bis zu 

7-mal mehr Zellen an die funktionalisierten Netzwerke binden. 

Abschließend ist zu sagen, dass ein bioaktives, Glasträger gebundenes DNA 

Netzwerk erzeugt werden und in einem einfachen Experiment die 

Anwendbarkeit gezeigt werden konnte. 

 

Da diese ersten Experimente sehr vielversprechend waren, sollten die 

Eigenschaften dieser Netzwerke noch weiter untersucht werden. Die 

Maschengröße der Netzwerke könnte zum Beispiel variiert werden, da damit 

der relative Abstand zwischen den Fängermolekülen reduziert werden würde. 

Zu erwarten ist, dass sich hierbei einige physikalische Eigenschaften des 

Materials verändern. So ist beispielsweise die Festigkeit des Materials 



Zusammenfassung und Ausblick 

77 

abhängig von der Maschengröße.  Somit kann versucht werden, das Material 

mit seinen Eigenschaften auf bestimmte Zielzellen maßzuschneidern.  

Da nun auch orthogonale Ligationsreaktionen mit der DNA verfügbar sind, 

können die Netzwerke auch multiplex modifiziert werden, also mit einem 

Fängermolekül und einem Molekül, das das genetische Programm der 

Zielzellen verändert, z. B. mit Wachstumsfaktoren. Dies könnte eine wertvolle 

Methode sein, um Stammzellen gerichtet differenzieren zu können. 

Des Weiteren könnten diese Netzwerke auch interessante Substrate für Zell-

Netzwerke sein, da diese üblicherweise beim Ablösen vom 

Wachstumssubstrat zerstört werden. Mit einem DNA-basierten Substrat 

könnte dieses mittels Enzymen verdaut werden, sodass die Zellen sehr milde 

abgelöst werden können. 

Sobald Fängermoleküle für EPCs verfügbar sind, könnten diese synthetisiert 

werden, sodass diese mittels Ligationsreaktionen auf die Netzwerke 

übertragen werden. Diese Substrate wären dann im Hinblick auf 

biomedizinische Anwendungen interessant. Transplantate könnten mit einem 

solchen Material beschichtet werden, sodass die EPCs aus dem Blut 

gebunden werden. Diese differenzieren dann zu Epithelzellen aus, sodass 

das künstliche Material dann unter einer Hautschicht verborgen ist. 

Alles in allem eröffnet dieses Material die Möglichkeit für vielfältige 

fortgeschrittene Zellkultur und für biomedizinische Anwendungen. 
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7 Experimental Section 

7.1 Chemical Synthesis 

7.1.1 General Experimental Procedures 

All temperatures quoted are uncorrected. All reagents were used without 

further purification. Dry solvents were obtained from Sigma-Aldrich and used 

without further purification. Reactions were conducted with exclusion of air 

and moisture as needed. Anion-exchange chromatography was performed 

on a ÄktaPurifier (GE Healthcare) with a DEAE Sephadex™ A-25 

(GEHealthcare Bio-SciencesAB) column using a linear gradient (0.1 M – 1.0 

M) of triethylammonium bicarbonate buffer (TEAB, pH 7.5). Reversed phase 

high pressure liquid chromatography (RP-HPLC) for the purification of 

compounds was performed using a Shimadzu unit having LC8a pumps and a 

Dynamax UV-1 detector. A VP 250/21 NUCLEODUR C18 HTec, 5µm 

(Macherey-Nagel) column and a gradient of acetonitrile in 50 mM TEAA 

buffer (pH 7.0) were used. All compounds purified by RP-HPLC were 

obtained as their triethylammonium salts after repeated freeze-drying. The 
1H-NMR signals of triethylammonium are not reported. Analytical RP-HPLC 

was performed using a Shimadzu Prominence system. A VP 250/4 

NUCLEODUR C18 HTec, 5µm (Macherey-Nagel) column and a gradient of 

acetonitrile in 50 mM TEAA buffer (pH 7.0) were used. NMR spectra were 

recorded on a Bruker Avance III 400 MHz spectrometer and a Bruker AVIII 

600 MHz spectrometer. 1H and 13C chemical shifts are reported relative to 

the residual solvent peak and are given in ppm (δ). Silica gel column 

chromatography was performed using Merck silica gel G60. HR-ESI-MS 

spectra were recorded on a Bruker Daltronics microTOF II. 

 

7.1.2. Buffers for Chemical Synthesis  

Triethylammonium bicarbonate buffer (TEAB):  

1 M TEAB buffer was manufactured by suspending triethylamine (5 mol) in 

water and passing carbon dioxide (from evaporated dry ice) through the 

mixture until the pH is 7.5. The buffer was diluted to 5 L to give 1 M TEAB. 

The buffer was diluted to 0.1 M as needed.  
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Triethylammonium acetate buffer (TEAA):  

1 M TEAA buffer was obtained by mixing 1 mol triethylamine with water and 

slowly adding 1 mol acetic acid. After cooling to room temperature, the pH 

was adjusted to 7.  

7.0 and the buffer was diluted to 1 L to give 1 M TEAA. It was diluted to 50 

mM as needed.  

1 M NaHCO3 buffer:  

1 mol NaHCO3 was dissolved in water and the pH was adjusted to 8.9 or 8.7 

as needed using 5 M NaOH solution. The solution was diluted to 1 L to give 1 

M NaHCO3 buffer. 

 

7.1.2 Synthesis of 3-O-DMT-bishomotris (3) 

 

500 mg (2.4 mmol) bis homotris (1) was dissolved in 20 mL DMF. 3.5 mL 

(25.5 mmol) TEA were added and 830 mg (2.4 mmol) DMTCl were added. 

The mixture was stirred for 1 h at room temperature. The solvent was 

removed at reduced pressure and the product was purified by column 

chromatography (5% MeOH in DCM +0.5 % TEA). 425 mg (1.0 mmol, 41%) 

of a yellow oil were obtained. 

 

1H-NMR (400 MHz, d6-acetone): δ 7.57-6.73 (m, 13H), 3.78 (s, 6H, OMe), 

3.51 (t, J= 5.9 Hz, 4H, CH2-OH), 3.06 (t, J= 6.4 Hz, 2H, CH2-ODMT), 1.70-

1.34 (m, 12 H, C(CH2-CH2~)3). 

HR-ESI-MS:  calc:   542.2668 [C31H41NO5Cl]- 

  found:  542.2665 
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7.1.3 Synthesis of 1-N-pentynoyl-imidazole 

 

176 mg (1.8 mmol) pentynoyic acid (4) were dissolved in 10 mL THF. 350 mg 

(2.16 mmol) carbonyldiimidazole were added. The mixture was stirred for 30 

min at room temperature. The activated carboxylic acid was used without 

further purification. 

7.1.4 Synthesis of 1-N-pentinoyl-3-O-DMT-bis homotris (6) 

 

620 mg (1.2 mmol) of compound 3 were dissolved in 10 mL THF. 0.81 mL 

(6 mmol) TEA were added and 266 mg (1.8 mmol) of 1-N-pentynoyl-

imidazole (5) dissolved in 10 mL THF were added. The mixture was stirred 

over night at room temperature. The solvent was removed at reduced 

pressure and the product was purified by column chromatography (5 % 

MeOH in DCM +1 % TEA). Analytics revealed, that the hydroxyl groups were 

acylated instead of the amino-group 

 

1H-NMR ( 400 MHz, d6-acetone): δ 7.64-6.60 (m, 13H), 4.08 (t, J= 6.7 Hz, 

4H, (~CH2OAcyl)2), 3.77 (s, 6H, OMe), 3.08 (t, J= 6.3 Hz, 2H, CH2ODMT), 

2.57-2.50 (m, 4H, pentynoic acid), 2.50-2.43 (m, 4H, pentynoic acid), 2.37-

2.33 (m, 2H, pentynoic acid), 1.80-1.61 (12H, C(CH2-CH2~)3). 

HR-ESI-MS:  calc:   667.3509 [C41H49NO7]
+ 

  found:  667.3511 
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7.1.5 Synthesis of pentynoic acid NHS ester (7) 

 

500 mg (5.1 mmol) pentynoic acid (4) were dissolved in 60 mL EE/dioxane 

(1:1). The mixture was cooled to 0 °C. 1.05 g (5.1 mmol) 

dicyclohexylcarbodiimide and 587 mg (5.1 mmol) N-hydroxy succinimide 

were added. The mixture was stirred for 5 h at room temperature. The 

formed urea-derivative was filtered off. The organic phase was extracted with 

5% NaHCO3 and with brine. The organic phase was dried over MgSO4 and 

the solvent was removed under reduced pressure. 695 mg (70 %) of a white 

solid were obtained. 

 

1H-NMR (400 MHz, CDCl3): δ 2.89-2.78 (m, 6H), 2.60 (dt, J= 7.5 Hz, H= 2.7 

Hz, 2H), 2.03 (t, J= 2.7 Hz). 

 

7.1.6 Synthesis of 3-N-pentynoyl-bis homotris (8) 

 

1 g (1.0 mmol) bis homotris were dissolved in 13 mL water. 2 mL 1M 

NaHCO3 pH= 8.7 were added. 1.12 g (5.8 mmol) pentynoic acid NHS ester 

dissolved in 5 mL DMF were added. The reaction was stirred over night. The 

solvent was removed under reduced pressure. The residue was purified by 

column chromatography (15 % MeOH in DCM + 1 % TEA). 484 mg (1.7 

mmol) of a yellow oil was obtained.  

 

1H-NMR (400 MHz, d4-MeOH): δ 3.51 (t, J= 6.8 Hz, 6H, (~CH2OH)3), 2.46-

2.43 (m, 2H, pentynoic acid), 2.39-2.32 (m, 2H, pentynoic acid), 2.26 (t, J= 

2.6 Hz, 1H, pentynoic acid), 1.79-1.66 (m, 6H), 1.55-1.41 (m, 6H). 
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7.1.7 Synthesis of 3-N-pentynoyl-1-O-DMT-bis homotris (6) 

 

484 mg (1.7 mmol) of compound 8 were dissolved in 40 mL DMF. 2.3 mL 

(7.2 mmol) TEA and 70 mg (0.6 mmol) DMAP were added. 850 mg (2.5 

mmol) DMTCl were added. The mixture was stirred at room temperature for 

1 h. The solvent was removed under reduced pressure and the residue was 

purified by column chromatography (5 % MeOH in DCM +0.5 % TEA). 

400 mg (0.7 mmol, 40 %) of a yellow oil were obtained. 

 

1H-NMR (400 MHz, d4-MeOH): δ 7.47-6.41 (m, 13H, Ar), 3.78 (s, 6H, OMe), 

3.51 (t, J= 6.7 Hz, 4H, (~CH2OH)2), 3.08 (t, J= 6.6 Hz, 2H, ~CH2ODMT), 

2.48-2.40 (m, 2H, pentynoic acid), 2.40-2.32 (m, 2H, pentynoic acid), 1.88-

1.64 (m, 6H), 1.64-1.42 (m, 6H). 

 

HR-ESI-MS:  calc:   622.2930 [C36H45NO6Cl]- 

  found:  662.2932 

 

7.1.8 Synthesis of bis-phopshoarmidite (2) 

 

20 mg (30 µmol) of compound 6 were coevaporated with dry THF for three 

times. It was dissolved in 6 mL THF abs. 51 µL (300 µmol) DIPEA were 

added and the mixture was cooled to 0 °C. 18 µL (80 µmol) of compound 9 

were added and the mixture was stirred for 5 minutes at 0 °C and further 25 

minutes at room temperature. The solvent was removed at reduced pressure 
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at 0 °C. The residue was purified by column chromatography (EE-hexane 

1:2). 30 mg (30 µmol, quant.) of a colorless oil were obtained.  

 

1H-NMR (400 MHz, d6-acetone): δ 7.47-6.85 (m, 13H, Ar), 3.89-3.81 (m, 2H, 

(~NCHMe2)2), 3.78 (s, 6H, OMe), 3.69-3.58 (m, 4H, CH2CH2CN), 3.05 (t, J= 

6.4 Hz, 2H, ~CH2ODMT), 2.73 (t, J= 6.0 Hz, 4H, (~CH2O-p~)2), 2.44-2.14 (m, 

5H, pentynoic acid), 1.94-1.72 (m, 6H), 1.70-1.50 (m, 6H). 

31P-NMR (162 MHz, d6-acetone): δ 146.87, 146.82, 146.77, 146.73 

HR-ESI-MS:  calc:   1022.5087 [C54H79N5O8P2Cl]- 

  found:  1022.5080 

 

7.1.9 Synthesis of Synthesis of 3-N-pentynoyl-1,7-O-bis-DMT-bis 

homotris (11) 

 

200 mg (0.7 mmol) of compound 8 were dissolved in 10 mL DMF. 950 µL 

(7 mmol) TEA, 9 mg (70 µmol) DMAP and 600 mg (1.8 mmol) DMTCl were 

added. The mixture was stirred 1 h at room temperature. 20 mL MeOH were 

added and the solvent was removed at reduced pressure. The residue was 

purified by column chromatography (20% hexane in DCM +2.5 % TEA). 

250 mg(0.3 mmol, 40%) of a yellow foam could be obtained. 

  

1H-NMR (400 MHz, d4-MeOH): δ 7.71-6.83 (m, 26H, Ar), 3.87 (s, 12H, OMe), 

3.67 (t, J= 6.7 Hz, 2H, CH2OH), 3.22 (t, J= 6.4 Hz, 4H, CH2ODMT), 2.62-2.34 

(m, 5H, pentynoic acid), 2.08-1.80 (m, 6H), 1.80-1.57 (m, 6H). 

 

HR-ESI-MS:  calc:   924.4237 [C57H69N5O8Cl]- 

  found:  924.4252 
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7.1.10 Synthesis of the mono phosphoramidite (10) 

 

50 mg (56 µmol) 3-N-pentynoyl-1,7-O-bis-DMT-bis homotris (11) were 

dissolved in 6 mL THF. 51 µL (0.52 mmol) DIPEA and 15 µl (67 µmol) of 

compound 9 were added. The reaction was stirred for 2 h. The solvent was 

removed at reduced pressure at 0 °C. The residue was purified by column 

chromatography (20 % hexane in DCM +5 % TEA). 58 mg (53 µmol, 95 %) of 

a colorless foam were obtained. 

 

31P-NMR (162 MHz, d6-acetone): δ 146.82. 

 

HR-ESI-MS:  calc:   1124.5315 [C66H80N3O9PCl]- 

  found:  1124.5350 

 

7.1.11 Synthesis of benzylazide (12) 

 

Benzylazide was synthesized following known literature.170 650 µL (5.8 

mmol) benzylbromide were dissolved in 13 mL DMSO. 420 mg (6.4 mmol) 

NaN3 were added and the mixture was stirred over night at room 

temperature. 50 mL water were added and the solution was extracted three 

times with 50 mL diethylether each. The combined extracts were dried over 

MgSO4 and the solvent was removed under reduced pressure. 759 mg 

(6.7 mmol, 98 %) of a colorless oil were obtained. 

 

1H-NMR (400 MHz, CDCl3): δ 7.42-7.26 (m, 5H, Ar-H), 4.32 (s, 2H, Ar-

CH2-N3). 
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7.1.12 Synthesis of TBTA (13) 

 

TBTA was synthesized following known procedures.120 760 mg (5.7 mmol) 

benzylazide (12) and 270 µL (1.9 mmol) of compound 13 were dissolved in 5 

mL DCM and 5 mL water were added. 50 mg (0.2 mmol) CuSO4·5H2O were 

added.106 mg (0.6 mmol) ascorbic acid were added. The solution turned 

immeadiately orange. The solution was stirred over night at room 

temperature. 25 mL water and 25 mL DCM were added and the phases were 

separated. The aqueous phase was extracted with 25 ml DCM and the 

combined organic phases were extracted with brine. The solution was dried 

over MgSO4 and the solvent was removed under reduced pressure. The 

residue was purified by column chromatography (5 % MeOH in DCM). 

421 mg (800 µmol, 42%) of a white, colorless solid were obtained. 

 

1H-NMR (400 MHz, CDCl3): δ 7.24 (s, 3H), 5.10-4.88 (m, 15H, Ar-H), 5.00 (s, 

6H, N-(CH2~)3), 3.27 (s, 6H, (N-CH2-Ar)3). 

 

7.1.13 Synthesis of 3-azido-propanol (15) 

 

3-azido-propanol was synthesized as described in the literature.171 1.0 g (7.2 

mmol) of 3-azido-propanol were dissolved in 24 mL acetone. 4 mL water 

were added and 0.7 g (10.8 mmol) of NaN3 were added to the mixture. The 

solution was heated to reflux and stirred over night. The solvent was 

removed under reduced pressure and the residue was taken up in 50 mL 

water. This solution was extracted three times with 50 mL diethylether each.. 

The organic phase was dried over MgSO4. 690 mg (6.8 mmol, 95%) of a 

colorless oil were obtained. 
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1H-NMR (400 MHz, CDCl3): δ 3.73 (dt, J= 1.5 Hz, J= 6 Hz, 2H, HOCH2~), 

3.43 (t, J= 6.5 Hz, 2H, N3-CH2~), 1.81 (quint, J= 6.3, 2H, ~CH2CH2CH2~). 

 

7.1.14 Synthesis of THPTA (16) 

 

THPTA was synthesized as described in the literature.37 690 mg (6.8 mmol) 

3-azidopropanol were dissolved in 6 mL t-BuOH/H2O (1:1) and 220 µL (1.6 

mmol) compound 13 were added. 40 mg (0.16 mmol) CuSO4·5H2O and 56 

mg (0.32 mmol) ascorbic acid were added. Upon addition, the solution turned 

yellow. The mixture was stirred over night. The solvent was removed under 

reduced pressure and the residue was purified by column chromatography 

(20 % MeOH in DCM). 290 mg (0.7 mmol, 43 %) of a colorless oil were 

obtained. 

 

1H-NMR (400 MHz, d4-MeOH): δ 7.98 (s, 3H), 4.51 (t, J= 7.0 Hz, 

(~NCH2CH2~)3), 3.75 (s, 6H, N(CH2~)3), 3.57 (t, J= 6.0 Hz, 6H, 

(HOCH2CH2~)3’), 2.11 (quint. , J= 6.50 Hz, 6H, (~CH2CH2CH2~)3). 

 

7.1.15 Synthesis of t-butylazide 

 

t-butylazide154 was synthesized as described in the literature. 3.7 g (50 mmol) 

t-butanol was dissolved in 100 mL toluene. 8.0 mL (60 mmol) TMS-azide and 

15.1 mL 50% (60 mmol) BF3·OEt2 were added. The mixture was stirred at 

room temperature over night. The reaction was quenched by addition of 100 

mL water. The phases were separated and the organic phase was destilled 

(80°C). 6.83 g of a clear solution was obtained. NMR revealed a solution of 

37% t-butylazide in toluene (51 %). 
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1H-NMR (400 MHz, d4-MeOH): δ 1.29 (s, 9H, CH3) 

 

13C-NMR (100 MHz, CDCl3): δ 28.11 

7.1.16 Synthesis of compound 19 

 

Compound 19 was synthesized as described in the literature.172 1.21 g 

(4.5 mmol) t-butylazide were dissolved in 5 mL t-butanol-water (1:1). 560 µL 

(3.9 mmol) propargylaldehyde diethylacetale 18, 0.49 g ( 5.9 mmol) NaHCO3, 

50 mg (0.2 mmol) CuSO4·5H2O and 155 mg (0.8 mmol) sodium 

ascorbate were added. The mixture was stirred over night at room 

temperature. The reaction was stopped by addition of 2 ml 0.5 M EDTA 

solution. The solution turned blue upon EDTA addition. The solution 

was diluted with 90 mL EE and extracted 2 times with 50 mL conc. 

NaHCO3 and with 30 mL brine. The organic phase was dried over 

MgSO4. The solvent was removed under reduced pressure. 890 mg 

(3.9 mmol quant.) of an off-white oil were obtained. The compound was 

used without further purification. 

 

7.1.17 Synthesis of compound 20 

 

Compound 20 was synthesized as described in the literature.172 886 mg (3.9 

mmol) compound 19 were dissolved in 3 mL water. 1 mL trifluoroacetic acid 

were added. The mixture was stirred for 3 h at room temperature. The 

solution was diluted with 100 mL EE and the organic phase was extracted 

two times with conc. NaHCO3. The organic phase was dired over MgSO4 and 

the solvent was removed under reduced pressure. 600 mg (3.9 mmol, quant.) 
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of a yellow oil were obtained. The residue was used without further 

purification. 

7.1.18 Synthesis of compound 21 

 

Compound 21 was synthesized as described in the literature.172 600 mg (3.9 

mmol) compound 20 were dissolved in 50 mL DCM. 115 µL (1.8 mmol) 

propargylamine and 0.95 g (4.5 mmol) NaHB(OAc)3 were added. The mixture 

was stirred at room temperature over night. 20 mL 0.5 M H2SO4 was added 

and the mixture was stirred for further 15 minutes. Solid K2CO3 was added 

until the mixture turned basic. The mixture was diluted with with 100 mL 

water and the aqueous phase was extracted in several small portions with in 

total 900 mL DCM. The organic phases were dried over MgSO4 and the 

solvent was removed under reduced pressure. The residue was purified by 

column chromatography (10 % hexane in EE). 460 mg (1.4 mmol, 78%) of a 

white solid were obtained.  

 

1H-NMR (400 MHz, CDCl3): 7.66 (s, 2H), 3.86 (s, 4H,), 3.40 (d, J= 2.0 Hz, 

2H), 2.27 (d, J= 2.0 Hz, 1H), 1.65 (s, 18H). 

 

7.1.19 Synthesis of azidoacetic acid (22) 

 

Azidoacetic acid was synthesized as described in the literature.173 1 g (7.2 

mmol) bromoacetic acid were dissolved in 3 mL water. The solution was 

cooled to 0 °C and 940 mg (14.4 mmol) were added slowly. The mixture was 

stirred over night at room temperature. The solution was acidified with 1 M 

HCl to pH= 5. The solution was extracted with a total of 100 mL Et2O in 

several small portions. The pH was readjusted to pH=5 after each extraction. 

The organic phase was dired over MgSO4. 541 mg 5.3 mmol, 74 %) of a 

colorless liquid were obtained. 
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1H-NMR (400 MHz, CDCl3): 3.98 (s, 3H, CH3). 

13C-NMR (100 MHz, CDCl3): 50.2. 

7.1.20 Synthesis of BTTAA (23) 

 

BTTAA was synthesized as described earlier.123 100 mg (0.3 mmol) 

compound 21 and 46 mg (0.45 mmol) azidoacetic acid were dissolved in 5 ml 

THF. 84 µL (5 mmol) DIPEA and 28 mg (30 µmol) CuBr(PPh3)3 were added. 

The solution was heated to 60 °C and stirred over night. The solvent was 

removed under reduced pressure and the residue was purified by column 

chromatography (40 % MeOH in EE + 1 % acetic acid). 81 mg (19 µmol, 63 

%) of a white solid were obtained. 

 

1H-NMR (400 MHz, D2O): 8.30 (s, 2H), 8.22 (s, 1H), 5.13 (s, 2H), 4.59 (s, 

6H), 1.68 (s, 18H). 

 

HR-ESI-MS:  calc:   429.2469 [C19H30N10O2]
- 

  found:  429.2458 

 

7.1.21 Synthesis of 3’,5’-di O-acetyl-5-iodo-2’deoxyuridine (28) 

 

5 g (14.1 mmol) of 2’-deoxy-5-iodouridine were dissolved in 30 mL pyridine. 

4.1 mL (42.3 mmol) Ac2O were added and the mixture was stirred at room 

temperature over night. The mixture was poured onto 200 mL water and after 

crystallization of the product, the white solid was isolated by filtration. 4.55 g 

(10.4 mmol, 74 %) of compound 28 were obtained 
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1H-NMR (400 MHz, d6-acetone): 8.11 (s, 1H, H-6), 6.25 (t, J= 6.6 Hz, H-1’), 

5.30 (quint., J= 2.8 Hz, 1H, H-3’), 4.41(dd, J= 4.9 Hz , J= 12.7 Hz, 1H, H-5’), 

4.32 (m, 2H, H-5’, H4’), 2.54-2.43 (m, 2H, H2’), 2.16 (s, 3H, acetyl-H), 2.08 

(s, 3H, acetyl-H). 

 

7.1.22 Synthesis of 5-(2-(4-ethynylphenyl)ethynyl)-3’,5’-di-O-acetyl-2’-

deoxyuridine (29) 

 

3.94 g (31.2 mmol) 1,4-diethynylbenzene, 4.55 g (10.4 mmol) 28 and 1.25 g 

(1.08 mmol) Pd(PPh3)4 were dissolved in 100 mL DMF. 2.8 mL (20.8 mmol) 

TEA and 396 mg (2.08 mmol) CuI were added. The mixture was stirred for 

1.5 h at room temperature. The solvent was removed under reduced 

pressure and the residue was purified by column chromatography (DCM-EE 

7:1). 1.28 g (4.8 mmol 46 %) of a yellow solid were obtained. 

 

1H-NMR (400 MHz, d6-acetone): 7.83 (s, 1H, H-6), 7.38 (m, 4H, Ar-H), 6.25 

(dd, J= 5.9 Hz, J= 7.9 Hz, H-1’), 5.22-5.16 (m, 1H, H-3’), 4.37-4.22 (m, 3H, H-

5’, H-4’), 3.11 (s, 1H, C≡CH), 2.51 (ddd, J= 14.3 Hz, J= 5.7 Hz, J= 2.3 Hz, H-

2‘), 2.24-2.12 (quint., J= 7.6 Hz, H-2‘). 

 

HR-ESI-MS:  calc:   437.1343 [C23H21N2O7]
+ 

  found:  437.1332 

 

7.1.23 Synthesis of 5-(2-(4-ethynylphenyl)ethynyl)-2’-deoxycitidine (30) 
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For the conversion of the modified dideoxyuridine to the corresponding 

modified dideoxycytidine 2.1 g (4.8 mmol) of the modified dideoxyuridine (28) 

and 1.0 g (9.6 mmol) DMAP were dissolved in 50 mL acetonitrile. Under ice 

bath cooling 1.29 mL (25 mmol) TEA and subsequently 2.9 g (9.6 mmol) 

TPSCl were added. The reaction mixture was stirred for 2 h at 0°C. 50 mL of 

33% were added to the reaction mixture. After 1.5 h stirring at 0°C the 

reaction mixture was allowed to warm up to room temperature and stirring 

was continued over night. To achieve complete deacetylation, 5 mmol 

NaOMe in 5 mL MeOH were added. The mixture was stirred for additional 

1.5 h. The reaction mixture was diluted with CH2Cl2 and extracted against 

1 M aqueous KHSO4 solution. After three times extraction of the aqueous 

phase with DCM the organic layer were combined, dried over MgSO4, and 

concentrated. The desired cytidine derivative 1.04 g (3.0 mmol, 62% yield) 

was obtained following purification by flash chromatography (5 % MeOH in 

EE). 

1H-NMR (400 MHz, d6-acetone): 8.56 (s, H-6), 7.61-7.48 (m, 4H, Ar-H), 6.28 

(t, J= 6.3 Hz, 1H, H-1’), 4.58 (quint., J= 7.0 Hz, 1H, H-3’), 4.01 (q, J= 3.4 Hz, 

1H, H-4’), 3.95-3.74 (m, 3H, H-5’, C≡CH), 2.45 (ddd, J= 13.6 Hz, J= 6.4 Hz, 

J= 4.2 Hz, 1H, H-2‘), 2.29-2.21 (m, 1H, H-2‘),  

 

7.1.24 Synthesis of 5-(2-(4-ethynylphenyl)ethynyl)-4-N-(N',N'-dimethyl-

formamidine)-2’deoxycytidine (31) 

 

630 mg (1.8 mmol) of the nucleoside 29 were dissolved in 20 ml DMF. 

1.64 mL (1.32 g; 9 mmol) of N,N-dimethylformamide diethyl acetal were 

added. The solution was stirred at room temperature for 3 h. The solvent was 

removed under reduced pressure and the residue was purified by flash 

chromatography (12 % MeOH in DCM). 477 mg (1.36 mmol, 65%) of a 

yellow solid could be obtained. 

1H-NMR (400 MHz, d4-MeOH): δ 8.68 (s, 1H; CHNMe2), 8.57 (s, 1H; H-6), 

7.44 (s, 4H; ArH), 6.25 (t, J= 6.2 Hz, 1H; H-1’), 4.43-4.38 (dt, J= 6.3 Hz, J= 

4.2 Hz, 1H; H-3’), 3.97 (q, J= 3.6 Hz; H-4’), 3.66 (dd, J= 3.1 Hz, J= 12.1 Hz; 
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H-5’), 3.77 (dd, J= 3.6 Hz, J= 12.1 Hz; H-5’), 3.61 (s, 1H; C≡CH), 3.25 (s, 3H; 

CHNMe2), 3.24 (s, 3H; CHNMe2), 2.52-2.42 (m, 1H; H-2’), 2.45-2.17 (m,1H, 

H-2’). 

HR-ESI-MS:  calc:   407.1714 [C22H23N4O4]
+ 

  found:  407.1704 

 

7.1.25 Synthesis of 5-(2-(4-ethynylphenyl)ethynyl)-4-N-(N',N'-dimethyl-

formamidine)-2’deoxy-5’-O-dimethoxytrityl-cytidine (32) 

 

477 mg (1.17 mmol) of the protected nucleoside 30 were dissolved in 12 mL 

pyridine and 15 mg (0.12 mmol) of DMAP and 596 mg (1.76 mmol) DMTCl 

were added. The solution was stirred at room temperature over night. The 

reaction was quenched by the addition of 10 mL methanol. The solvent was 

removed under reduced pressure and was purified by flash-chromatography 

(2% MeOH in 1%TEA in DCM). 428 mg (0.61 mmol, 52%) of a yellow solid 

could be obtained. 

1H-NMR (400 MHz, d6-acetone): δ = 8.67 (s, 1H; CHNMe2), 8.36 (s, 1H; H-6), 

7.61-7.50 (m, 2H; DMT-ArH), 7.49-7.40 (m, 4H; ArH), 7.40-7.27 (m, 4H; 

DMT-ArH), 7.23-7.14 (m, 1H; DMT-ArH), 7.11-7.03 (m, 2H; DMT-ArH), 6.91-

6.79 (m, 4H; DMT-ArH), 6.29 (t, J= 6.2 Hz, 1H; H-1’), 4.62-4.53 (m, 1H; H-3’), 

4.22-4.12 (m, 1H; H-4’), 3.74 (s, 1H; C≡CH), 3.72-3.70 (m, 6H; OMe), 3.40 

(dd, J= 10.8 Hz, J= 3.1 Hz; H-5’), 3.36 (dd, J= 10.8 Hz, J= 4.3 Hz; H-5’), 3.30 

(s, 3H; CHNMe2), 3.22 (s, 3H; CHNMe2), 2.60-2.50 (m, 1H; H-2’), 2.31-2.22 

(m, 1H, H-1’). 

 

HR-ESI-MS:  calc:   743.2631 [C43H40N4O6Cl]- 

  found:  743.2639 
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7.1.26 Synthesis of 5-(2-(4-ethynylphenyl)ethynyl)-4-N-(N',N'-dimethyl-

formamidine)-2’deoxy-5’-O-dimthoxytrityl-cytidine-3’-O-cyano-

ethyl-N,N-diisopropyl)-phosphormidite (25) 

 

100 mg (0.14 mmol) of the DMT-protected nucleoside were dissolved in 5 mL 

dry THF and 180 µL DIPEA. 47 µL (49 mg, 0.21 mmol) 2-cyanoethyl-N,N-

diisopropylchloro-phosphoramidite were added at 0°C. After stirring for 5 

minutes the ice bath was removed and the mixture was stirred for 2.5 h at 

room temperature. The solvent was removed at reduced pressure and the 

residue was purified by chromatography over a short plug of silica (1.5% 

MeOH in 1% TEA in DCM). 121 mg (0.13 mmol, 95%) of a slightly yellow oil 

were obtained. 

31P-NMR (162 MHz, d6-acetone): δ = 148.22, 147.95 

HRMS: m/z: calcd for [C52H57N6O7Cl-]: 943.3709; found: 943.3703 

 

7.1.27 Synthesis of 4-(3-hydroxypropyl)-4-nitroheptane-1,7-diol (34) 

 

20 g (72.1 mmol) 4-(2-carboxyethyl)-4-nitroheptanedioic acid 33 were 

dissolved in 500 ml dry THF and cooled down to -10 °C using a cooling bath 

with ice and NaCl. 238 mL (238 mmol) of a 1 M solution of BH3·THF was 

slowly added while maintaining the temperature below 0 °C. When no 

formation of hydrogen was observed, 25 mL water were added to dissolve 

the precipitate followed by 35 mL of a saturated NaHCO3 solution. The 

mixture was stirred over night and the solvent was removed under reduced 

pressure. The residue was purified by flash chromatography (10% methanol 
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in DCM) to receive 13.5 g (52.6 mmol, 73%) 4-(3-hydroxypropyl)-4-

nitroheptane- 1,7-diol 34 as a colorless oil.  

1H-NMR (400 MHz, d4-MeOH): δ 3.56 (t, J = 6.2, 6H), 2.01 (m, 6H), 1.45 (m, 

6H). 

 

HR-ESI-MS:  calc:   258.1312 [C10H21NO5Na]+ 

  found:  258.1323 

 

7.1.28 Synthesis of 4-(3-acetoxypropyl)-4-nitroheptane-1,7-diyl 

diacetate (35) 

 

14 g (58.8 mmol) 4-(3- Hydroxypropyl)-4-nitroheptane-1,7-diol 34 were 

dissolved in 50 mL dry pyridine and 19.5 ml (204 mmol) acetic anhydride 

were added. The reaction mixture was stirred for 3 hours at 80 °C. The 

mixture was cooled to room temperature and 200 mL H2O were added. The 

mixture was extracted several times with Et2O. The combined organic 

phases were dried over MgSO4 and the solvent was removed under reduced 

pressure. 21.5 g (60.0 mmol, quant.) 4-(3-acetoxypropyl)-4-nitroheptane-1,7-

diyl diacetate 35 were obtained as a colorless oil. 

 

1H-NMR (400 MHz, CDCl3): δ 4.03 (t, J = 6.3, 6H), 2.02 (s, 9H), 1.96 (m, 6H), 

1.52 (m, 6H).  

HR-ESI-MS:  calc:   384.1629 [C16H27NO8Na)]+ 

  found:  384.1614 
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7.1.29 Synthesis of 4-(3-acetoxypropyl)-4-aminoheptane-1,7-diyl 

diacetate (36) 

 

13 g (36.0 mmol) 4-(3-acetoxypropyl)-4-nitroheptane-1,7-diyl diacetate 35 

were dissolved in 200 mL ethanol. 4 g of a Raney Nickel catalyst was added 

to the solution before transferring the mixture into the Parr hydrogenation 

apparatus for 14 h at 3 atm and room temperature. The reaction mixture was 

filtered through a bed of celite to remove the catalyst. The solvent was 

removed under reduced pressure to yield 10.9 g (32.7 mmol, 91%) of pure 4-

(3-acetoxypropyl)-4-aminoheptane-1,7-diyl diacetate 36. 

 

1H-NMR (400 MHz, CDCl3): δ 3.99 (t, J = 6.5, 6H), 1.98 (s, 9H), 1.55 (m, 6H), 

1.30 (m, 6H).  

 

HR-ESI-MS:  calc:   332.2068 [C16H29NO6Na]+ 

  found:  332.2048 

 

7.1.30 Synthesis of 6-azidohexanoic acid (37) 

 

6-bromo-hexanoic acid was synthesized following known procedures.174 The 

procedure was adapted from known literature. 10 g (51.3 mmol) 

6-bromohexanoic acid and 10 g (153.8 mmol) sodium azide were dissolved 

in 50 mL DMF and stirred for 5 hours at room temperature. 100 mL EE were 

added and the solution was washed three times with 100 ml 0.1 M HCl. The 

organic phase was dried over MgSO4 and the solvent was removed under 

reduced pressure. 6.6 g (41.8 mmol, 83%) 6-azidohexanoic acid 37 were 

obtained as a colorless oil. 
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1H-NMR (400 MHz, CDCl3): δ 3.28 (t, J= 6.8, 2H), 2.38 (t, J =7.2, 2H), 1.71 -̶

1.59 (m, 4H), 1.44 (m, 2H).  

HR-ESI-MS:  calc:   180.0744 [C6H11N3O2Na]+ 

  found:  180.0743 

 

7.1.31 Synthesis of 4-(3-acetoxypropyl)-4-(6-azidohexanamido)-

heptane-1,7-diyl diacetate (38) 

 

3.85 g 6-azidohexanoic acid 9 (24.5 mmol) and 9.9 g HATU (26 mmol) were 

dissolved in 60 mL DMF and spiked with 4.79 mL DIPEA (27.5 mmol). The 

solution was stirred at room temperature for 15 minutes before the addition of 

5.07 g 4-(3-acetoxypropyl)-4-(6- azidohexanamido)heptane-1,7-diyl diacetate 

36 (15.3 mmol). The solvent was removed under reduced pressure after 

reaction over night. Final purification was accomplished by flash 

chromatography (EE and hexane 1:1) to yield 4.11 g (8.7 mmol, 57%) 4-(3-

acetoxypropyl)-4-(6-azidohexanamido)heptane-1,7-diyl diacetate 38 as a 

yellowish oil.  

1H-NMR (400 MHz, CDCl3): δ 5.00 (s, 1H), 4.06 (t, J= 6.5, 6H), 3.29 (t, J= 

6.8, 2H), 2.15 (t, J= 7.4, 2H), 2.06 (s, 9H), 1.76-1.72 (m, 6H), 1.68-1.61 (m, 

4H), 1.59-1.51 (m, 6H), 1.44-1.37 (m, 2H).  

 

HR-ESI-MS:  calc:   471.2813 [C22H39N4O7H]+ 

  found:  471.2793 
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7.1.32 Synthesis of 4-(3-acetoxypropyl)-4-(6-aminohexanamido)-

heptane-1,7-diyl diacetate (39) 

 

6.85 g (14.6 mol) 4-(3-acetoxypropyl)-4-(6-azidohexanamido)heptane-1,7-diyl 

diacetate 38 were dissolved in a solution of 75 mL ethylacetate and 75 mL 

ethanol. 0.685 g of Pd/C catalyst were added and the mixture was stirred 

vigorously in a hydrogen atmosphere over night. The reaction mixture was 

filtered through a bed of celite followed by solvent removal under reduced 

pressure. Purification was achieved by column chromatography (20% 

methanol and 1% triethylamine in DCM) to yield 6.5 g (14.6 mmol, quant) 4-

(3-acetoxypropyl)-4-(6-aminohexanamido)heptane-1,7-diyl diacetate 39 as a 

colorless oil.  

1H-NMR (400 MHz, CD3CN): δ 3.98 (t, J= 6.5, 6H), 2.07 (t, J= 7.4, 2H), 1.98 

(s, 9H), 1.68-1.64 (m, 6H), 1.54-1.36 (m, 12H), 1.31-1.25 (m, 2H).  

 

HR-ESI-MS:  calc:   445.2908 [C22H41N2O7]
+ 

  found:  445.2893 

 

7.1.33 Synthesis of methyl 1-fluoro-2-oxocyclooctane-1-carboxylate 

(40) 

 

The procedure was carried out according to known literature.175 40.0 mL 

(475 mmol) dimethylcarbonate and 7.60 g (317 mmol) NaH were dissolved in 

40 mL toluene and 20 g (1.58 mmol) cyclooctanone was added dropwise at 

80 °C. The reaction was quenched after 3 h by addition of acetic acid, until 

no gas developed. The mixture was extracted with brine, dried over MgSO4 

and the solvent was reduced under reduced pressure. The residue was 
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purified by distillation (1.4 mbar, 73 °C). NMR-analysis revealed a mixture of 

keto- and enol-form of compound 40. 

1H-NMR (400 MHz, CDCl3): δ 12.48 (s) and 3.59 (1H, dd J= 7.5 Hz, J= 

5.8 Hz, HOC=C and COCHCO2Me), 3.71 and 3.64 (s, 3H, CO2Me), 2.66-

1.36 (m, 12H). 

 

7.1.34 Synthesis of methyl 1-fluoro-2-oxocyclooctane-1-carboxylate 

 

The procedure was carried out according to known literature.163 8.66 g (47.1 

mmol) methyl 2-oxocyclooctane-1-carboxylate 40 were dissolved in 200 mL 

dry acetonitrile and cooled down to 0 °C. 25 g (70.6 mmol) Selectfluor were 

added slowly to the solution. After 5 min the reaction mixture was heated up 

to 55 °C for 15 h before quenching the reaction with 160 mL water. The 

reaction mixture was washed three times with 100 mL EE each and the 

combined organic phases were dried over magnesium sulfate. The solvent 

was removed under reduced pressure and the residue was purified via flash 

chromatography (100% DCM) to yield 6.2 g (30.6 mmol, 65%) methyl 1-

fluoro-2-oxocyclooctane-1-carboxylate 2 as a white solid (EE : PE; 1:1).  

1H-NMR (400 MHz, CDCl3): δ 3.80 (s, 3H), 2.72-2.65 (m, 2H), 2.64-2.49 (m, 

1H), 2.29-2.22 (m, 1H), 2.07-1.96 (m, 1H), 1.92-1.82 (m, 1H), 1.79-1.59 (m, 

3H), 1.54-1.40 (m, 3H).  

19F-NMR (375.2 MHz, CDCl3): δ -171.3  

HR-ESI-MS:  calc:   203.1078 [C10H16FO3]
+ 

  found:  203.1079 

 

7.1.35 Synthesis of methyl 1-fluorocyclooct-2-yne-1-carboxylate (42) 

 

The procedure was carried out according to known literature.163 4.5 g (22.1 

mmol) methyl 1-fluoro-2-oxocyclooctane-1-carboxylate 41 were dissolved in 



Experimental Section 

100 

210 mL dry THF and the solution was cooled down to -78 °C. 100 mL 

(49.7 mmol, 0.5 M in toluene) of a potassium bis(trimethylsilyl)amide solution 

were added slowly, followed by 8.7 g (24.3 mmol) N-phenylbis(trifluoro-

methanesulfonimide) dissolved in 50 mL dry THF, without raising the 

temperature over -70 °C. The solution was warmed to room temperature and 

stirred for 4 h. The reaction was quenched by addition of 200 mL methanol. 

The solvent was removed under reduced pressure and the residue was 

purified via flash chromatography (hexane-EE; 8:1) to yield 2.31 g 

(12.5 mmol, 57 %) methyl 1-fluorocyclooct-2-yne-1-carboxylate 42 as a 

yellow oil. 

  

1H-NMR (400 MHz, CDCl3): δ 3.83 (s, 3H), 2.43-2.23 (m, 4H), 2.09-1.84 (m, 

4H), 1.76-1.68 (m, 1H), 1.49-1.41 (m, 1H).  

19F-NMR (375.2 MHz, CDCl3): δ -146.5  

 

HR-ESI-MS:  calc:   185.0972 [C10H14FO2]
+ 

  found:  185.1036 

 

7.1.36 Synthesis of 1-fluorocyclooct-2-yne-1-carboxylic acid (43) 

 

The procedure was carried out according to known literature.163 1.48 g (8 

mmol) methyl 1-fluorocyclooct-2-yne-1-carboxylate 42 and 0.38 g (16 mmol) 

LiOH were dissolved in 24 mL of a 50% aqueous methanol solution and the 

reaction mixture was stirred for 10 minutes at 55 °C. Afterwards, the solution 

was diluted with 12 mL water, cooled down to 0 °C and brought to pH=2 with 

4 M acetic acid. After washing four times with 25 mL EE while maintaining 

the same pH value all organic phases were combined and dried over MgSO4. 

Solvent removal under reduced pressure yielded 1.31 g (7 mmol, 90%) 1-

fluorocyclooct-2-yne-1-carboxylic acid 4 as a yellowish oil. 

1H-NMR (400 MHz, CDCl3): δ 2.47-2.23 (m, 4H), 2.10-1.86 (m, 4H), 1.80-

1.70 (m, 1H), 1.53-1.45 (m, 1H).  

19F-NMR (375.2 MHz, CDCl3): δ -146.5  
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HR-ESI-MS:  calc:   171.0816 [C9H12FO2]
+ 

  found:  171.0814 

 

7.1.37 Synthesis of compound 44 

 

1.03 g (6.05 mmol) 1-fluorocyclooct-2-yne-1-carboxylic acid 43 and 2.48 g 

(6.52 mmol) HATU were dissolved in 20 mL DMF and spiked with 1.2 mL 

(7 mmol) DIPEA. The solution was stirred at room temperature for 15 

minutes prior 2.07 g (4.7 mmol) 4-(3-acetoxypropyl)- 4-(6-azidohexanamido)-

heptane-1,7-diyl diacetate 39 were added. The reaction mixture was stirred 

over night, followed by addition of 50 mL EE. The mixture was extracted 

three times with 50 mL water and one time with 50 mL brine. The organic 

phase was dried over MgSO4. The solvent was removed under reduced 

pressure and the residue was purified by column chromatography (100% EE) 

to yield 1.75 g (3.1 mmol, 67%) of compound 12 as a yellow.  

1H-NMR (400 MHz, d6-acetone): δ 4.05 (t, J= 6.5, 6H), 3.36-3.22 (m, 2H), 

2.37-2.21 (m, 4H), 2.14 (t, J= 7.4, 2H), 2.05 (s, 9H), 2.02-1.84 (m, 5H), 1.75-

1.71 (m, 6H), 1.67-1.61 (m, 2H), 1.58-1.50 (m, 8H), 1.39-1.31 (m, 3H).  

19F-NMR (375.2 MHz, d6-acetone): δ -145.5  

HR-ESI-MS:  calc:   619.3365 [C31H49FN2O8Na]+ 

  found:  619.3351 
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7.1.38 Synthesis of compound 45 

 

1.43 g (2.4 mmol) of compound 44 were dissolved in 27 mL methanol. 2.4 

mL (0.24 mmol, 0.1 M) of a freshly prepared sodium methoxide solution was 

added and the solution was stirred at room temperature over night. The 

solvent was removed under reduced pressure and the product was purified 

via flash chromatography (10% methanol in DCM). 1.07 g (2.28 mmol, 95%) 

of compound 45 were obtained as a yellowish oil.  

1H-NMR (400 MHz, d4-MeOH): δ 3.57 (t, J= 6.5 Hz, 6H), 3.26-3.19 (m, 2H), 

2.41-2.05 (m, 6H), 2.000-1.85 (m, 2H), 1.79-1.75 (m, 6H), 1.68-1.56 (m, 6H), 

1.54-1.47 (m, 7H), 1.43-1.32 (m, 3H).  

19F-NMR (375.2 MHz, d4-MeOH): δ -147.8  

 

HR-ESI-MS:  calc:   471.3229 [C25H44FN2O5]
+ 

  found:  471.3207 

 

7.1.39 Synthesis of compound 46 

 

0.66 g (1.4 mmol) of compound 45 were co-evaporated three times with 20 

mL dry pyridine. The starting material was dissolved once more in 24 mL dry 

pyridine with subsequent addition of 1.18 g (3.5 mmol) DMTCl. The reaction 

was stirred at room temperature over night. The solvent was removed and 

and purified via column chromatography (toluene : acetone; 4:1 with 1% 

TEA). 0.58 g (0.54 mmol, 38.6%) of compound 46 were obtained as a light 

yellowish solid.  

1H-NMR (400 MHz, d6-acetone): δ 7.48-7.46 (m, 4H), 7.34-7.32 (m, 8H), 

7.30-7.26 (m, 4H), 7.22-7.18 (m, 2H), 6.86-6.84 (m, 2H), 3.76 (s, 12H), 3.51 
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(t, J =6.8, 2H), 3.23-3.18 (m, 2H), 3.06 (t, J= 5.9 Hz, 4H), 2.41-2.17 (m, 4H), 

2.10 (t, J =7.4 Hz, 2H), 1.95-1.71 (m, 9H), 1.62-1.56 (m, 7H), 1.53-1.46 (m, 

4H), 1.42-1.29 (m, 4H).  

19F-NMR (375.2 MHz, d6-acetone): δ -146.4  

 

HR-ESI-MS:  calc:   1097.5662 C67H79FN2O9Na]+ 

  found:  1097.5587 

 

7.1.40 Synthesis of compound 47 

 

50 mg (46.5 μmol) of compound 46 were co-evaporated 3 times with 3 mL 

dry THF. The starting material was dissolved in 4 ml dry THF and cooled to 

0 °C with subsequent addition of 81 μL (0.47 mmol) DIPEA and 16 μL (69.8 

μmol) 2-cyanoethyl-N,N-diisopropylchloro-phosphoramidite. The reaction 

was warmed to room temperature and stirred for 2 h. The solvent was 

removed under reduced pressure at 0 °C and the product was purified via 

column chromatography (EE-hexane; 1:1 with 1% TEA). 59 mg (35 μmol, 

quant.) of compound 47 were obtained as a yellowish solid.  

1H-NMR (400 MHz, CD3CN): δ 7.43-7.41 (m, 4H), 7.30-7.29 (m, 8H), 7.28-

7.25 (m, 4H), 7.22-7.18 (m, 2H), 6.84-6.82 (m, 2H), 3.83-3.76 (m, 2H), 3.74 

(s, 12H), 3.64-3.53 (m, 4H), 3.16-3.11 (m, 2H), 2.99 (t, J= 6.2 Hz, 2H), 2.60 

(t, J= 6.1 Hz, 2H), 2.34-2.27 (m, 4H), 2.02 (t, J= 7.5 Hz, 2H), 1.89-1.77 (m, 

2H), 1.73-1.61 (m, 6H), 1.55-1.42 (m, 10H), 1.33-1.20 (m, 6H), 1.16-1.13 (m, 

12H).  

31P-NMR (162 MHz, CD3CN): δ -146.4  

 

HR-ESI-MS:  calc:   1097.5662 [C76H96FN4PO10Cl]- 

  found:  1097.5587 
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7.1.41 Synthesis of 5-vinyl-2’-deoxyuridine (50) 

 

670 mg (2.0 mmol) 5-iodo-2‘-deoxyuridine were dissolved in 20 mL DMF and 

2.88 mL (9.9 mmol) tributylvinylstannane, 228 mg (0.2 mmol) Pd(PPh3)4, 

75 mg (0.4 mmol) CuI and 524 µL (4 mmol) TEA were added. The mixture 

was heated to 40 °C for 16 h. The solvent was removed at reduced pressure. 

The residue was purified by column chromatography (10 % MeOH in DCM). 

The product was obtained with major amounts of unreacted 

tributylvinylstannane. Further purification was achived by precipitation of the 

product from a concentrated solution in acetone with hexane. 385 mg 

(1.2 mmol, 77 %) of a white solid were obtained. 

 

1H-NMR (400 MHz, d4-MeOH): δ 8.06 (s, 1H, N-H), 7.50 (s, 1H, H-6), 6.98 

(ddd, J= 17.3 Hz, J= 11.0 Hz, J= 0.7 Hz, 1H, vinyl-H), 6.51 (dd, J= 8.2 Hz, J= 

6.0 Hz, 1H, H-1’), 5.58 (dd, J= 17.3 Hz, J= 1.6 Hz, 1H, vinyl-H), 5.25 (dd, J= 

10.9 Hz, J= 1.7 Hz, 1H, vinyl-H), 4.54-4.50 (m, 1H, H-3’), 4.04-3.98 (m, 1H, 

H-4’), 3.80 (dd, J= 12.1 Hz, J= 3.3 Hz, 1H, H-5’), 3.73 (dd, J= 12.1 Hz, J= 

3.7 Hz, 1H, H-5’), 2.72-2.62 (m, 1H, H2’), 2.36-2.26 (m, 1H, H2’). 

 

7.1.42 Synthesis of dvinUTP (48) 

 

50 mg (0.2 mmol) 5-vinyl-2’-deoxyuridine (50) were dissolved in 2 mL TMP. 

63 mg (0.3 mmol) proton sponge were added and the mixture was stirred 

until the proton sponge dissolved completely. 470 µL (0.24 mmol) POCl3 

were added and the mixture was stirred for 20 minutes. 470 µL tributylamine 

and 1.97 mL (1.0 mmol, 0.5 M) were added simultaneously. The mixture was 

stirred for additional 1 h. The reaction was quenched by addition of 10 mL 
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0.1 M TEAB. The mixture was extracted 3 times with EE and the aqueous 

phase was concentrated under reduced pressure. The residue was dissolved 

in water and the product was purified by FPLC-purification. 43 µmol (22 %) of 

a white solid were obtained.  

 

1H-NMR (400 MHz, d4-MeOH): δ 8.00 (s, 1H, N-H), 7.50 (s, 1H, H-6), 6.57 

(dd, J= 17.6 Hz, J= 11.6 Hz, 1H, vinyl-H), 6.32 (t, J= 6.6 Hz, 1H, H-1’), 6.14 

(dd, J= 17.6 Hz, J= 1.9 Hz, 1H, vinyl-H), 5.18 (dd, J= 11.6 Hz, J= 1.9 Hz, 1H, 

vinyl-H), 4.61 (m, 1H, H-3’), 4.33 (ddd, J= 11.4 Hz, J= 6.7 Hz, J= 3.3 Hz 1H, 

H-5’), 4.22 (ddd, J= 11.5 Hz, J= 5.0 Hz, J= 3.5 Hz, 1H, H-5’), 4.04 (m, 1H, H-

4’), 2.43-2.17 (m, 2H, H2’). 

31P-NMR (162 MHz, d4-MeOH): δ -10.39 (d, J= 21.2, 1P), -11.44 (d, 

J=21.2 Hz, 1P), -23.72 (J= 21.3 Hz, 1P). 

 

7.1.43 Synthesis of 6-chloro-7-deaza-7-iodo-purine (52) 

 

1.95 g (12.5 mmol) 51 were dissolved in 100 mL DMF. 3.16 g (14 mmol) N-

iodosuccinimide were added and the solution was stirred over night at room 

temperature. The solvent was removed at reduced pressure. The residue 

was dissolved in EE and extracted with sat. NaHCO3. The organic layer was 

dried over MgSO4 and the solvent was removed under reduced pressure. 

The product was purified by recrystallization from EtOH. 2.1 g (7.5 mmol, 

60 %) of yellow needles were obtained. 

 

1H-NMR (400 MHz, d6-DMSO): δ 12.92 (br s, 1H, N-H), 8.57 (s, 1H, H-2), 

7.89 (s, 1H, H-8) 
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7.1.44 Synthesis of 6-chloro-6-deamino-7-iodo-7-deaza-3‘,5‘-di-tolouyl-

2’deoxy-adenosine (54) 

 

2 g (7.1 mmol) 6-chloro-7-deaza-7-iodo-purine 52 were dissolved in 100 mL 

dry MeCN. 4.16 g (10.7 mmol) 1-chloro-3’,5’-di-O-toluoyl-2’deoxyribose 53 

were added and 996 mg (17.8 mmol) KOH and 137 µL (0.43 mmol) TDA 

were added. The reaction was stirred for 10 minutes at room temperature. 

The solid was separated by filtration and the filtrate was concentrated at 

reduced pressure. The residue was purified by column chromatography (EE-

hexane 1:5). 1.66 g (2.6 mmol, 37 %) of a white solid were obtained. 

 

1H-NMR (400 MHz, d6-DMSO): δ 8.66 (s, 1H, N-H), 8.19 (s, 1H, H-6), 7.90 

(m, 4H, Ar-H), 7.34 (m, 4H, Ar-H), 6.75 (dd, J= 7.7 Hz, J= 6.2 Hz, 1H, H-1’), 

5.74 (m, 1H, H-3’), 4.65 (m, 1H, H-4’), 4.55 (m, 2H, H-5’), 3.09 (m 1H, H-2’), 

2.77 (m, 1H, H-2’), 2.39 (m, 6H, Ar-CH3). 

 

7.1.45 Synthesis of 7-iodo-7-deaza-adenosine (55) 

 

1.66 g (2.6 mmol) 54 were dissolved in 100 mL 7 N NH3 in MeOH. The 

mixture was heated to 90 °C in an autoclave for 72 h. The solvent was 

removed under reduced pressure and the residue was purified by column 

chromatography (10 % MeOH in DCM). 788 mg (2.1 mmol, 80%) of a white 

solid were obtained. 

 

1H-NMR (400 MHz, d6-DMSO): δ 8.09 (s, 1H, H-2), 7.65 (s, 1H, H-8), 6.65 (br 

s, 2H, NH2), 6.48 (dd, J= 8.2 Hz, J= 5.9 Hz, 1H, H-1’), 5.24 (d, J=4.1 Hz, 1H, 

OH’), 5.02 (t, J= 5.5 Hz, 1H, OH), 4.32 (m, 1H, H-3’), 3.81 (m, 1H, H-4’), 3.53 
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(m, 2H, H-5’), 2.45 (m, 1H, H-2’), 2.15 (ddd, J= 13.1 Hz, J= 6.0 Hz, J= 2.7 

Hz, 1H, H-2’). 

 

HR-ESI-MS:  calc:   377.0105 [C11H14IN4O3]
+ 

  found:  377.0111 

 

7.1.46 Synthesis of 7-vinyl-7-deaza-2‘-deoxy-adenosine (56) 

 

928 mg (2.5 mmol) 55 were dissolved in 20 mL DMF. 3.65 mL (12.5 mmol) 

tributylvinylstannane, 144 mg (125 µmol) Pd(PPh3)4, 228 mg (0.2 mmol) CuI 

and 524 µL TEA were added. The mixture was stirred at room temperature 

over night. The solvent was removed under reduced pressure. The residue 

was recrystallized from MeOH. 609 mg (2.2 mmol, 88 %) of a yellow powder 

was obtained. 

 

1H-NMR (400 MHz, d4-MeOH): δ 8.06 (s, 1H, H-2), 7.50 (s, 1H, H-8), 6.98 

(dd, J= 17.3 Hz, J= 10.9 Hz, 1H, vinyl-H), 6.51 (dd, J= 8.3 Hz, J= 6.0 Hz, 1H, 

vinyl-H), 5.58 (dd, J= 17.3, J= 1.6 Hz, 1H, vinyl-H ‘), 5.25 (dd, J= 10.9 Hz, J= 

1.6 Hz, 1H, H-1‘), 4.52 (dt, J= 5.7 Hz, J= 2.6 Hz, 1H, H-3‘), 4.01 (q, J= 3.2 

Hz, 1H, H-3‘), 3.81 (dd, J= 12.1 Hz, J= 3.3 Hz, 1H, H5‘), 3.73 (dd, J= 12.1 

Hz, J= 3.7 Hz, 1H, H-5‘),2.66 (ddd, J = 13.9 Hz, J= 8.3 Hz, J= 6.0 Hz, 1H, 

H-2‘), 2.31 (ddd, J= 13.4 Hz, J= 6.0 Hz, J= 2.7 Hz, 1H, H2‘). 
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7.1.47 Synthesis of dvinATP (48) 

 

7-deaza-7-vinyl-2’-deoxyadenosine was synthesized according to published 

procedures.167 93 mg (0.34 mmol) of the nucleoside were coevaporated 3 

times with 3 mL acetonitrile each. 107 mg (0.5 mmol) proton sponge was 

added. The mixture was dissolved in 3 mL previously distilled 

trimethylphosphate. 52 µL (86 mg, 0.4 mmol) POCl3 were added with ice 

cooling. The reaction was monitored by reverse phase TLC in 

isopropanol/water/ammonia 3:1:1. After 10 min 3.36 mL 0.5 M 

pyrophosphate solution (1.68 mmol) in DMF and 0.81 mL of tributylamine 

(630 mg, 3.4 mmol) were added simultaneously. After 40 min, the reaction 

was quenched by addition of 10 mL 0.1 M 

triethylammoniumhydrogencarbonate buffer (pH 7). The aqueous solution 

was extracted 3 times with ethyl acetate. The aqueous solution was 

concentrated under reduced pressure. The residue was dissolved in 4 mL 

water and subjected to ion exchange chromatography, followed by a reverse 

phase HPLC using 0.05 M triethylammoniumacetate buffer (pH 7) and 

acetonitrile to afford 0.07 mmol (22 %) dvinATP. 

1H-NMR (400 MHz, d4-MeOH): δ 7.11 (s, 1H, H-2), 7.70 (s, 1H, H-8), 7.01 

(dd, J= 11.0 Hz, 17.4 Hz, 1H, vinyl-H), 6.68 (t, J= 6.9 Hz, 1H, H-1’), 5.72 (dd, 

J= 17.4 Hz, J=1.1 Hz, 1H, vinyl-H), 5.28 (dd, J= 11.0 Hz, J= 1.1 Hz, 1H, vinyl-

H), 4.37-4.15 (m, 1H, H-3’), 4.15-4.08 (m, 1H, H-4’), 2.69-2.58 (m, 1H, H-2’), 

2.39-2.30 (ddd, J= 13.4, J= 6.2, J= 3.5, 1H, H-2’). 

31P-NMR (162 MHz, d4-MeOH): δ -10.3 (d, J= 21.3 Hz, 1P), -11.2 (d, J= 21.4 

Hz, 1P), -23.7 (t, J= 21.3 Hz, 1P). 

HR-ESI-MS: calc   515.0129 [C13H18N4O12P3]
- 

found:  515.0138 
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7.2 General Procedures 

7.2.1 Oligonucleotide Synthesis 

The DNA oligonucleotide synthesis was performed on an ABI 392-DNA/RNA-

synthesizer (Applied Biosystem) at a 0.2 µmol scale (trityl-on mode) 

employing the standard phosphoramidites and modified building blocks, that 

were diluted in CH3CN to a final concentration of 0.10 M . The synthesis was 

performed on 1000 Å LCAA-CPG support with a loading densities of approx. 

50 µmol·g-1. The average coupling yields were always higher than 95% by 

using a coupling time of 5 min for reaction with modified building blocks. After 

cleavage from the solid-support, the oligonucleotides were deprotected in 

33% aq. NH3 for 16 h at 60°C. The DMT-containing oligonucleotides were 

purified by reversed-phase HPLC (RP-18) with the following solvent gradient 

system [A: 0.1 M TEAA/CH3CN 95:5; B: CH3CN; gradient I: 0-3 min 10-15% 

B in A, 3-15 min 15-50% B in A, 15-20 min 50-10% B in A, flow rate 2 

mL·min-1]. Then, the mixture was evaporated to dryness, and the residue 

was treated with 80% acetic acid for 30 min at 25°C to remove the 4,4'-

dimethoxytrityl residues. The detritylated oligomers were purified by 

reversed-phase HPLC with the gradient II: 0-20 min 5-20% B in A, 20-25 min 

70% B in A, 25-30 min 70-5% B in A, flow rate 2 mL·min-1. The 

oligonucleotides were lyophilized on a Speed Vac evaporator to yield 

colourless solids which were stored frozen at –20°C. 

 

7.2.2 Poly-Acrylamide Gel Electrophopresis (PAGE) 

A 12% gel was prepared by mixing 60 mL 25% acrylamide‐bisacrylamide in 

8.3 M urea, 52.5 mL 8.3 M urea, and 12.5 mL 8.3 M urea in 10x TBE buffer 

with 900 μL 10% APS and 45 μL TEMED. Final gel thickness was 0.4 mm. 

DNA samples containing denaturing PAGE loading buffer (80% [v/v] 

formamide, 20 mM EDTA, 0.025% [w/v] bromophenol blue, 0.025% [w/v] xylene 

cyanol) were separated by applying up to 100 W and 3000 V, respectively, in 

1x TBE buffer at up to 45 °C. Afterwards the gel was transferred onto 

whatman paper, dried in vacuo at 80 °C and exposed to a phosphor screen 

overnight. 

For non-radioactive DNA, the gel was not dried and stained with stains-all-

solution (0.05 mg/mL stains-all in 50% formamide/water) until bands 

appeared. The gels were dried as described after destaining in 50 % 

formamide in water.. 
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7.2.3 Thermal Denaturation Studies of Self-Complementary 

Oligonucleotides 

5 µM self-complementary oligonucleotides were dissolved in either 0.1 M 

TEAA buffer (pH 7), or 0.1 M TEAA buffer (pH 7), 150 mM NaCl or 0.1 M 

TEAA buffer (pH 7), 150 mM NaCl and 100 mM MgCl2.The corresponding 

linear controls were dissolved in the same buffers at a final concentration of 

15 µM. 

Thermal denaturation curves were measured with a Cary-100 Bio UV-VIS 

spectrophotometer (Varian, Australia) equipped with a Cary thermo-controller 

using a heating rate of 1°C·min-1. 

 

7.2.4 Polymerase Chain Reaction (PCR) 

1 nM template DNA, 1 µM of each primer, 200 µM of each dNTP and 

0.04 U/µL Taq DNA-polymerase were dissolved in 25 µL Taq reaction buffer 

(50 mM Tris·HCl pH 9.2, 16 mM (NH4)2SO4, 2.5 mM MgCl2 and 0.1% 

Tween 20). The mixture was heat denatured at 95 °C for 5 min. 

Thermocycling was performed for 25 to 40 cycles with following program: 

 

95°C 30 s 

55°C 30 s 

72°C template-length (bp) / (1000bp) min 

 

The mixture is incubated at 72 °C for additional 10 minutes and the DNA was 

stored at 4 °C. 

The DNA was analyzed by agarose gel electrophoresis. DNA samples were 

mixed with one sixth of 6x agarose gel loading buffer (0.25% bromophenol 

blue, 0.25% xylene cyanol and 30% glycerol) and applied to 0.8 or 2.5% 

agarose gels (0.5x TBE buffer). DNA was separated by applying 135 V in 

0.5x TBE buffer (45 mM Tris base, 45 mM boric acid and 2 mM EDTA 

pH= 8.0). Afterwards the gel was incubated in ethidium bromide staining 

solution for 20 to 30 minutes. After destaining DNA was visualized using UV 

light on a Chemidoc XRS System (Biorad). 
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7.2.5 branched PCR 

40 pM of template DNA, 800 nM primers and 200 µM of each dNTP, 5 vol. % 

DMSO 2.5 mM MgCl2 and 2 mg/mL BSA and 0.2 U/µL Taq-DNA-polymerase 

in 25 µL KCl-Taq reaction buffer (100 mM Tris-HCl (pH 8.8 at 25°C), 500 mM 

KCl, 0.8% (v/v) Nonidet P40) was heat denatured at 95 °C for 5 min. 

Thermocycling was performed for 40 cycles with following program: 

 

88°C for 30 s 

60°C for 30 s 

72°C for 30 s 

 

The mixture is incubated at 72 °C for additional 10 minutes and the DNA was 

stored at 4 °C. 

The DNA was analyzed by agarose gel electrophoresis as described in 7.2.4. 

 

7.2.6 Freeze and Squeeze DNA Purification 

DNA was purified by agarose gel electrophoresis (7.2.4) and the bands were 

cut out. The gel was incubated for 10 min at -20 °C. The gel was centrifuged 

over a bed of glass wool for 1 min at 13000 rpm. Approx. 1 gel volume of 

water is added and after incubation of 1 min at room temperature, the gel is 

centrifuged again for 1 min at 13000 rpm over a bed of glass wool. The DNA 

was purified from the resulting solution by ethanol precipitation. 

7.2.7 Ethanol Precipitaion of DNA 

For DNA precipitation 0.1 volumes of 3 M NaOAc/HOAc (pH 5.3) followed by 

2.5 volumes of 100% ethanol were added to the DNA sample. After 

incubation for >30 min at ‐20 °C centrifugation was carried out at 4 °C and 

20,000 g for 30 min. The supernatant was discarded and 500 μL pre‐cooled 

70% ethanol were added to wash the DNA pellet followed by another 

centrifugation step for 10 min. After removing the supernatant, the pellet was 

dried in vacuo and resolved in water.  

 



Experimental Section 

112 

7.2.8 Spotting of DNA-primers 

Aminopropyl-silylated glass slides were derivatized with 1,4-phenylene 

diisothiocyanate (0.2 %, w/v) in a pyridine/dimethylformamide (10%, v/v) 

solution for 2 h at room temperature. The slides were subsequently washed 

several times with dimethylformamide and acetone, dried under a stream of 

nitrogen and stored desiccated until spotting. Spotting of 5’-amino-modified 

oligonucleotides was performed between 19°–22°C and 70–77% humidity. 

The reaction chambers were glued to the glass slide and 25 µL of a solution 

of 10 µM amino-functionalized primer in sodium phosphate buffer (15 mM, 

pH= 8.5) were pipetted onto the slide. The chambers were closed and the 

slide was incubated at room temperature over night. Subsequently, the slides 

were blocked in NH4OH solution (10%) for 30 min; this was followed by 

washing steps with water. The slides were dried under a stream of nitrogen 

and were stored at 4°C until further use.  

 

7.2.9 Spotting of PCR Product 

Aminopropyl-silylated slides were activated with 1,4-phenylene 

diisothiocyanate as described in 7.2.8. To block unreacted amino-groups on 

the surface, the slides were incubated for 2 h at room temperature in a 

solution of 1 g succinic anhydride and 1.25 mL NMI in 100 mL DMF. The 

slides were washed with DMF and acetone. 400 nM PCR product was 

dissolved in spotting buffer (10 mM Na2HPO4; pH= 8.5, 150 mM NaCl). 25 µL 

were pipetted into the reaction chambers. The reaction chambers were 

closed and incubated at room temperature for 72 h. The solution was 

pipetted off and the slide was incubated with 0.1 M 6-aminohexanoic acid in 

spotting buffer for 4 h at room temperature. The solution was removed and 

the slide was washed several times with spotting buffer. The slides were 

stored at 4 °C until further use. 

 

7.2.10 Network-PCR on Glass Slides 

Slides prepared as described in 7.2.9 were glued to reaction chambers. The 

slides were incubated for 30 minutes with pre-PCR buffer (2 mg/mL BSA, 

5 %vol. DMSO, 2.5 mM MgCl2, 100 mM Tris-HCl (pH 8.8 at 25°C), 500 mM 

KCl, 0.8% (v/v) Nonidet P40). The solution was removed and the PCR 

solution (40 pM of template DNA, 8 nM linear primers and 200 µM of each 

dNTP, 5 vol. % DMSO and 2 mg/mL BSA and 0.2 U/µL Taq-DNA-
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polymerase were dissolved in 25 µL KCl-Taq reaction buffer (100 mM Tris-

HCl (pH 8.8 at 25°C), 500 mM KCl, 0.8% (v/v) Nonidet P40)) was transferred 

to the reaction chambers. The reaction chambers were carefully closed, with 

the exclusion o fair bubbles). The slides were heat denatured for 5 min at 

95°C and then thermocycled for 10 cycles with following program: 

 

88 °C  1.5 min 

60 °C  40 s 

72 °C  30 s 

 

A final incubation at 72 °C for 10 minutes was performed. The reaction 

chambers were removed and the solutions discarded. The slides were 

washed several times with pre-PCR buffer. New reaction chambers were 

glued onto the slides and filled with PCR solution (40 pM of template DNA, 

800 nM primers and 200 µM of each dNTP, 5 vol. % DMSO, 2.5 mM MgCl2 

and 2 mg/mL BSA and 0.2 U/µL Taq-DNA-polymerase were dissolved in 25 

µL KCl-Taq reaction buffer). Thermocycling was performed for 40 cycles with 

following program: 

 

88°C  30 s 

60°C  30 s 

72°C  30 s 

 

The mixture is incubated at 72 °C for additional 10 minutes. The reaction 

chambers were removed and the slides were washed several times with 

prePCR-buffer. DNA was imaged either by staining with Sybr Green I or for 

radioactive DNA networks by phosphorimaging. 

 

7.2.11 Modification of branched DNA via CuAAC 

The branched primer bNetB (500 pmol) and Cy5-azide (50 nmol) were mixed 

and the solvent was removed. The reagent mix was prepared. 20 mM 

BTTAA, 32 mM sodium ascorbate and 4 mM CuSO4 were dissolved in 25 µL 

0.1 M sodium phosphate buffer (pH=7.0). The reagent mix was degassed 

three times. The reaction was started by adding the reagent mix to the dry 
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DNA and azide. The reaction was monitored by analytical ion exchange 

HPLC. 

Analytical HPLC was performed using a Dionex DNAPac PA-100 4·250 cm 

column using 25 mM Tris-HCL pH=8 as eluent A and 25 mM Tris-HCl, pH=8, 

0.5 M NaClO4 as eluent B. A linear gradient of 5 % B to 20 % B was applied 

with a flow rate of 1.2 mL/min. 

 

7.2.12 Modification via CuAAC on Primer Extension Reactions 

20 µl of the reaction contained 900 nM primer (5'-GTG GTG CGA AAT TTC 

TGA CAG ACA-3’), 1.2 µM template (for incorporation of dTalkyneMP: 5’-GTG 

CGT CTG TCA TGT CTG TCA GAA ATT TCG CAC CAC-3’; for 

incorporation of dCalkyneMP: 5’-ATA CAT CTA TCG TGT CTG TCA GAA ATT 

TCG CAC CAC-3’) 100 µM dNTPs in buffer (20 mM Tris HCl pH 7.5, 50 mM 

NaCl, and 2 mM MgCl2) and 200 nM of KlenTaq DNA polymerase. The 

reaction mixtures were incubated for 30 min at room temperature. The primer 

extension reactions were stopped by centrifugation of the reaction mixture 

over a microspin G25-column. 

Click reaction was carried out under a nitrogen atmosphere. A mixture of 

50 mM BTTAA, 80 mM sodium ascorbate and 10 mM CuSO4 in 40 µL 

250 mM sodium-phosphate buffer pH =7 was prepared. 20 µL of this mixture 

was transferred to a mixture of 20 µL of the G25-purified primer extension 

reaction mixtures and 10 µL of a 10 mM biotin-N3 28 solution resulting in the 

following final concentrations: 2 mM biotin-N3, 20 mM BTTAA, 32 mM sodium 

ascorbate, 4 mM CuSO4 in 50 µL 100 mM sodium-phosphate buffer pH= 7. 

The reaction mixture was incubated at room temperature for 4 h. The click 

reaction was stopped by centrifugation of the reaction mixture over a 

microspin G25-column. 

1 µL of this solution was incubated with 19 µg streptavidin (New England 

Biolabs) in a final volume of 20 µL for 30 min at room temperature. As a 

control 1 µL of the click-solution was diluted with water to 20 µL. 

All samples were diluted with 20 µL loading dye (80% [v/v] formamide, 

20 mM EDTA, 0.25% [w/v] bromophenol blue, 0.25% [w/v] xylene cyanol) 

and analyzed by 20% denaturing PAGE. Visualization was performed by 

phosphoimaging. 
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7.2.13 Reaction Kinetics of the Inverse Electron Demand Diels Alder 

Reaction with Nucleosides 

The second-order rate constant of the DARinv of dvinA and dvinU with 

tetrazine 58 was determined as described before.164 Briefly, 5 mM of the 

nucleoside and the tetrazine 58 were dissolved in 100 mM acetate buffer at 

pH 4.8. The reaction was monitored by UV spectroscopy (λ=522 nm, 

ε=437.45 l/(mol·cm). 1/c was plotted versus the time and the rate constant 

was determined from the slope of the linear regression. Each experiment was 

performed in triplicate. 

 

7.2.14 Calculations of the Frontier Orbitals for DARinv 

All quantum chemical calculations are based on Density Function Theory 

(DFT) and have been carried out using the GAUSSIAN09 program 

package.176 The model geometries of these systems were optimized using 

Lanl2DZ basis set with the Becke three parameters hybrid exchange and the 

Lee–Yang–Parr correlation functional (B3LYP).177 Quantum chemical studies 

were performed without any symmetry constraints. The closed-shell systems 

were calculated by the restricted Kohn-Sham approach (RKS).178 DFT 

calculations were carried out with B3LYP functional using Lanl2DZ effective 

core potential basis set in water using the Polarized Continuum Model 

(PCM).179 Orbital energies were analyzed using GaussSum software.180 

 

7.2.15 Inverse Electron Demand Diels Alder Reaction on Primer 

Extension Reactions 

0.9 µM (total concentration of radioactively labelled and unlabeled primer) 

primer (5’-GAC CCA CTC CAT CGA GAT TTC TC-3’), 1.2 µM template (5’-

GCG CTG GCA CGG GAG AAA TCT CGA TGG AGT GGG TC-3’), 200 µM 

dvinATP, TTP, dCTP and dGTP each and 200 nM KlenTaq DNA polymerase 

in 20 µL buffer (20 mM Tris-HCl pH 7.5, 50 mM NaCl, and 2 mM MgCl2) were 

incubated at 37 °C for 30 min. The reaction was stopped by gel filtration. 

10 µL of either a 5 mM tetrazine 58 solution or water were added and the 

samples were incubated for 4 h. The reaction was stopped by gel filtration. 

1 µL of the samples were incubated with either 19 µL streptavidin (1 mg mL-

1) or 19 µL water and incubated for further 30 min. 20 µL loading dye (80% 

[v/v] formamide, 20 mM EDTA, 0.25% [w/v] bromophenol blue, 0.25% [w/v] 
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xylene cyanol) were added and 2 µL of each samples was loaded for PAGE 

analysis. Visualization was performed by phosphoimaging. 

 

7.2.16 Inverse Electron Demand Diels Alder Reaction on PCR 

50 pM template, 0.5 µM of each primer and 200 µM of dNTPs (with dATP 

completely exchanged by dvinATP) and 0.04 U/µl Taq Polymerase in 25 µL 

reaction buffer (10 mM Tris-HCl , pH 8.8, 50 mM KCl, 2.5 mM MgCl2, 0.08 

vol% Nonidet P40) were heat denatured for 10 min at 95 °C. The solution 

was thermocycled for 30 cycles using following program: 

 

95 °C for  30 s 

55°C for  30 s 

72°C for  30 s 

 

Final elongation was performed by incubation of the solution at 72 °C for 10 

minutes. The PCR product was purified by ethanol precipitation (7.2.7). The 

pellet was dissolved in 20 µL of water and either 10 µL of tetrazine 58 (5 mM) 

or water was added. The mixture was incubated for 1 h at r.t. and then 

loaded onto a 0.8 % agarose gel. The gel was run at 120 V and stained with 

ethidium bromide (EtBr). Visualization was perfomed by recording the 

fluorescence with a camera at an excitation wavelength of 200 nm. 

 

template: pET-21b 

 

forward primer: 

5’-GCA GAG CGC AGA TAC CAA AT-3’ 

 

reverse primer: 

5’-GTT TCC CCC TGG AAG CTC-3’ 

 

4 aliquots (25 µL each) of the PCR product were pooled and incubated with 

40 µL of a 1.5 mM tetrazine 58 solution for 1 h at room temperature. As 

control, 100 µL water was treated the same way. The samples were 
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subjected to PD-10 G25 gel filtration (GE Healthcare). The collected sample 

were concentrated to 100 µL. The solution was heated for 5 min at 95 °C and 

were quickly cooled with liquid nitrogen. The solution was incubated with 

250 U benzonase (Sigma-Aldrich), 300 mU snake venom phosphodiesterase 

(Worthington) and 20 U calf intestinal phosphatase (NEB) in a total of 500 µL 

of 20 mM Tris-HCl, pH= 7.9, 100 mM NaCl, 20 mM MgCl2. The solutions 

were incubated for 14 h at 37 °C. The solutions were concentrated to 

dryness and resobilized in 100 µL water. The samples were analyzed by 

HPLC. Peaks were identified by coinjection of the nucleosides. 

 

7.2.17 Generation of Modified DNA Networks 

500 pM branched primer, 50 nM biotin-azide 26 or cRGDfK(N3), 20 mM 

BTTAA, 32 mM sodium ascorbate and 4 mM CuSO4 were dissolved in 25 µL 

0.1 M sodium phosphate buffer (pH=7). 

The branched primer bNetB (500 pmol) and Cy5-azide (50 nmol) were mixed 

and the solvent was removed. The reagent mix was prepared. 20 mM 

BTTAA, 32 mM sodium ascorbate and 4 mM CuSO4 were dissolved in 25 µL 

0.1 M sodium phosphate buffer (pH=7.0). The solution was degassed three 

times and incubated for 4 h at room temperature. The reaction product was 

purified by RP-18-HPLC (A: 0.1 M (Et3NH)OAc (pH 7.0)/CH3CN 95:5; B: 

CH3CN, 0-20 min 5-20% B in A). The modified primers were concentrated to 

dryness and dissolved to a final concentration of 10 µM. These primers were 

used for branched PCR on solid support (7.2.10). 

 

7.2.18 Southern Blot 

Biotin-modified branched primers (7.2.18) were used for branched PCR 

(7.2.5) in solution. The DNA networks were analyzed on a 0.8 % agarose gel 

(7.2.4). The gel was immersed for 30 min in 0.25 M HCl at room temperature. 

The solution was exchanged by 0.5 M NaOH, 1.5 M NaCl and incubated for 

30 min at room temperature. Finally, the gel was neutralized by incubation for 

30 min in 0.5 M Tris-HCl pH= 7, 1.5 M NaCl. A sponge was put into a bath 

containing transfer buffer (150 mM trisodium citrate, pH=7, 1.5 M NaCl). 

Several pieces of Whatman paper were put onto the sponge, followed by the 

gel. The gel was covered by a nitrocellulose membrane and further pieces of 

Whatman paper were added. Finally, several pieces of paper towels were put 
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on top the Whatman-paper. A metal block was put on top. The paper towels 

were exchanged when they were completely wetted. 

After incubation over night, the membrane was blocked in 5 % BSA in 

100 mM Tris-HCl pH=9, 10 mM NaCl, 5 mM MgCl2. The streptavidin-alkaline 

phosphatase-conjugate (2 mg/3 mL, Invitrogen) was diluted 1:500 in washing 

buffer. The membrane was immersed in the streptavidin-solution for 1 h at 

room temperature. The solution was removed and the membrane was 

washed with washing buffer. The color reaction was performed using a NBT-

tablet (Sigma Aldrich) dissolved in 1 mL 70% DMF in water and a BCIP tablet 

(Sigma Aldrich), dissolved in 1 ml DMF. 66 µL of the BCIP solution and 

330 µL of the NBT solution were added to 10 mL of the washing buffer. The 

membrane was incubated with the staining solution until clear bands formed. 

The staining was stopped by exchanging the staining solution with water. 

7.2.19 Cell Culture Experiments 

HeLa cells were maintained in DMEM-medium (Gibco) supplemented with 10 

% fetal bovine serum and penicillin/streptomycin at 37 °C with 5 % carbon 

dioxide in the headspace. For experiments, cells were grown to confluency. 

The medium was sucked up and the cells were washed with 2 mL Trypsin-

EDTA (Gibco). The solution was sucked up and the cells were incubated for 

5 min with additional Trypsin-EDTA at 37 °C. The cell suspension was diluted 

with 10 mL CO2 independent medium (Gibco) supplemented with 10 % fetal 

bovine serum and penicillin/streptomycin. 500 µL of the cell suspension was 

mixed with 500 µL CO2 independent medium and seeded onto the glass 

slides (7.2.18). The cells were incubated at 37 °C. 20 images of arbritrary 

areas of interest per condition were imaged every 30 min with an Axio 

Observer Z1 (Zeiss) equipped with an environmental chamber at 37 °C and a 

20x Plan Neo DIC objective, NA=0.4. Cells were agitated once by pipetting 

the supernatant 5 times. Cells were counted and averaged over the 20 

images of one condition and time point. Indicated errors are standard errors 

of the mean. 
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9 Appendix 

9.1 Abbreviations 

Ac2O   acetic anhydride  

AcCN   acetonitrile  

AcOH    acetic acid  

approx.   approximately  

aq.    aqueous  

bDNA   branched DNA 

br   broad signal  

bPCR   branched PCR 

BSA    bovine serum albumin  

c    concentration  

CAM   cell adhesion molecule 

°C    degrees Celsius  

CDI    carbonyl diimidazole  

CuAAC  copper catalysed azide-alkyne click chemistry  

δ   chemical shift  

d    doublet  

DAR   Diels-Alder reaction 

DARinv  inverse electron demand Diels-Alder reaction 

DCC    dicyclohexyl carbodiimide  

DIPEA   diisopropyl-ethylamine  

DMF    dimethylformamide  

DMSO   dimethylsulfoxide  

e.g.    exempli gratia, for example  

ECM   extracellular matrix 

EDC    1-ethyl-3-(3-dimethylaminopropyl)carbodiimide  

EDG   electron donating group 
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EDTA    ethylenediaminetetraacetic acid  

EC   epithelial cell 

EPC   epithelial progenitor cell 

eq.   equivalents  

ESI-MS  electronspray ionization mass spectrometry  

Et    ethyl  

EtOH    ethanol  

EWG   electron withdrawing group 

FRET    Förster resonance energy transfer  

g    gram  

h    hours  

HPLC    high pressure liquid chromatography  

HOMO  highest occupied molecular orbital 

HR-ESI-MS  high-resolution electronspray ionization mass 

spectrometry  

m    multiplet  

M    molar  

Me    methyl  

mg    milligram  

min    minutes  

µL    microliter  

mL    milliliter  

µM    micromolar  

mM    millimolar  

µmol    micromole  

mmol    millimole  

mol    mole  

LUMO   lowest unoccupied molecular orbital 

NaOAc   sodium acetate  

NHS    N-hydroxysuccinimide  
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NMR    nuclear magnetic resonance spectroscopy  

PBS    phosphate buffered saline  

PCR   polymerase chain reaction 

PDITC  phenylene diisothiocyanate 

Ph.D.    Doctor of Philosophy  

PPh3    triphenylphosphine  

ppm    parts per million  

proton sponge  1,8-bis(dimethylamino)naphthalene  

pyr.    pyridine  

q    quartet  

quint.   quintet 

r.t.    room temperature  

RNA    ribonucleic acid  

RP-HPLC   reversed phase high pressure liquid chromatography  

s    singlet  

SDS    sodium dodecylsulphate  

SDS-PAGE  sodium dodecylsulphate polyacrylamide gel 

electrophoresis  

s.e.m    standard error of mean  

SPAAC  strain promoted azide-alkyne cycloaddition 

SVPD   snake venom phosphodiesterase  

t    triplet 

TEAA    triethylammonium acetate  

TEAB    triethylammonium bicarbonate  

TEMED   tetramethylethylenediamine  

TFA    trifluoroacetyl  

TFAA    trfluoroacetic anhydride  

THF    tetrahydrofurane  

TMP    trimethyl phosphate  

UV-VIS   ultraviolet and visible part of the spectrum 
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9.2 List of DNA-Sequences for branched DNA 

9.2.1 branched Primer: 

bNet A: 3’-ATG GCA CGC AGA CAC ACG TA)3-BP 

bNet B 3’-CTC CCG AAG TGC GTA AAG CT)3-BP 

bSu A 3’-AGT GCG CAG ACC GAT CGA TT-BP-(ATG CAC ACA 

GAC GCA CGG TA-3’)2 

bSu B 3’-TGC CAC GAG ATC GCG TCT TT-BP-(TCG AAA TGC GTG 

AAG CCC TC-3’)2 

 

9.2.2 adapter Primer 

SuA-CCNH2: 5’-Amino C12-TAG GTG TTC CAC AGG GTA GC-3’ 

SuA-arev: 5’-TTA GCT AGC CAG ACG CGT GAA TCG TTC CCA CTG 

CGA TG-3’ 

SuB-CCNH2: 5’-Amino C12-GAG AAG AAC GTG AGC CAA GC-3’ 

SuB-arev: 5’-TTT CTG CGC TAG AGC ACC GTT TAG CAG CCG GAT 

CTC AGT G-3’ 

aNet-for: 5’-ATG CAC ACA GAC GCA CGG TAG GCT GAA TTT GAT 

TGC GAG T 

aNet200-rev 5’-TCG AAA TGC GTG AAG CCC TCC CGG CGT TAT TTC 

TTG ATG T 

aNet414-rev: 5’-TCG AAA TGC GTG AAG CCC TCA TTG TCG CGG CGA 

TTA AA 

aNet600-rev: 5’-TCG AAA TGC GTG AAG CCC TCT CAG GGT GGT GAA 

TGT GAA A 

 

9.2.3 Sequence of hpolβ-pET21B 

TGGCGAATGGGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTAC

GCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTC

CCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCC

CTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTAGGGT

GATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGG

AGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCT

CGGTCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGCCTATTGGTTAAAAAATG
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AGCTGATTTAACAAAAATTTAACGCGAATTTTAACAAAATATTAACGTTTACAATTTCAGG

TGGCACTTTTCGGGGAAATGTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATACATTC

AAATATGTATCCGCTCATGAGACAATAACCCTGATAAATGCTTCAATAATATTGAAAAAG

GAAGAGTATGAGTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTG

CCTTCCTGTTTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGATCAGT

TGGGTGCACGAGTGGGTTACATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAG

TTTTCGCCCCGAAGAACGTTTTCCAATGATGAGCACTTTTAAAGTTCTGCTATGTGGCG

CGGTATTATCCCGTATTGACGCCGGGCAAGAGCAACTCGGTCGCCGCATACACTATTC

TCAGAATGACTTGGTTGAGTACTCACCAGTCACAGAAAAGCATCTTACGGATGGCATGA

CAGTAAGAGAATTATGCAGTGCTGCCATAACCATGAGTGATAACACTGCGGCCAACTTA

CTTCTGACAACGATCGGAGGACCGAAGGAGCTAACCGCTTTTTTGCACAACATGGGGG

ATCATGTAACTCGCCTTGATCGTTGGGAACCGGAGCTGAATGAAGCCATACCAAACGAC

GAGCGTGACACCACGATGCCTGCAGCAATGGCAACAACGTTGCGCAAACTATTAACTG

GCGAACTACTTACTCTAGCTTCCCGGCAACAATTAATAGACTGGATGGAGGCGGATAAA

GTTGCAGGACCACTTCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGCTGATAAATC

TGGAGCCGGTGAGCGTGGGTCTCGCGGTATCATTGCAGCACTGGGGCCAGATGGTAA

GCCCTCCCGTATCGTAGTTATCTACACGACGGGGAGTCAGGCAACTATGGATGAACGA

AATAGACAGATCGCTGAGATAGGTGCCTCACTGATTAAGCATTGGTAACTGTCAGACCA

AGTTTACTCATATATACTTTAGATTGATTTAAAACTTCATTTTTAATTTAAAAGGATCTAGG

TGAAGATCCTTTTTGATAATCTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACT

GAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGC

GTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGA

TCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAA

ATACTGTCCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCG

CCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTC

GTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGC

TGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTG

AGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCG

GACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCA

GGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGC

GTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGC

GGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTT

ATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATACCGCTCGCC

GCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCTG

ATGCGGTATTTTCTCCTTACGCATCTGTGCGGTATTTCACACCGCATATATGGTGCACTC

TCAGTACAATCTGCTCTGATGCCGCATAGTTAAGCCAGTATACACTCCGCTATCGCTAC

GTGACTGGGTCATGGCTGCGCCCCGACACCCGCCAACACCCGCTGACGCGCCCTGAC

GGGCTTGTCTGCTCCCGGCATCCGCTTACAGACAAGCTGTGACCGTCTCCGGGAGCTG

CATGTGTCAGAGGTTTTCACCGTCATCACCGAAACGCGCGAGGCAGCTGCGGTAAAGC

TCATCAGCGTGGTCGTGAAGCGATTCACAGATGTCTGCCTGTTCATCCGCGTCCAGCT

CGTTGAGTTTCTCCAGAAGCGTTAATGTCTGGCTTCTGATAAAGCGGGCCATGTTAAGG

GCGGTTTTTTCCTGTTTGGTCACTGATGCCTCCGTGTAAGGGGGATTTCTGTTCATGGG

GGTAATGATACCGATGAAACGAGAGAGGATGCTCACGATACGGGTTACTGATGATGAA

CATGCCCGGTTACTGGAACGTTGTGAGGGTAAACAACTGGCGGTATGGATGCGGCGG

GACCAGAGAAAAATCACTCAGGGTCAATGCCAGCGCTTCGTTAATACAGATGTAGGTGT

TCCACAGGGTAGCCAGCAGCATCCTGCGATGCAGATCCGGAACATAATGGTGCAGGGC

GCTGACTTCCGCGTTTCCAGACTTTACGAAACACGGAAACCGAAGACCATTCATGTTGT
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TGCTCAGGTCGCAGACGTTTTGCAGCAGCAGTCGCTTCACGTTCGCTCGCGTATCGGT

GATTCATTCTGCTAACCAGTAAGGCAACCCCGCCAGCCTAGCCGGGTCCTCAACGACA

GGAGCACGATCATGCGCACCCGTGGGGCCGCCATGCCGGCGATAATGGCCTGCTTCT

CGCCGAAACGTTTGGTGGCGGGACCAGTGACGAAGGCTTGAGCGAGGGCGTGCAAGA

TTCCGAATACCGCAAGCGACAGGCCGATCATCGTCGCGCTCCAGCGAAAGCGGTCCTC

GCCGAAAATGACCCAGAGCGCTGCCGGCACCTGTCCTACGAGTTGCATGATAAAGAAG

ACAGTCATAAGTGCGGCGACGATAGTCATGCCCCGCGCCCACCGGAAGGAGCTGACT

GGGTTGAAGGCTCTCAAGGGCATCGGTCGAGATCCCGGTGCCTAATGAGTGAGCTAAC

TTACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAG

CTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCCAG

GGTGGTTTTTCTTTTCACCAGTGAGACGGGCAACAGCTGATTGCCCTTCACCGCCTGG

CCCTGAGAGAGTTGCAGCAAGCGGTCCACGCTGGTTTGCCCCAGCAGGCGAAAATCCT

GTTTGATGGTGGTTAACGGCGGGATATAACATGAGCTGTCTTCGGTATCGTCGTATCCC

ACTACCGAGATATCCGCACCAACGCGCAGCCCGGACTCGGTAATGGCGCGCATTGCG

CCCAGCGCCATCTGATCGTTGGCAACCAGCATCGCAGTGGGAACGATGCCCTCATTCA

GCATTTGCATGGTTTGTTGAAAACCGGACATGGCACTCCAGTCGCCTTCCCGTTCCGCT

ATCGGCTGAATTTGATTGCGAGTGAGATATTTATGCCAGCCAGCCAGACGCAGACGCG

CCGAGACAGAACTTAATGGGCCCGCTAACAGCGCGATTTGCTGGTGACCCAATGCGAC

CAGATGCTCCACGCCCAGTCGCGTACCGTCTTCATGGGAGAAAATAATACTGTTGATGG

GTGTCTGGTCAGAGACATCAAGAAATAACGCCGGAACATTAGTGCAGGCAGCTTCCAC

AGCAATGGCATCCTGGTCATCCAGCGGATAGTTAATGATCAGCCCACTGACGCGTTGC

GCGAGAAGATTGTGCACCGCCGCTTTACAGGCTTCGACGCCGCTTCGTTCTACCATCG

ACACCACCACGCTGGCACCCAGTTGATCGGCGCGAGATTTAATCGCCGCGACAATTTG

CGACGGCGCGTGCAGGGCCAGACTGGAGGTGGCAACGCCAATCAGCAACGACTGTTT

GCCCGCCAGTTGTTGTGCCACGCGGTTGGGAATGTAATTCAGCTCCGCCATCGCCGCT

TCCACTTTTTCCCGCGTTTTCGCAGAAACGTGGCTGGCCTGGTTCACCACGCGGGAAA

CGGTCTGATAAGAGACACCGGCATACTCTGCGACATCGTATAACGTTACTGGTTTCACA

TTCACCACCCTGAATTGACTCTCTTCCGGGCGCTATCATGCCATACCGCGAAAGGTTTT

GCGCCATTCGATGGTGTCCGGGATCTCGACGCTCTCCCTTATGCGACTCCTGCATTAG

GAAGCAGCCCAGTAGTAGGTTGAGGCCGTTGAGCACCGCCGCCGCAAGGAATGGTGC

ATGCAAGGAGATGGCGCCCAACAGTCCCCCGGCCACGGGGCCTGCCACCATACCCAC

GCCGAAACAAGCGCTCATGAGCCCGAAGTGGCGAGCCCGATCTTCCCCATCGGTGAT

GTCGGCGATATAGGCGCCAGCAACCGCACCTGTGGCGCCGGTGATGCCGGCCACGAT

GCGTCCGGCGTAGAGGATCGAGATCTCGATCCCGCGAAATTAATACGACTCACTATAG

GGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGG

AGATATACATATGGCTAGCAAACGGAAGGCGCCGCAGGAGACTCTCAACGGGGGAATC

ACCGACATGCTCACAGAACTCGCAAACTTTGAGAAGAACGTGAGCCAAGCTATCCACAA

GTACAATGCTTACAGAAAAGCAGCATCTGTTATAGCAAAATACCCACACAAAATAAAGAG

TGGAGCTGAAGCTAAGAAATTGCCTGGAGTAGGAACAAAAATTGCTGAAAAGATTGATG

AGTTTTTAGCAACTGGAAAATTACGTAAACTGGAAAAGATTCGGCAGGATGATACGAGT

TCATCCATCAATTTCCTGACTCGAGTTAGTGGCATTGGTCCATCTGCTGCAAGGAAGTT

TGTAGATGAAGGAATTAAAACACTAGAAGATCTCAGAAAAAATGAAGATAAATTGAACCA

TCATCAGCGAATTGGGCTGAAATATTTTGGGGACTTTGAAAAAAGAATTCCTCGTGAAG

AGATGTTACAAATGCAAGATATTGTACTAAATGAAGTTAAAAAAGTGGATTCTGAATACA

TTGCTACAGTCTGTGGCAGTTTCAGAAGAGGTGCAGAGTCCAGTGGTGACATGGATGT

TCTCCTGACCCATCCCAGCTTCACTTCAGAATCAACCAAACAGCCAAAACTGTTACATCA

GGTTGTGGAGCAGTTACAAAAGGTTCATTTTATCACAGATACCCTGTCAAAGGGTGAGA
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CAAAGTTCATGGGTGTTTGCCAGCTTCCCAGTAAAAATGATGAAAAAGAATATCCACAC

AGAAGAATTGATATCAGGTTGATACCCAAAGATCAGTATTACTGTGGTGTTCTCTATTTC

ACTGGGAGTGATATTTTCAATAAGAATATGAGGGCTCATGCCCTAGAAAAGGGTTTCAC

AATCAATGAGTACACCATCCGTCCCTTGGGAGTCACTGGAGTTGCAGGAGAACCCCTG

CCAGTGGATAGTGAAAAAGACATCTTTGATTACATCCAGTGGAAATACCGGGAACCCAA

GGACCGGAGCGAAGCGGCCGCACTCGAGCACCACCACCACCACCACTGAGATCCGGC

TGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTA

GCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGAAAGGAGGAA

CTATATCCGGAT 




