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1 Introduction 

1. Introduction 

Can you remember a time more life-changing and extreme than the current coronavirus 

pandemic? To date it has taken more than 3.8 million lives worldwide (status June 2021[1]), 

devastated economies across the globe and changed lives forever. From toilet paper hoarding 

to limits on gatherings, the pandemic’s immediate effects on our surrounding environment is 

omnipresent. Researchers all across the globe are racing to develop ways to treat and prevent 

new infections. Many of these treatments focus on blocking the virus’ ability to latch onto and 

infect cells in the body. SARS-CoV-2 (severe acute respiratory syndrome coronavirus type 2) 

attaches to cells using its spike (S) proteins. The surface of the spikes is densely glycosylated, 

each spike trimer displaying 66 N-linked glycosylation sites (Figure 1.).[2] The S protein binds 

carbohydrate-mediated to the angiotensin-converting enzyme 2 (ACE2) receptor, a molecule 

that sits on the surface of human cells. After binding to ACE2, the virus undergoes a structural 

change that allows it to fuse with the cell.[2-4]  

 

Figure 1.: Overlay of snapshots from simulation of the S glycoprotein with site-specific glycosylation. 
The glycans are shown in ball-and-stick representation in green, dark yellow, orange and pink. Image 
taken from GRANT et.al..[5]  

This is only one of many examples underlining the importance of protein glycosylation. Thus 

investigation of protein glycosylation, and of course not merely viral protein glycosylation, is of 

great importance for deeper understanding of the important role glycoproteins have in many 

physiological and pathophysiological processes.[6-8] In order to investigate and understand the 

processes glycans and their corresponding binding-partners are involved in, they firstly have 

to be identified. This investigation and identification, however, has proven to be difficult, for 

one because of the vast amount of natural carbohydrates occurring which can be linked at 

various sites and in different stereochemistry leading to a vast diversity of possible linear and 

branched glycoconjugates. For another, because glycans are secondary gene products and 

are not controlled by a direct genetic code. The bottleneck in investigating glycans is that 

natural glycans can only be isolated in small amounts and cannot be amplified like e.g. DNA, 
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and that the synthesis of glycans is very challenging.[9] An elegant method, which in high-

throughput manner and only with minute amounts of carbohydrate sample analyses 

carbohydrate interaction is the microarray technology.[10] In this method carbohydrate libraries 

are immobilised on a solid surface and are incubated with enzymes, antibodies, lectins, 

viruses, or even whole cells to characterise their binding specificities and affinities for up to 

serval hundred glycans at once. For efficient immobilisation, the carbohydrates are 

functionalised with a linker, mostly at their reducing end in a chemoselective reaction with 

nitrogen nucleophiles, like oxyamines. Oxyamines are especially well suited as 

glycoconjugates are gained in high yields, in one step and under mild aqueous conditions. 

Profound understanding and consequently investigation of ligation reactions is therefore 

important preparatory work for glycan analysis.  

A highly valuable method to non-destructively investigate glycosylation pattern in and on cells 

is metabolic glycoengineering (MGE).[11-15] For this, chemically modified carbohydrates are 

metabolically incorporated into glycoproteins. Due to the unnatural modification, a so-called 

reporter group, bioorthogonal ligation reactions for analysis and visualisation of the targeted 

glycoproteins can be performed. This method has been used with different carbohydrate 

derivatives[11,13,16-17] different bioorthogonal ligation reactions[18] and it can be used to visualise 

carbohydrate on the cell surface[18-20] as well as in the extra cellular matrix[21].  

In this thesis the focus is on three important aspects for better and more profound 

understanding of glycans, glycoconjugates and glycoconjugation. Firstly, on the investigation 

of the bioorthogonal light-induced 1,3-dipolar cycloaddition of a tetrazole and an alkene for 

application in MGE. Secondly on the generation and investigation of extracellular matrices 

equipped with additional functions by using MGE and the microarray technology for later 

application in wound care. And thirdly on the systematic investigation of the oxyamine ligation 

reaction for more efficient glycan ligation under aqueous conditions and without the need for 

external catalysts.  

 

  



 

 

3 State of Knowledge 

2. State of Knowledge 

2.1. Glycosylation 

One important reaction, making life on earth possible, is the unique reaction of assimilation of 

green plants. Sugar produced in this reaction is not only source of all carbohydrates, but also 

directly or indirectly, of all other components of living organisms. Plants and animals rely 

heavily on carbohydrates (e.g. starch, glycogen and sucrose) as a source of energy. Apart 

from this important nutritional role, carbohydrates also serve as a macromolecular structural 

compound (e.g. cellulose, chitin), they are a component of the energy transport compound 

adenosine triphosphate (ATP), they are one of three essential components of DNA and RNA 

and they are essential for recognition sites on cell surfaces.[22] Glycobiology investigates these 

functions of sugars, of which many are not yet well understood. The challenge lies in defining 

the biological functions of sugars attached to biomolecules inside the cell and on the cell 

membrane, in investigating in which way structural features determine and regulate these 

biological functions and in determining how these functions are carried out. Carbohydrates 

which are located on the outside of the cell surface form the so called glycocalyx.[23] When they 

are linked to biomolecules like proteins or lipids they are referred to as glycoproteins and 

glycolipids or in general as glycoconjugates; the carbohydrate part is called glycan. These 

conjugates are obtained via glycosylation i.e., the process linking carbohydrates covalently to 

the target molecules. This attachment of carbohydrates is an important posttranslational 

modification, crucial for the survival of most organisms, as e.g. without glycosylation some 

proteins fold incorrectly or are unstable (see chapter 2.1.1. Significance of Protein 

Glycosylation).[24] There is no principal function of protein- and lipid-linked glycans. They serve 

several functions on enzymes, hormones, transporters and structural elements.[23] 

Glycosylation is an enzyme-mediated reaction carried out site-specifically during the transport 

of the glycoconjugate through the rough endoplasmic reticulum (ER) and the Golgi apparatus, 

with no template or direct genetic code.[24] There are eight different monosaccharides (D-

glucose, D-mannose, D-galactose, L-fucose, N-acetyl-D-galactosamine, N-acetyl-D-

glucosamine, N-acetyl-neuraminic acid, and D- xylose)[24] known to be contained in eukaryotic 

glycans, which can be linked at various sites and in different stereochemistry leading to a vast 

diversity of possible linear and branched glycoconjugates. Enzymes can identify the structure 

of glycans and add and/or remove single monosaccharides, creating structurally different 

glycans. These small differences between basically identical molecules are called 

microheterogeneity (see chapter 2.2. Biosynthesis of Glycans/ 2.2.2. N-Glycoprotein 

Biosynthesis). The structural differences of carbohydrate mono- and oligomers have a major 

impact on their chemistry and biology, making firstly the amount of information that 

carbohydrates can carry significantly more than that of proteins and secondly enlarge the 
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repertoire of protein’s characteristics, to a greater diversity than encoded on the genome. This 

makes research on glycans a challenging task.[25] 

Besides glycophosphatidylinositol(GPI)-anchored proteins, the two most frequent chemical 

linkage types between carbohydrates and proteins are N-glycosidic and O-glycosidic bonds. 

In N-glycans, there always is a -N-glycosidic linkage between the N-acetylglucosamine of the 

core pentasaccharide (Man3-GlcNAc2-) to an asparagine (Asn) residue of the polypeptide 

chain (Asn-Xaa-Ser/Thr, with Xaa = any amino acid but prolin). The structure of N-linked 

glycans usually falls within three major types: the high-mannose, the complex and the hybrid 

type. They share the core pentasaccharide and differ mainly in their branching patterns (Figure 

2.1.).[23,26] In O-glycoproteins the sugar portion is O- glycosidically linked to an OH-group in the 

side chain of a serine (Ser) or threonine (Thr) residue in the peptide moiety.[26] As O-glycans 

do not share a common core region, different types of O-glycosylation can be defined, 

depending on the type of monosaccharide that is attached directly to the peptide. For example, 

in mucin-type glycans the glycan chain starts with N-acetyl-galactosamine (GalNAc) -O- 

glycosidically linked to the protein.[24]  

 

Figure 2.1.: The three general types of eukaryotic N-glycans: A high mannose, B complex, and C hybrid. 
Each N-glycan contains the common core Man3GlcNAc2Asn. D O-glycans, mucin-type linked via 
GalNAc to either Ser or Thr. 

2.1.1. Significance of Protein Glycosylation 

As mentioned above, glycosylation is important for protein processing, as it affects the three-

dimensional structure of proteins and thereby influences the proteins function, stability, 

immunogenicity, circulatory half-life, and consequently drug efficiency.[6] It is estimated that up 

to 50% of all proteins in nature, in particular secreted and transmembrane proteins of 

eukaryotes, are glycosylated. 90% of these glycoproteins are N-glycosylated.[24,27-28] Their 

main tasks include the regulation and/or enhancement of physicochemical properties of 

proteins, signalling pathways and adhesion processes.[7] Apart from their valuable 

physiological role, glycans are also involved in pathophysiological processes. To give an 

impression of the significance to understand protein glycosylation, some examples are given 

here: 
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Information on “Age” is stored within glycans. An example is the disposal of old erythrocytes 

from the blood. As erythrocytes age their glycocalyx is gradually desialylated, which increases 

the number of exposed galactose moieties on its surface. This allows asialoglycoprotein 

receptors (ASGP-R) in the liver to identify old erythrocytes and induce their destruction.[29-30] 

Crucial physicochemical properties like correct protein folding is mediated by proteins that bind 

to the glycan part of glycoproteins, so called glycan-binding proteins (GBPs) or lectins. 

Membrane-bound calnexin and its soluble homologue calreticulin are examples hereof. In the 

ER these lectins bind to incomplete or incorrect folded N-glycoproteins and assist as 

chaperons the correct folding. Furthermore, they prevent incorrectly folded proteins from 

leaving the ER.[31-32] 

Also, viruses, bacteria and fungi express an enormous array of GBPs. An example is the toxin 

from Vibrio cholerae (cholera toxin) or the shiga toxin, produced by Shigella dysenteriae. Their 

glycan-binding subunits allow the toxin to combine with membrane glycoconjugates and deliver 

the active toxic subunit across the membrane.[24]  

Furthermore, glycosylation can enhance protein stabilisation as well as protein dynamic and 

activity. The glycosylated Ribonuclease (RNase) B shows superior stability compared to its 

non-glycosylated form RNase A. In contrast to the lower stability of RNase A, its enzymatic 

activity is three times higher than that of RNase B.[33] 

An example of N-glycans modelling an adhesion process is found in the glycoproteins of the 

HIV viral coat, GP120. This heavily glycosylated protein is essential for the initial contact 

between the HI virus and a host cell by mediating the adhesion. GP120 enables, together with 

the host cell’s CD4 protein, a membrane fusion between host cell and virus particle. Also, the 

heavy glycosylation on GP120 acts as a natural barrier, defending itself from immune cells and 

antibodies, which makes recognition and elimination of the HIV virus difficult for the immune 

system.[34-35] 

For the immune system to respond to an invading pathogen, it needs to first identify the threat 

as “non-self”. It was found that many of the “pathogen-associated molecular patterns” (PAMPs) 

and “danger associated molecular patterns” (DAMPs) are glycoconjugates, and their immune 

receptors are lectins. One example are the mannose-binding lectins (MBLs), which recognise 

foreign glycan patterns present on microbes and injured host cells.[36-37] To conceal themselves 

from the immune system some pathogens even synthesise glycans mimicking the host cells 

glycosylation pattern.[38-39] 

Changes in the natural glycosylation pattern of glycoproteins can play an important role in 

diseases such as rheumatoid arthritis (RA). In RA patient’s serum, among others, a reduction 

in galactose in immunoglobulin G (IgG) N-glycans and an increase in fucose residues in α1-

acid glycoprotein have been observed. This indicates that RA may be a glycosylation-related 
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disease, reflecting changes in the intracellular processing, or degradation of N-linked 

oligosaccharides.[40-41]  

Also, glycans are involved in cell-cell communication and cell trafficking; for example in the 

navigation and recruitment of leukocytes into different tissues.[42] 

The involvement of glycans in cancer is still under investigation. Because of dysregulated 

enzymes tumour cells show significant alterations in their cell surface glycosylation pattern. An 

increase of certain sialylated glycans is a well-known characteristic of cancer cells and altered 

sialylation has long been associated with metastatic cell behaviour. Understanding these 

changes is therefore extremely important so that glycoproteins could be used as biomarkers 

thereby improving diagnostics and therapeutic strategies.[43-45] It becomes clear from these 

examples that understanding and investigating protein- glycan interaction is of huge interested 

and an important topic to be investigated. 

 

2.2. Biosynthesis of Glycans 

The synthesis of glycans starts with the monosaccharides, the basic building blocks of 

carbohydrates. There are different ways to obtain them. They can be synthesised by the cell 

itself or imported from the outside into the cell, where they are firstly phosphorylated and then 

reacted with a nucleotide triphosphate resulting in a nucleotide-activated carbohydrate. 

Glycosyltransferases transfer the activated carbohydrates onto proteins or growing glycan 

chains. Monosaccharides can also be obtained by the salvage pathway, i.e. through 

breakdown of oligosaccharides in lysosomes and subsequent transfer of monosaccharides to 

the cytosol. A third way is the interconversion of nucleotide-activated carbohydrates achieved 

by multiple enzymatic activities. This so-called interconversion pathway plays a major role in 

maintaining stable intracellular levels of nucleotide-activated sugars under conditions where 

the supply of specific monosaccharides may be limited. As enzyme activity varies by cell type 

and intracellular compartment, different cells can synthesise glycoproteins with different glycan 

structure. The glycosylation process seems chaotic, but in fact is a series of very ordered, 

consecutive reactions, each step and enzyme activity dependents on the completion of the 

preceding enzymatic reaction.[24] Scheme 2.1. gives an overview over the biosynthesis and 

interconversion of common monosaccharides. It shows the complexity of glycoconjugate 

biosynthesis, the high number of enzymes involved and the many interconversion possibilities. 

Every branching points give scientists the opportunity to interfere with the system at different 

stages and with different sugar derivatives. 
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B) 
 

 
 
Scheme 2.1.: A) Biosynthesis and interconversion of monosaccharides. The relative contributions of 
each pathway under physiological conditions are unknown. (    ) donors; (     ) monosaccharides;  
(  ) control points. Taken from Essentials of Glycobiology, 3rd edition[24] B) carbohydrate symbol 
representations modified by the CFG[46] and the editors of “Essentials of Glycobiology”[24]. 

 

For this thesis, mainly the biosynthesis of sialic acids (Neu5Ac) and the synthesis of N-

glycoproteins are of interest and are discussed in more detail. 

 

2.2.1. Sialic Acid Biosynthesis 

Sialic acid is a carbohydrate where the C1 position is a carboxylate group that is ionized at 

physiological pH giving it a negative charge. They are mostly attached to the terminal ends of 

glycans on the glycocalyx, where they are involved in defence and communication 

mechanisms of the cells. They shield recognition sites and serve as anti-recognition agents, 

for example against pathogens. They also are involved in multiple interaction and recognition 

events, for example with hormones, lectins and antibodies.[47-48] Sialic acids are also referred 

to as neuraminic acids and about 50 different types are known. The most common one is N-

acetylneuraminic acid (Neu5Ac), followed by N-glycolylneuraminic acid (Neu5Gc) and N-

acetyl-9-O-acetylneuraminic acid (Neu5Ac9Ac).[47]
 The biosynthesis of CMP-activated sialic 

acid (CMP-Sia) is described hereinafter, focusing only on Neu5Ac (Figure 2.1.).[24,48] Its 

A) 
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precursor N-acetylmannosamine (ManNAc) can be obtained from the extracellular 

environment or by enzymatic conversion from GlcNAc by GlcNAc-2-epimerase or from UDP-

GlcNAc by UDP-GlcNAc-2-epimerase. Latter also catalyses, the conversion of ManNAc to 

ManNAc-6-phosphate as ManNAc-6-kinase. This enzyme is inhibited by CMP-Neu5Ac, 

exemplifying the high order and tight regulation of biosynthetic pathways.[48-49] ManNAc-6-

phosphate is then converted by the Neu5Ac-9-phosphate synthase using 

phosphoenolpyruvate (PEP) to Neu5Ac-9-phosphate, which is dephosphorylated by Neu5Ac-

9-phosphate phosphatase to become the sialic acid Neu5Ac. Neu5Ac is synthesised in the 

cytosol and is activated to CMP-Neu5Ac by CMP-Neu5Ac synthase in the nucleus. CMP-

Neu5Ac is transported to the cytosol and subsequently to the Golgi lumen by the CMP-Sia 

transporter where it serves as a donor substrate to sialyltransferases that incorporate it at the 

nonreducing end of mature glycans. There are 20 different sialyltransferases that transfer 

CMP-Sia onto a glycoprotein or glycolipid.[48] The completed glycoconjugate can be 

transferred, for example, to the cell membrane. Removal of sialic acids is catalysed by four 

different sialidases.[24] The interconversion of ManNAc to Neu5Ac enables scientists to 

incorporate unnatural sialic acids without actually synthesising them, by simply offering 

unnatural ManNAc derivatives to the cells. As Scheme 2.1. shows GlcNAc derivatives can be 

use, too. These derivatives however have different functions and UDP-GlcNAc is not only a 

precursor for ManNAc but can also be converted to UDP-GalNAc and is most importantly an 

intermediate for the O-GlcNAcylation of proteins.[48] An application of modified carbohydrate 

derivatives is the modification of glycoproteins using metabolic glycoengineering (see chapter 

2.3. Metabolic Glycoengineering). 

 

2.2.2. N-Glycoprotein Biosynthesis 

All glycans, thus also N-glycans are not encoded by a DNA template but are secondary gene 

products assembled by various enzymes. This, in combination with possible 

microheterogeneity can result in specific proteins with very different glycosylation patterns (see 

chapter 2.1 Glycosylation). Scheme 2.2. shows a summary of N-linked glycosylation, the exact 

process is much more complex. It can roughly be divided into three stages:  

(1) Synthesis of a dolichol phosphate-linked heptasaccharide precursor on the 

endoplasmic reticulum (ER) surface. Translocation by a flipase to the luminal face of 

the ER and further elongation of the core structure. Transfer by an 

oligosaccharyltransferase (OST) from the dolichol phosphate anchor to nascent 

peptides emerging from membrane-bound ribosomes where they are attached to 

asparagine side chain.  
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(2) Synthesis and remodelling of branched oligosaccharide chains by trimming and adding 

carried out in the Golgi complex by Golgi glycosyltransferases.  

(3) Secretion of glycoprotein into the cytosol or transport to the plasma membrane.[24,50] 

 

Scheme 2.2.: Schematic representation of N-glycoprotein biosynthesis in eukaryotes. A) Glycosylation 
of dolichol phosphate. B) Translocation of the glycan precursor across the ER membrane. C) Elongation 
of the glycan structure. D) Transfer of the glycan to the nascent peptide chain at membrane-bound 
ribosomes. E) Transport of the glycoprotein to the Golgi complex and remodelling of the N-linked glycan. 
F) Secretion into the cytosol or transport to the plasma membrane. Adapted from Schwarz et al.[50]  
 

 

2.3. Metabolic Glycoengineering (MGE) 

2.3.1. Bioorthogonal Ligation Reactions for MGE 

Metabolic glycoengineering (MGE) is a technique that investigates glycosylation by utilising 

the cells ability to metabolise and incorporate synthetic monosaccharides bearing unnatural 

chemical groups into the cellular architecture. The introduced derivative is taken up into the 

cell, transformed by several enzymatic steps (see chapter 2.2. Biosynthesis of Glycans) and 

incorporated instead of the natural one, resulting in e.g. cell-surface glycans bearing unnatural 

functional groups (Scheme 2.3.). Peracetylated monosaccharides much easier penetrate the 

cell membrane and are thus commonly used in cell experiments.[51-52] Inside the cell, 

acetylesterases cleave off the acetyl protecting groups, yielding the unprotected, unnatural 

monosaccharide. However, there are limits to the incorporation, as N-acetyl mannosamine 

(ManNAc) 6-kinase does only accept carbohydrate derivatives carrying slightly modified and 

small N-acyl groups.[13] Aside from ManNAc derivatives, other carbohydrates such as GalNAc 

(N-acetyl galactosamine)[16,53], L-fucose[54-55] or GlcNAc (N-acetyl glucosamine)[11] derivatives 

have also proven to be accepted.  
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Scheme 2.3.: Metabolic glycoengineering of unnatural ManNAcX derivative and ligation reaction of 
corresponding unnatural sialic acid derivative.  

 

REUTER and co-workers reported 1992 on ManNAc derivatives with unnatural N-acyl side 

chains (N-propanoyl, N-butanoyl, and N-pentanoyl).[11] 1997 the group around BERTOZZI 

investigated an unnatural derivative of ManNAc containing a ketone group. This carbohydrate 

was converted to the corresponding sialic acid and incorporated into cell surface glycan chains, 

resulting in a cell surface bearing ketone groups.[12,56-57]  

After successful incorporation, a molecule bearing a complementary reactive functional group 

is introduced and will react with the modified carbohydrate moiety. For a ketone group that 

would be a hydrazide. The ketone group allows to covalently link the molecule bearing the 

hydrazide moiety to the cell surface,[12,56] this is called a bioorthogonal ligation reaction. Ligation 

reactions enable researchers to selectively link molecules, immobilise substrates on surfaces, 

or attach moieties like probes or fluorescent dyes. The labelled cells can then be visualised 

and analysed using confocal fluorescence microscopy, flow cytometry or various other 

analytical methods. Bioorthogonal ligation reactions have become very popular as scientists 

are very interested in developing methods to study the dynamics and functions of biomolecules 

in their native surroundings. To be classified as a bioorthogonal reaction several conditions 

have to be fulfilled: the reactants must be highly selective between functional groups and 

mutually reactive, but are not allowed to cross-react or interact in any way with biological 

functionalities or reactions in the cell. Reactants as well as forming products have to be stable 

and nontoxic in physiological settings. Reaction conditions must be adaptable to the cellular 

environment and preferably the reaction should be fast. 

 

Hereinafter bioorthogonal ligation reactions successfully applied in MGE are described. 

The group of BERTOZZI with the already mentioned ketone-hydrazide reaction were the first to 

establish a ligation reaction in MGE (Scheme 2.4.A). The ketone (or aldehyde) situated on the 

side chain of a sugar selectively reacts with a hydrazide yielding a stable hydrazone. The 
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usage of this reaction in living organisms is not possible as a pH of 5‒6 is required for an 

adequate reaction rate.[13,58]  

Alternatively, to ketones/ aldehydes, the group around BERTOZZI used azides. These react with 

triarylphosphines bearing an ester group situated ortho to the phosphorus, yielding in an aza-

ylide intermediate. After an intramolecular cyclisation the ester reacts with the nucleophilic aza-

ylide, forming a covalent amide bond.[59-60] This Staudinger ligation (Scheme 2.4.B) is the first 

truly bioorthogonal reaction. It is quite slow and it needs high concentrations of the cytotoxic 

phosphine reagent as this is easily oxidized by air,[60] but the reaction works in water, at room 

temperature and neutral pH, enabling application in living cells.[61-62] 

 

Scheme 2.4.: (A) Ketone-hydrazide ligation and (B) Staudinger ligation. 

 

Another ligation reaction, utilising the small, bioorthogonal azide group is the azide-alkyne 

cycloaddition (AAC). HUISGEN developed this 1,3 dipolar cycloaddition in 1963. He used azides 

as 1,3-dipoles to react in a [3+2] dipolar cycloaddition with alkynes.[63] In 2002 SHARPLESS and 

MELDAL both found copper(I) to be a suitable catalyst.[64-65] The Cu(I)-catalysed azide-alkyne 

cycloaddition (CuAAC, Scheme 2.5.A), also known as “click-chemistry”, gives at room 

temperature, with high reactivity and in high yields chemically robust triazoles with exclusive 

1,4-regioselectivity. The azide as well as the alkyne are small and can easily be used as 

chemical reporters for tagging cells. But as copper(I) is cytotoxic, the application of CuAAC in 

MGE is difficult. More suitable for biological systems are copper-chelating ligands. Polytriazole 

TBTA was the first copper(I) stabilizing ligand[66], over the course of years more were 

developed: e.g. THPTA[67] being more water soluble or BTTES[68] enhancing the reaction rate. 

Another kind of AAC, a copper free variant, is the strain-promoted azide-alkyne cycloaddition 

(SPAAC, Scheme 2.5.B). In this method, an alkyne is activated by ring strain, for example 

cyclooctyne. SPAAC has a lower reaction rate than CuAAC, but as copper is not needed as a 

catalyst no cytotoxicity is observed,[69] enabling its use in living systems. Several strained 

alkyne derivatives have been developed and applied as ligation partners for azides; e.g. DIFO 

(difluorinated cyclooctyne)[70], DIBO (4-dibenzocyclooctynol)[71], BCN (bicyclo[6.1.0]nonyne)[72] 
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or TMTH (3,3,6,6-tetramethyl-thiacycloheptyne)[73]. Strained cyclooctynes, for example DIBO, 

can lead to unspecific background staining due to a reaction with thiols.[74] To reduce this 

background staining fluorogenic probes like fluorescein-conjugated dibenzocyclooctyne (FC-

DBCO)[75] and also click-activatable fluorescent probes, meaning probes that are only 

fluorescent after the reaction, have been developed.[76-77] 

 

 

Scheme 2.5.: Azide-alkyne cycloaddition in the (A) copper-catalyzed and (B) strain promoted variant. 
 

A different catalyst-free ligation reaction is the inverse-electron-demand Diels-Alder (DAinv) 

reaction, which was reported independently by FOX[78], WIEßLER[79], and HILDEBRAND[80] as a 

bioorthogonal ligation reaction. Here the chemical reporter group is an alkene reacting with a 

tetrazine (Figure 2.2.A).[81] The formed highly strained bicyclic intermediate reacts in a retro 

Diels-Alder reaction yielding in 4,5- dihydropyridazine. Due to nitrogen release the reaction is 

irreversible and following air oxidation leads to the corresponding pyridazines. Insight into 

mechanistic and kinetic aspects of the DAinv reaction was given by the group around SAUER.[82-

85] Kinetics are determined by the HOMOdienophile (alkene) – LUMOdiene (tetrazine) gap. A smaller 

energy difference between the frontier molecular orbitals accelerates the reactions rate, thus 

for the DAinv reaction electron-rich dienophiles and electron-poor dienes are most beneficial. 

The reaction rate of cycloalkenes, e.g. norbornenes, trans-cyclooctenes (TCO) or 

cyclopropenes is considerably higher than of acyclic alkenes. This is due to their ring strain 

being released upon reaction (Figure 2.2.B).[83,85-88] Lately bioorthogonal turn-on probes linked 

to tetrazine[89-91] and photo-caged Q-rhodamines and fluoresceins linked to proteins[92] were 

developed. By significantly increasing the signal-to-background ratio, they facilitate imaging 

targets inside living cells. In addition to alkenes also some strained alkynes like BCN or 

cyclooctyne react with tetrazines in a DAinv reaction (Figure 2.2.B);[93-96] other strained alkynes 

like DIBO do not react with tetrazines.[96] This gives the opportunity to use certain alkenes‒
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alkynes pairs in one experiment, conducting the DAinv reaction and the SPAAC at the same 

time and orthogonal to each other.[97] Because in MGE only small reporter groups are readily 

accepted by the biosynthetic machinery, the main disadvantage of the DAinv reaction is the 

size of tetrazines and strained alkenes (or alkynes), in comparison to azides or alkynes. 

Attractive bioorthogonal reporters used for the DAinv reaction are terminal alkenes [98] (also 

incorporated in unnatural amino acids[99]) and especially the small cyclopropenes 

independently explored by the groups of DEVARAJ[100] and PRESCHER[97] and applied for 

MGE[101-105]. 

 

Figure 2.2.: A) Inverse-electron-demand Diels-Alder (DAinv) reaction. Only one dihydropyridazine 
tautomer is depicted. B) Strained alkenes and alkynes used in the DAinv reaction. 

 

A newer addition to the toolbox of bioorthogonal ligation reactions is the light-induced 1,3-

dipolar cycloaddition of a tetrazole and an alkene (short photoclick reaction). The concept was 

first reported by HUISGEN and SUSTMANN between a 2,5-diphenyltetrazole and methyl 

crotonate in benzene in 1967.[106] In 2008 it was reinvestigated by the group of LIN and firstly 

reported as a bioorthogonal ligation reaction.[107-108] The photoclick reaction starts with a light 

induced decomposition of tetrazoles. By releasing molecular nitrogen, a nitrile imine 

intermediate is generated, which reacts with various unactivated alkenes and alkynes through 

a 1,3-dipolar cycloaddition yielding in stable, fluorescent pyrazoline compounds (Scheme 

2.6.)[109]. The presence of this short-lived and highly reactive nitrile imine intermediate was 

discovered by HOLM in 1980.[110]  
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Scheme 2.6.: Photoactivated 1,3-dipolar cycloaddition of a tetrazole with an alkene yielding in a 
pyrazoline. 

In this reaction, the two -electrons of the alkene (LUMO) and the four electrons of the dipolar 

compound (HOMO) are in involved, forming the new bonds of the pyrazoline compound. 

Electron-withdrawing groups (EWG) on the dipolarophile (= alkene) favour the interaction of 

the dipolarophiles LUMO with the dipoles HOMO, whereas electron donating groups on the 

dipolarophile have the opposing effect.[111] The rate of the reaction can also be accelerated by 

the use of strained alkenes like norbornenes[112] or cyclopropenes[113-114].  

The photoclick reaction can theoretically yield in two isomers, the 4- and the 5-substituted 

pyrazolines. Due to electronic effects the majority of reactions favour the 5-substituted 

pyrazoline.[115] By using mild conditions the 5-substituted pyrazoline is obtained exclusively, 

simplifying analysis significantly.[116-117] Once the tetrazole photoclick reaction to the pyrazoline 

compound is completed, consecutive reactions such as its oxidation to the corresponding 

pyrazole are also reported.[116]  

Since nitrile imines are unstable, they have to be generated in situ.[116-117] Multiple ways are 

reported: in 1962 the basic activation of hydrazonoyl chlorides at room temperature or the 

thermolysis of tetrazoles at 150 – 160°C, followed by nitrogen release were reported.[118] Latter 

has the advantage that loss of nitrogen makes the reaction irreversible. In the later 1960s the 

basic activation of α-nitro phenylhydrazones[119-120] and the photolysis of tetrazoles[120] were 

also reported. For the basic activation as well as for the photolysis applies that the first step, 

which yields the nitrile imine, is rate determining.[121] 

A great advantage of the photo activation is that the reaction can be started at a chosen time 

and location, thus temporal as well as spatial control over the reaction is gained. Furthermore, 

stable and fluorescent pyrazolines are formed, which can be readout and imaged directly 

without the requirement of further purification. Also, the photoclick reaction has several 

advantages over other click reactions: for example, it does not require a metal catalyst; 

tetrazole-based molecules are gained from short synthetic routes and can be activated simply 

by use of a handheld UV lamp; also the reaction is monitored easily as fluorescent pyrazoline 

cycloadducts form and the only byproduct is nontoxic nitrogen.[122] But, several side reactions 

occur due to the high reactivity of the nitrile imine. Hydrolysis[123-124], dimerisation of nitrile imine 

yielding tetrazines[116] and reactions with amino acid residues[125] (e.g. tryptophan[126]) were 

observed and reported. To keep in mind is that all of these studies were performed in absence 
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of the most compatible reaction partners of nitrile imines, which are electron deficient alkenes. 

Thus, in presence of a reactive dipolarophile, by utilising the selectivity among the differently 

reactive alkenes and by choosing suitable reaction conditions the side reactions should be 

negligible. Also the usage of UV light for tetrazole activation is toxic for cells, even though only 

short irradiation times (seconds to minutes) are necessary for the photoclick reaction some 

damage is caused. Using tetrazoles with lower excitation energy is beneficial. Such 

naphthalene- and thiophene-based tetrazoles were developed by the group of LIN with 

excitation wavelengths up to 700 nm (Chart 2.1.).[113,127-129]  

 

Chart 2.1.: Selected tetrazoles and their activation wavelengths.[130-133] 

 

2.3.2. Applied Metabolic Glycoengineering 

As said at the beginning of the chapter, different monosaccharide derivate are used in MGE. 

Because mannosamine derivatives are well accepted by the cellular machinery and are mainly 

incorporated on the cell surface as terminal sialic acids of N-glycans and because sialic acids 

are present in large number, they can easily be analysed by microscopy and are thus used in 

most experiments, especially when a new method has to be established.[16,62,103,134-136] Based 

on the aforesaid findings of REUTTER[11] mostly the N-acyl group of the sugar is derivatised. For 

example ketones (Ac4ManNLev[56]), azides (Ac4ManNAz[59]), alkynes (Ac4ManNAlk[137], 

Ac4ManPoc[135]), various terminal (e.g. Ac4ManNPtl[98], Ac4ManNBeoc[20]) and cyclic alkenes 

(Ac4ManNCyc[101], Ac4ManNCyoc[102], Ac4ManNCp[104]) as well as isonitriles (Ac4ManN-o-

Iso[138]) and the diazo group (Ac4ManDiaz[139]) have been introduced as chemical reporter 

groups (Chart 2.2.). The azido sugar Ac4ManNAz is the most commonly used derivative to 

label cells[67,75,140-141], mice[142-143], zebrafish embryos[144] as well as enveloped viruses[145] with 

different ligation reactions. Specific proteins can be analysed by using Förster resonance 

energy transfer (FRET) microscopy.[146-147]  

To circumvent the enzymatic interconversion steps of MGE and the associated difficulties, 

sialic acid derivatives were employed directly.[148-149] For example BCN conjugated sialic acid 

for the DAinv reaction within live zebrafish embryos;[93] or CMP activated azido sialic acid in 

the SPAAC for selective exo-enzymatic labelling with a sialyltransferase.[150] MGE was also 

used for photocrosslinking, where instead of the chemical reporter a diazirine (Ac4ManNDAz, 
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Chart 2.2.) was incorporated which is photoactivated and covalently traps glycoprotein 

interactions.[151]  

 

 

Chart 2.2.: Selected structures of mannosamine derivatives used in metabolic glycoengineering. 

Regardless of the incorporated reporter group and the applied ligation reaction, MGE faces yet 

another challenge as the monosaccharides are metabolically transformed into one another 

(see chapter 2.2. Biosynthesis of Glycans); e.g. UDP-GlcNAc into UDP-GalNAc [53,152] and vice 

versa as well as GlcNAc into ManNAc and reverse. The group of PRATT was able to avoid this 

interconversion by introducing a 6-azido GlcNAc derivative (Ac36AzGlcNAc), which is 

selectively incorporated into O-GlcNAcylated proteins.[153] 

An attractive applicability of different bioorthogonal ligation reactions is their possible 

orthogonality.[154-155] Different monosaccharide derivatives bearing different reporter groups are 

used in orthogonal ligation reactions in a way that two unnatural carbohydrate derivatives can 

be detected in one experiment, even on one cell. When two fluorescent dyes are used this is 

called dual labelling strategy. Among the first to try this method was the group of BERTOZZI 

who incorporated Ac4ManNLev together with Ac4ManNAz[141] and also Ac4ManNLev together 

with Ac4GalNAz[58] and labelled them using the ketone-hydrazide and the Staudinger ligation. 

In 2013, the group around PRESCHER showed by using differently substituted methyl 

cyclopropene model proteins, that the tetrazole photoclick reaction and the tetrazine DAinv 

reaction are compatible in one experiment.[114] The WITTMANN group exploited the orthogonality 

of Ac4ManNPtl and Ac4GalNAz[98] as well as Ac4ManNCyoc and Ac4GlcNAz[102] and the DAinv 

reaction and the SPAAC were used in one experiment. Also, in 2019 the WITTMANN group was 

the first to use the photoclick reaction to label carbohydrates for MGE, in the course of this 

they also performed triple orthogonal labeling of glycans by applying the photoclick reaction, 

the DAinv reaction and the SPAAC in one experiment.[18] 
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Mostly mass spectrometry, Western blot analysis and microscopy are used to study the 

incorporation level into cells. The WITTMANN group also used another method, the DMB (1,2‐

diamino‐4,5‐methylenedioxybenzene) labelling reaction by which the incorporation efficiency 

(IE) of sialic acids can be determined. The labelling efficiency is not only dependent on the 

reaction rate of the bioorthogonal ligation reaction but also on the extent by which the natural 

sialic acids are replaced by the modified ones, thus the acceptance of the unnatural derivative 

by the biosynthetic machinery of the cell, thus the IE. DOLD et al. used DMB labelling for the 

detection and quantification of sialic acid derivatives after MGE with various azide‐ and alkene‐

modified ManNAc, GlcNAc, and GalNAc derivatives. They found for decreasing side chain 

length of the unnatural monosaccharides an increase for the IE, and a decrease of the rate of 

the DAinv reaction. Thus a certain chain length is an optimal balance between IE and reactivity, 

visible by the highest labelling intensity on the surface of the cells.[19] The WITTMANN group 

showed that the maximal IE is achieved between 24 – 48 hours after addition of the 

monosaccharides.[156] Furthermore, certain GlcNAc derivatives are converted to sialic acid, 

leading to the cell‐surface staining, whereas the corresponding GalNAc derivatives are not.[105] 

This might be due to additional enzymatic steps required to convert GalNAc derivatives to the 

corresponding GlcNAc derivatives (see chapter 2.2.1. Sialic Acid Biosynthesis).[156] In 

HEK293T cells they found that the investigated sugars induce an increased sialic acid 

biosynthesis. Cell fractionation experiments showed that the cell interior fraction has the 

largest contribution to the observed increase in sialic acid levels whereas sialic acid levels in 

the membrane fraction are only moderately increased.[156]  

 

2.4. Cellular Adhesion  

All cells in solid tissue are surrounded by extracellular matrix (ECM). The ECM is a gel-like 

three-dimensional structure composed of proteins and polysaccharides released by cells into 

space between them. ECM organisation and ECM components differ from tissue type to tissue 

type, which enables each specialised ECM to carry out tissue-specific roles. The ECM provides 

cells with a medium for extracellular communication assisted by cell adhesion molecules 

(CAMs), with the possibility of cell migration during cell development and wound repair and 

with a stable position in tissues through cell matrix adhesion. In the dynamic process of cell 

adhesion cells and ECM, adjacent cells or cells and substrates form contacts with each other. 

Adhesion plays an important role in cell communication and regulation and is of great 

importance in the development and maintenance of tissues. The adhesion process is mediated 

by specific interactions between CAMs, which are specialised transmembrane glycoprotein 

complexes such as selectins or integrins and their appropriate ligands.[157] Selectins are 

carbohydrate-binding proteins (lectins). When for example tissue is infected, endothelial cells 

in the venules express selectins. The carbohydrate coating of leukocytes adhere to the lectins 
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enabling them to migrate into the infected tissue.[158] Integrins are cell-surface receptors, 

important for the regulation of communication between cells and their environment and they 

play various roles in differentiation. Many integrins recognise the tripeptide motif arginine-

glycin-aspartic (RGD).[159] This motif can be found in many components of the ECM like 

laminin, collagen, and fibronectin. RGD mediates cell adhesion by mechanically anchoring 

cells.[160] 

An example of carbohydrate involvement in cell adhesion are galectins, which bear one 

carbohydrate binding domain. E.g., Galectin-3 interact with the Thomsen-Friedenreich 

disaccharide on cancer-associated mucin1, promoting the adhesion of cancer cell to 

endothelial cells by revealing adhesion molecules that are otherwise concealed.[161]  

As cell adhesion is of fundamental importance, the study of this field has been widely explored 

in cellular biology, biomedicine, and engineering. Every application has its own requirements 

regarding cell adhesion; these requirements depend on the specific applications of the cells. 

For example: Artificial heart valves and blood vessels must not adhere cells or plasma proteins, 

because of risk of thrombosis and embolism. But materials used in scaffolds for tissue 

generation or implants should promote cells’ adhesion and proliferation.[162] Because 

carbohydrates take part in essential functions in biological systems and interact with various 

biomolecules, they are sought-after biomaterials. Polysaccharides, such as chitosan or 

hyaluronic acid, have been used as biomaterials for many years, because of their ability to 

support and control tissue growth, to mimic the ECM and their biocompatibility.[163-166] 

Polysaccharide biomaterials have been used in a variety of tissue engineering fields including 

skin[167], cartilage[168], cardiovascular[163,169], neural[170] and hepatics[171-172]. They have also 

found application in orthopaedic implants where they have shown to have a positive effect on 

cell viability on titanium surfaces.[173-174]  

 

2.5. Glycan Release and Analysis 

For investigation of afore-said important protein-glycan interactions (see chapter 

2.1. Glycosylation) and to monitor changes in glycosylation, generally two approaches can be 

used. One approach is to analyse intact glycoproteins and smaller glycopeptides. In this 

approach the analytes are separated for example by reversed-phase high-performance liquid 

chromatography (RP-HPLC) or size exclusion chromatography (SEC) and subsequently 

analysed by mass spectrometry (MS) with for example electrospray ionisation - time of flight 

(ESI-TOF) or matrix-assisted laser desorption ionization (MALDI).[175-178] In the second 

approach the whole glycan is released from the protein. When studying glycan structures and 

structure-activity relationships of glycoproteins this approach is often beneficial because of the 

different physicochemical properties of carbohydrate and proteins. For this procedure certain 

criteria should be met: The release strategy should be nonselective regarding the type of 
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glycan (e.g. N- or O-glycan) for a representative glycan profile. The released glycans should 

not be modified and peptide and glycans should be separable from each other.[179-180] A huge 

advantage of this approach to investigate glycosylation is, that glycans with a free reducing 

end are obtained. This facilitates subsequent derivatisation and ionisation for analysis of the 

glycans and is therefore very desirable. Also the deglycosylated protein is more easily digested 

by proteolytic enzymes for peptide analysis. However, complete glycan release is difficult to 

realise and unreleased glycans are left undetermined.[178,181] To assist and improve HPLC- and 

MS-based analysis of the released glycans, they are mostly functionalised by chemical 

methods like fluorescent labelling, or permethylation. This is done to improve stability for more 

fragile sialylated glycans or generally to enable downstream protein binding experiments on 

e.g. microarrays.[182-184] The glycans can be separated by methods like hydrophilic interaction 

chromatography (HILIC), anion-exchange (AE)- or RP-HPLC or capillary electrophoresis (CE) 

and then be analysed by MALDI-TOF-MS or ESI-MS/(MS).[177-178,181,185-188] There are two main 

possibilities to cleave glycans off proteins, either chemically or enzymatically. In the chemical 

approach unreduced O- and N-linked oligosaccharides are released using hydrazinolysis. At 

60 °C O-linked oligosaccharides are selectively released with fresh anhydrous hydrazine 

followed by N-linked oligosaccharides at 100 °C.[189-193] Disadvantage of this method is the 

deacetylation of N-acetyl sugars components and the use of toxic and highly explosive 

anhydrous hydrazine.[194] A standard method for O-glycan release is β-elimination, carried out 

under alkaline/reducing conditions.[195-198] 

For the enzymatic release strategy there is a growing number of enzymes, like 

endoglycosidases or glycosamidases used to release glycoproteins oligosaccharides.[199-200] 

As there is no universal O-glycosidase available that can cleave all O-glycans[201], the 

enzymatic release strategy is mostly used for N-glycans, where for example peptide-N-

glycosidase F (PNGase F) cleaves the amide bond between the innermost GlcNAc residue 

and the asparagine (Asn) side chain of the peptide/protein.[202] The glycan is released as a 

hemiaminal which hydrolyses under aqueous conditions to the hemiacetal, whilst Asn is 

converted to aspartic acid (Asp, Scheme 2.7.). Freshly released glycosyl amine can also be 

directly labelled with for example a succinimidyl ester-activated fluorophore for analysis[203] or 

using NHS-ester amine chemistry with mass tags[204]. The released glycan can be analysed as 

the intact glycan or further cleaved with exoglycosidases into individual monosaccharide units 

or small oligosaccharides for structural analysis. 
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Scheme 2.7. Enzymatic release of an N-glycan from the protein backbone with PNGase F.  

 

2.6. Functionalisation of Reducing Carbohydrates 

In principle there are two ways to obtain glycans for investigating their important properties: 

Either by chemical synthesis or by using natural occurring ones. Even though chemical 

synthesis of mono- and oligosaccharides has gotten faster[205-206], it remains a time-consuming 

and laborious task, also because of the extensive use of protecting group strategies and 

because synthetic scale-up is difficult.[9] Consequently, commercially available or naturally 

occurring carbohydrates with the resulting convenient loss of protecting group strategies are 

often used and functionalised to assist and improve further analysis.[207] Here, the focus will be 

on methods to functionalise the reducing end of unprotected carbohydrates, as in this manner 

functionalised glycoconjugates are versatile usable e.g. for the generation of carbohydrate 

microarrays.  

2.6.1. DMC-promoted Glycosylation 

Glycosyl azides are key synthetic intermediates in carbohydrate chemistry as well as important 

precursors of glycoarrays[208-209] and glycoconjugates[210-212]. In 2009 the group of SHODA 

introduced a method to directly and selectively generate glycosyl azides from unprotected 

sugars mediated by 2-chloro-1,3-dimethylimidazolinium chloride (DMC) in aqueous 

solution.[213] This method can also be used to generate dithiocarbamates[214], and aryl thiols[215-

216] in presence of the corresponding nucleophiles (Scheme 2.8.A). In 2014 the FAIRBANKS 

group presented an improved method to obtain anomeric glycosyl azides. They used an azido 

derivative of DMC, 2-azido-1,3-dimethylimidazolium hexafluorophosphate (ADMI) which 

conveniently provides the anomeric activating agent as well as the nucleophilic azide (Scheme 

2.8.B). Subsequently they added alkyne, CuSO4 and L-ascorbic acid and were able to obtain 

in a two-step one-pot method glycosyl click products.[217]  
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Scheme 2.8.: A) Activation of an unprotected reducing carbohydrate with DMC for the generation of 
glycosyl azides (top) and thioglycosides (middle) and aryl thiols (bottom) under aqueous conditions.[213-

214,216] B) Direct two-step one-pot access to glycoconjugates through in situ formation of the glycosyl 
azide followed by click reaction.[217] 

The DMC-promoted glycosylation method has been used for the synthesis of glycopeptides [218] 

and sugar nucleoside diphosphates[219]. Saccharides have been functionalised in this manner 

with oligo ethylene glycol (OEG) linkers for the generation of carbohydrate microarrays,[220] 

glycosyl azides were generated for site-specific glycoconjugation of protein via bioorthogonal 

tetrazine cycloaddition.[221] A disadvantage of this method of glycosylation is that DMC is very 

hygroscopic and unstable under aqueous conditions[222], as well as that sugar concentrations 

of around 100 mM are needed to achieve high yields[223].  

2.6.2. Glycosyl Amine Formation 

The anomeric center of reducing carbohydrates can be converted into amines resulting in N-

glycosylamines. Interest in glycosylamines originates mostly from the need of scientists for 

access to N-glycoprotein material and the knowledge of the strong N-glycosyl amide bond 

between GlcNAc-Asp by which N-Glycans are anchored to polypeptides in glycoproteins (see 

chapter 1. Glycosylation),[224] from the need of rapid reaction conditions of released N-glycans 

with labelling reagents for analysis,[203] and from the knowledge of glycosylamines 

nucleophilicity, enabling them to create together with functionalised linkers oligosaccharide 

microarray[225]. The main disadvantage of glycosylamines is that they are unstable and thus 

prone to dimerisation, hydrolysis, and isomerisation[226-228] Different glycosyl amine synthesis 

routes were developed over time: In 1913 GARRETT published the synthesis of glucosyl amines 

with ammonia.[229] 1986 KOCHETKOV made glycosyl amines accessible by treating unprotected 

and fully protected reducing sugars with 50 times excess of ammonium bicarbonate for 6 days 

(Scheme 2.9.A).[227] Drawbacks of the KOCHETKOV method are long reaction times and difficult 

product purification due to huge excess of reagent.[230] FLITSCH have shown that microwave 

irradiation can accelerate this reaction.[231] LIKHOSHERSTOV et al. improved the reaction by 
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substituting ammonium bicarbonate with ammonium carbamate (Scheme 2.9.B). This method 

has the advantage of easy product isolation, as it precipitates as a carbamic acid salt.[230] The 

salt state also prevents hydrolysis and diglycosylamine formation, if the amount of water is 

minimised.[230,232] HACKENBERGER et.al. used this method of selective amination of unprotected 

sugar derivatives to transform crude chitobiose to 1,-aminochitobiose.[233] A different 

approach to obtain glycosyl amines is the reduction of glycosyl azides with either hydrogen 

and palladium on charcoal (Scheme 2.9.C),[234] propanedithiol,[235] or Staudinger reduction[236]. 

 

Scheme 2.9.: Synthetic routes for the preparation of glycosyl amines. A) Kochetkov conditions,[227] B) 
Likhosherstov improved conditions,[230] and C) reduction of glycosyl azides[234-235]. 
 

2.6.3. Reductive Amination 

In this functionalisation method an primary amine condenses with the aldehyde tautomer of a 

reducing carbohydrate to form an imine in equilibrium with an glycosyl amine, the unstable 

imine can be reduced using e.g. sodium cyanoborohydride or 2‐picoline‐borane[237] to a stable 

secondary and acyclic amine (Figure 2.10.).  

 

Scheme 2.10.: Functionalisation by reductive amination of reducing carbohydrate via imine to stable 
amine. 

The primary amine that attacks the aldehyde tautomer mostly has a label attached that allows 

direct and quantitative detection of the carbohydrates by e.g. measurement of fluorescence or 

UV-absorbance intensity. Various labels have been used for the reductive amination of 

glycans. Already in the 1980s 2-aminopyridine (2-AP) was used as a label for fluorescence 

labelling of glycosaminoglycans.[238-239] Commonly applied labels are 2-aminobenzamide (2-

AB),[240] 2-aminobenzoic acid (2-AA)[241-242] or 2-aminonaphthalene trisulfonic acid (ANTS).[242-

243] 2-AB lacks negative charges and is commonly applied in chromatographic analysis, the 2-
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AA label carries one negative charge, making it more suitable for applications like MALDI 

analysis.[244-245] 

Direct coupling of compounds via reductive amination is attractive for glycoconjugate formation 

due to the irreversible formation of a covalent bond. The sometimes slow coupling rate and/or 

inefficient yield can significantly be increased by changing the temperature and pH of the 

reaction and by the addition of salts.[246-247] But high amounts of salt entail the need for 

purification.[245] The versatility of this method can be enhanced by using bifunctional reagents, 

such as 2,6-diaminopyridine[248] (DAP) and derivatives thereof,[249] in this way glycans can for 

example be coupled and than immobilised on succinimidyl ester-modified glass slides[248]. 

Literature reports that some proteins bind exclusively to the ring-closed form of 

carbohydrates,[250] thus the permanent acyclic structure of the functionalized carbohydrates 

obtained in a reductive amination reaction is disadvantageous for some applications. 

2.6.4. Hydrazide Ligation 

This type of ligation reaction also utilises the equilibrium between the hemiacetal and aldehyde 

form of reducing carbohydrates. The aldehyde is chemoselectively attacked by the 

acylhydrazide under acidic aqueous conditions, yielding acyclic (E)-/(Z)-acylhydrazones in 

equilibrium with the thermodynamically favoured cyclic -N-glycosyl hydrazide (Scheme 

2.11.).[251-252] The -effect of the additional heteroatom in hydrazines and hydrazides (N-N), 

cause a higher reactivity[253-254] and product stability[255], which makes these reagents superior 

to primary amines in carbohydrate functionalisation. 

 

Scheme 2.11.: Reaction of reducing carbohydrate with acylhydrazide to (E)-/(Z)-acylhydrazone in 

equilibrium with the favoured -N-glycosyl hydrazide.[251-252] 

In contrast to the reductive amination where exclusively acyclic product forms, the great 

advantage of the hydrazide ligation is the formation of cyclic hydrazide. It was shown in 

microarray experiments that these cyclic glycoconjugates are recognised by lectins.[256-257]  The 

Hydrazide Ligation is applied for sensitive analysis of glycans by MALDI-TOF-MS.[258] 

SHINOHARA et al. used hydrazide tagging of oligosaccharides, to introduce a biotin tag to 

immobilise glycans on streptavidin-coated carriers for biomolecular interaction studies.[259] 

Hydrazides are also used as enzyme inhibitors,[260] and to generate glycosyl hydrazides as 

O-glycosylation precursors[261]. Drawbacks in comparison with oximes, are the slow reaction 

of hydrazides and lower hydrolytic stability of hydrazones.[255] 
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2.6.5. Oxyamine Ligation 

Already in 1882 oximes and their formation have been examined.[262-265] In the early 90s with 

the generation of artificial peptides[266], glycopeptides and lipopeptides[267] the oxyamine 

ligation has become more and more popular. This chemical ligation is very versatile and has 

since been used for many applications: Aminooxylated carbohydrates have been used as 

building blocks for glycoconjugates[268] and as building blocks for the synthesis of natural 

products. Neo‐glycopeptides and -proteins[269-270] have been generated and reducing sugars 

have been ligated for e.g. the glycorandomization of digitoxin[271-272]. The ligation has been 

successfully used for surface functionalisation, like labelling cell surface sialic acid-containing 

glycans on living animal cells,[273] to immobilise carbohydrates on surfaces for isolation,[274-275] 

for the generation of microarrays,[250,256-257,276-278] to modify gold nanoparticles,[279-280] and 

biomaterial scaffolds,[281] for mass spectrometrical analysis,[282] or to tag native carbohydrates 

for analysis with, for example fluorescence detection,[283-284] fluorescence quenching[285], or 

PET labeling[286-287]. The oxyamine ligation and its equilibrium state has been studied by 

several research groups for example by HPLC[288], or by NMR spectroscopy[250,280,288-293] by 

taking samples at certain time points to get information about the reactions current state.  

The oxyamine ligation commences with a proton-catalysed nucleophilic attack of a primary 

oxyamine on the aldehyde tautomer of the reducing carbohydrate yielding a hemiaminal. 

(Scheme 2.12.A). After the elimination of water, acyclic oximes ((E)- and (Z)-configuration) in 

equilibrium with cyclic N-glycosides (- and/or -configuration) form. The acyclic oximes form 

the major share of the ligation products whereas the cyclic N-glycosides form the minor.[289,294-

295] Minor amounts of N-furanosides (not shown) can also be observed. All steps of the 

oxyamine ligation are reversible. The isomerisation of the open chain oximes runs via the 

closed forms. The final product composition of the reaction is not predictable through the 

reaction mechanism; it depends primarily on the monosaccharide unit, the thermodynamically 

most stable products are observed in higher ratios.[295-296]  

 

Scheme 2.12.: Formation of oximes by ligation of reducing carbohydrates with A) primary or B) 
secondary oxyamines. Via the hemiaminal and after water elimination, the respective oximes and N-
glycosides are formed; all compounds are in equilibrium with each other.[289] Figure adapted from 
BAUDENDISTEL et al., 2016[289]. 
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Hydrolysis of oximes is obtained by reversing the order of the reaction steps; the back-reaction 

is initiated by protonation of the imine nitrogen. It was reported in 1997 that the reduced lone-

pair repulsion between the two adjacent heteroatoms of the oxyamine and the increased 

electron density at C-1, due to the delocalised -heteroatom lone-pair across C–N–X, causes 

an stabilising effect on the sp2 state and thus enhance the hydrolytic stability of oxime (and 

hydrazone) neo-glycoconjugates.[251]. RAINES et al. showed in 2008 that the hydrolytic stability 

derives mainly from the negative inductive effect of the α‐heteroatom attached to the imine-

forming nitrogen. Thus, oximes show greater hydrolytic stability than corresponding 

hydrazones, as the electronegativity of the α‐oxygen is higher than of the α‐nitrogen.[255] 

Furthermore is has been shown that electron‐rich neo‐glycoconjugates (e.g. of xylose) are 

hydrolysed more rapidly than electron‐poor conjugates (e.g., GlcNAc),[297] which corresponds 

to the readiness for the formation of the iminium species. 

Whether acyclic glycoconjugates are recognised and bound by their interaction partners is still 

under discussion. Au fond literature states that only the unmodified core‐monosaccharide unit, 

thus the cyclic form is recognised and bound by its interaction partners. FEIZI and co‐workers 

showed by saturation transfer difference (STD) NMR, that only ring-closed oxime-linked fucose 

was recognised by a specific lectin, from a mixture that also contains the ring-opened forms.[250] 

THYGESEN et al. reported on a complete enzymatic consumption of maltooligosaccharide 

oximes by glucoamylase. As only the cyclic glycoconjugate can be hydrolysed, the complete 

turnover was explained by a shift in equilibrium towards consumed, cyclic tautomer upon 

protein binding.[280] Thus, they suggest that the acyclic oximes can re-equilibrate to the cyclic 

form, if the cyclic form is removed from equilibrium.  

To ensure the formation of cyclic products, secondary oxyamines (N,O‐dialkyl‐oxyamines) can 

be used as nucleophiles, they solely lead to cyclic N-glycosides (Scheme 2.12.B).[270] During 

ligation with these oxyamines a hemiaminal forms. By water elimination it is transformed into 

a positively charged N-alkyl-N-oxyalkyl glycosyliminium ion which instantly tautomerises into 

the thermodynamically most stable cyclic glycoconjugate.[270,295] Dependent on the 

carbohydrate an equilibrium of N-pyranosides (typically  configuration) and N-furanosides is 

obtained (Figure 2.16.B). Hence secondary oxyamines have found many application[298-300] for 

example in the preparation of therapeutic neoglycoconjugates,[272] or the formation of glycosyl 

acceptors in enzymatic synthesis[301]. Ligation reactions with secondary oxyamines proceed 

with considerably lower equilibrium constants (Keq) than the reaction for oxime formation.  To 

compensate for this, large excess of oxyamine, high reagent concentrations of sugar or 

nucleophile or both are applied.[289,295] In a direct comparative study the group around JENSEN 

showed that the conformationally locked cyclic forms, derived from secondary oxyamines, 

translate into a higher observed affinity towards glycan‐binding proteins.[278] LIU et al. on the 
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other hand reports a hindrance of the core monosaccharide for recognition upon introducing a 

methyl group to the aminooxy linker attached to oligosaccharides.[250]  

2.6.5.1. Catalysis for Oxyamine Ligation 

That the formation of oximes from aldehydes can be catalysed by aniline has already been 

demonstrated in 1962 by JENCKS.[302] JENSEN applied this nucleophilic catalysis in 2010 firstly 

on carbohydrates. He found that the ligation reaction rate can be accelerated up to about 

20‐ fold.[303] This rate enhancement is especially significant in the formation of 

neoglycoconjugates from slow reacting carbohydrates (e.g., GlcNAc). The aniline catalysis is 

more complex for reducing carbohydrates than for normal carbonyl compounds (Scheme 

2.13.). That is because of additional equilibria like between the aldehyde form (B) and the 

cyclic hemiacetal (A) or between forming intermediates like cyclic N‐phenyl glycosylamine (E), 

both influence the reaction rate with possible rate-limiting intermediates.[302-304] 

 
Scheme 2.13.: General mechanism of aniline catalysed ligation of reducing carbohydrates with primary 
oxyamines. A) A reducing carbohydrate, B) its aldehyde tautomer, C) hemiaminal formed with aniline, 
D) glycosyl imine after dehydration, +DH) the protonated state, E) its glycosyl amine tautomer, F) aminal 

after oxyamine attack, G) (E)-/ (Z)-oximes, H) - and -N-glycosides, J) hemiaminal after oxyamine 
attack on B) via the uncatalysed reaction pathway and +BH) the protonated state.[303] 

The reactive aldehyde (B) is mainly masked as unreactive hemiacetal (A, >99 %) or in 

equilibrium with the hydrate (not shown). When B is attacked by aniline, it is converted into 

hemiaminal (C) and after dehydration into imine intermediate (D), the imine can be trapped as 

non-electrophilic glycosyl amine tautomer (E) which is a poor electrophile[305] The two important 

benefits of the catalyst are firstly that it shifts the equilibrium towards reactive imine (D) without 

affecting the equilibrium for oxime formation, so increasing the amount of the imine 

intermediate relative to the amount of aldehyde present in the uncatalysed pathway.[295] And 

secondly the formed imine (D, pKa ~ 3)[306] with its higher basicity is much easier protonated 

than the carbonyl species (B, pKa ~ -4)[307]. Thus, the imine is a superior electrophile compared 
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to the aldehyde and provides high amounts of electrophilic iminium species (+DH) compared 

to the minor amounts of oxonium species (+BH), thereby facilitating the attack of an -

nucleophile.[281] The nucleophilic catalysis was used in the generation of neoglycopeptides,[303] 

fluorescence labeled glycofoldamers[284], oligosaccharide conjugates[293] and studied with 

pyridinium and acetate as co-catalysts[308].  

The ‐effect nitrogen of an aminooxy and aniline have similar pKa of about 4.6. [302,309] The pKa 

of hemiaminal (J) formed with the aminooxy is usually 5–6 units below the pKa of the parent 

amine of the aminooxy, whereas the pKa of the glycosyl imine (D) is only 2 units below that of 

aniline.[310] Thus D is protonated under ligation conditions (pH 4–5), whereas J is almost 

completely deprotonated.[311] Aniline catalysed ligation reactions are performed at pH 4–5, 

because this pH range also strikes a balance between the beneficial increase in protonated 

carbonyl and the protonation of the amine nucleophile counteracting this effect. This pH 

sensitivity narrows the field in which the aniline catalysis can be applied. A broader pH range 

for catalysis, especially pH range 7–8, would be desirable for applications like bioconjugation. 

Over the years a new‐generation of aniline-derived catalysts were developed and tested for 

the purpose of optimising the nucleophilic catalysis.[303,312-315] Aniline derivatives with a high 

pKa would provide higher concentrations of the protonated, reactive imine (D) at neutral pH 

and consequently be more effective catalysts. ØSTERGAARD et. al. found para-

phenylenediamine (PDA) to be a superior catalyst for aldose oxime formation at pH 7. They 

hypothesise that protonation of the distal amino group of the PDA-imine species leads to a 

destabilisation of the imine and enhances its leaving group properties, it would so perform two 

tasks as a strong nucleophile and as a good leaving group through proton exchange 

reaction.[312] PDA has found application in protein labelling,[314,316] PEGylation and 

immobilisation[317] The downside of PDA is its oxidative instability causing its conversion to p-

benzoquinones and its cytotoxicity.[318] To date, different kinds of catalysts have been 

developed including for example bifunctional catalyst. Bifunctional in the sense of a catalyst 

containing two functional groups playing a direct role in catalysis (e.g. 4-methyl-2-

phosphonoaniline, 4MPA)[313,319]; and in the sense of a catalyst acting as buffer and as catalyst 

simultaneously[320]. Evidence was found that proton donating groups ortho to the nucleophilic 

amine group in aniline derivatives provide general acid/base catalysis which leads to the 

important reactive iminium intermediate.[319,321]  

All in all, the oxyamine ligation is a highly efficient, powerful and mild method for functionalising 

carbohydrates and glycans with tags or reactive groups for analysis and surface immobilization 

and can be deployed in order to answer biochemical and biomedical questions.  
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2.7. Carbohydrate Microarrays 

The concept of “microarray technology” was developed in the early 1990s. Because of its high 

number of tests per time unit, its comparatively low required sample quantities and the good 

automation capacity it fast developed into a well-used tool in research. Since 2002 

carbohydrate microarrays have become valuable tools to systematically investigate 

carbohydrate structures for particular function, like carbohydrate associated binding events.[322-

325] Binding events with a vast array of biological targets including proteins, antibodies, 

enzymes, lectins, viruses and cells can be studied in a high-throughput manner. Additionally, 

interaction inhibition, binding preference, enzyme activity and structure-function relationships 

of carbohydrates for physiological as well as pathological processes are efficiently detected. 

To generate carbohydrate microarrays, carbohydrates are mostly immobilised on a solid 

surface in a certain formation. (Scheme 2.14.)  

 

Scheme 2.14.: Carbohydrate microarray assembly and following investigation of binding events with 

potential interaction partners. Carbohydrates are immobilized on a suitable surface; the resulting 
carbohydrate microarray is incubated with possible interaction partners, i.e., lectins, viruses and cells, 
antibodies, enzymes or pathogens. Then the microarray is imaged and analysed for characterisation of 
the interactions.[326] 

Different materials have been used for carbohydrate microarrays: e.g. glass [327-328], gold[329] or 

polystyrene[330]. Because glass 1) has low background fluorescence, 2) is chemical inert, 3) is 

resistant to high temperatures and 4) is cheap and easily available;[331] it is often the material 

of choice. The glass surface is mostly coated, e.g. with nitrocellulose[323], 3-D hydrogel-NHS 

esters[332] or hydrazides[333]. A fundamental aspect for successful glycan microarray application 

is accessibility to a large native glycan library or promising synthesis strategies to synthesis 

one; keeping in mind that the former method entails extraction and purification from biological 

sources and the latter laborious and time-consuming multi-step synthesis (chapter 2.5. Glycan 

Release and Analysis). Most carbohydrate structures need to be functionalised with a moiety 

in order to react with the solid support.[278] There are three ways to do so (Scheme 2.15.): A) 

by functionalising the core monosaccharide of the glycan during organic synthesis. B) by 

enzymatic synthesis and following reaction of a bifunctional linker to the glycan. C) by releasing 

glycans from a protein, followed by reaction with bifunctional linker. For details regarding 
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functionalisation of reducing carbohydrates, see chapter 2.6.: Functionalisation of Reducing 

Carbohydrates. REICHARDT further derivatised and altered carbohydrate libraries after linkage 

to the microarray by using glycosyltransferases.[334-336]  

 

Scheme 2.15.: Functionalisation methods of carbohydrates for immobilisation on a surface: A) chemical 
synthesis of functionalised glycans, B) enzymatic synthesis of glycans followed by functionalisation or 
C) glycan release followed by functionalisation.[337] Figure adapted from PAULSON[338], Protein from 
JONES[339], FG= functional group, X = NH2 and after hydrolysis OH. 

Because of the vast amount of literature on carbohydrate microarrays, hereinafter only some 

commonly used immobilisation techniques, detection methods and applications for 

microarrays are described in detail.  

 

2.7.1. Immobilisation 

Immobilisation methods for carbohydrate microarray chips can be categorised by non-covalent 

(Figure 2.3.) and covalent interactions (Figure 2.4.) between the glycans and the array surface. 

These two techniques can be further split into site-specific attachment yielding well-ordered 

surface structures and site-nonspecific attachment resulting in random surface structures. 

Depending on the immobilisation method, sugar compounds can, but must not always be 

synthetically modified, making time-consuming and labour-intensive modification of sugars 

superfluous.  

2.7.1.1. Non-Covalent Immobilisation 

Non-covalent, site-nonspecific immobilisation methods were amongst the first reported for 

glycan arrays.[323,325] Different immobilisation concepts have been utilised: WANG immobilised 

free polysaccharides on nitrocellulose membrane through adsorption.[323] HSIEH-WILSON 

exploited electrostatic interactions in the fabrication of polysaccharide arrays on poly-L-lysine 

coated slides.[340] MAYER used a DNA-directed immobilisation strategy, where carbohydrates 
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are covalently attached to an oligonucleotide probe, while a complementary DNA sequence is 

immobilised on a solid surface.[340-341] Regardless their site-nonspecific, random orientations 

on the array, the glycans can maintain their antigenicity when screened with potential 

interaction partners.[338] Although it is also reported that binding of some potential interaction 

partners to non-specific attached carbohydrates is restricted due to steric hindrance for the 

interaction partner.[326]  

Non-covalent, site-specific immobilisation techniques were for example applied with 

neoglycolipids attached to polyvinylidene difluoride or nitrocellulose membranes via 

hydrophobic interactions,[324,342] by using a fluorous-based method in which fluorous tag-glycan 

conjugates bind to fluoroalkylated surfaces via fluorous–fluorous interactions,[343-344] or by 

utilising the strong biotin-streptavidin interaction, were biotin-conjugated glycans were 

immobilized on the streptavidin-coated surface.[252,345-347]  

The limitation of the non-covalent attachment strategy is that it only works best with a larger 

contact area between glycan/linker and the solid support. The reason is that this area must be 

large enough to provide sufficient adsorption to the surface. Smaller-sized glycans/linkers 

mostly attach too weakly and are easily lost during washing steps.[326] The success of an 

individual method is of course mostly depended on the quantity of binding affinity provided by 

that method.  

 

Figure 2.3.: Strategies for non-covalent carbohydrate immobilisation. Attachment of A) polysaccharides 
through adsorption, B) polysaccharides by electrostatic interactions, C) tagged monosaccharides via 
fluorous–fluorous interactions, D) biotinylated glycans via biotin-streptavidin interaction, E) 
carbohydrates by DNA-complementary DNA interaction.[326,338] 
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2.7.1.2. Covalent Immobilisation 

Covalent, site-nonspecific carbohydrate immobilisation can be achieved by several means:  

Free carbohydrates are linked to a solid support derivatised by photolabile groups, e.g. 

aryltrifluoromethyldiazirine which reacts after light irradiation as a highly reactive carbene,[348] 

or phthalimide groups which under UV irradiation form triple state carbonyl oxygens that 

abstract hydrogen atoms from carbohydrates, followed by radical recombination [349-350]. Or 

immobilisation by complexation of boronic acids with 1,2- or 1,3-diols of sugars.[351] The 

potential adverse effect of site-nonspecific, random orientations of carbohydrates as described 

above is also problematic for covalent immobilisation.[326] 

Covalent, site-specific immobilisation is the most extensively developed method for glycan 

microarrays preparation. It is suitable for creating microarrays containing carbohydrates from 

simple monosaccharides up to oligosaccharides. Glycans mostly need to be equipped with 

functional groups at the anomeric position which then react selectively with counter reactive 

groups on the derivatised surface, thereby irreversibly anchoring the glycan to the surface. 

Consequently, glycans as well as the solid support require chemical modifications. The length 

and type of bond between glycan and surface has shown to affect the binding affinity of 

interaction partners towards immobilised carbohydrates as well as the nonspecific adsorption 

of the interaction partners.[322,352] Varying lengths of linkers provide different accessibility for 

interaction partners to the attached carbohydrates. Glycans attached by hydrophilic linkers 

show better binding properties for proteins than those conjugated by hydrophobic linkers.[322,352] 

A large share of covalent immobilisation methods for glycan arrays is thiol and amine 

chemistry. Already in 2002 SHIN reported on the covalent immobilisation of maleimide-

functionalised glycans to thiol-derivatised slides.[322,352] In 2003 the inverse arrangement of thiol 

functionalised saccharides on maleimide-modified slides was reported.[327,353] As thiol-

functionalised substances readily undergo air oxidation this strategy requires careful handling. 

Amine chemistry for immobilisation is widely applied in the microarray technology. Some 

examples are amine/cyanuric chloride coupling[354-355], amine/N-hydroxysuccinimide-ester 

coupling[10,356] or amine/epoxide coupling[357-359]. Interesting because of their known 

bioorthogonality, the inverse-electron-demand Diels-Alder (DAinv) reaction and the Cu(I)-

catalysed azide-alkyne cycloaddition (CuAAC) have also been applied for glycan 

immoblisation. The DAinv reaction was used to immobilise dienophile-functionalised 

saccharides, bearing terminal alkenes or norbornenes (not shown), onto tetrazine-modified 

glass slides,[360] while the CuAAC was utilised to either use azide functionalised carbohydrates 

on alkyne modified surfaces, or inverse with alkyne functionalised carbohydrates on azide 

modified surfaces.[209,361-363] An elegant option to covalently and site-specifically attach free and 

unmodified reducing carbohydrates on a surface is the use of the hydrazone and oxime 

formation applying hydrazide- and aminooxy-modified surfaces. A drawback for this method is 
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that the free carbohydrates require an incubation time of 12 h at 50 °C.[256-257] The reverse 

combination has also been exploited.[364-365] To keep in mind when using the oxyamine ligation 

is that this reaction mainly yields acyclic oxime structures and literature states that only the 

unmodified core‐monosaccharide unit, thus the cyclic form, is recognised and bound by 

interaction partners (see chapter 2.6.5. Oxyamine Ligation).  

 

 

Figure 2.4.: Strategies for covalent carbohydrate immobilization: Attachment of A) maleimide-
functionalised carbohydrates to a thiol-modified surface, B) dienophile-functionalised carbohydrates to 
a tetrazine-modified surface, C) amine-functionalised carbohydrates to a NHS ester-modified surface, 
D) amine-functionalised carbohydrates and E) hydrazide-functionalised carbohydrates to an epoxide-
modified surface, F) azide-functionalised carbohydrates to an alkyne-modified surface, G) unmodified 
glycans to an phthalimide-modified surface by UV irradiation.[326,338] 
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2.7.2. Detection Methods 

A variety of methods to detect binding events on glycan microarrays have been developed. 

The most common methods utilise fluorophores: by directly labelling glycans with a fluorophore 

or by using a fluorophore-labelled reagent that either directly binds to glycans or to a tag 

attached to the glycans (e.g. biotin- streptavidin interaction).[326] Opportune for utilising 

fluorophores is that microarray scanners with fluorescence detection are available in many 

laboratories. Limitations are that modifications to glycans such as biotinylation can reduce 

activity or alter binding selectivity,[366] that for newly discovered glycans fluorophore-labelled 

secondary reagents are not available and also that fluorophores are often light sensitive 

(bleaching over time) and prone to oxidative degradation.[326] Other methods to study binding 

events include: analysis by MS, where an enzymatic reactions on the slide surfaces that result 

in a change in mass are monitored;[367-368] surface plasmon resonance (SPR) imaging, which 

measures kinetics and thermodynamics of binding events;[369-370] or detection of 

radioactivity[371-372] or electrochemoluminescence[373]. 

2.7.3. Applications 

The scope of application for glycan microarrays in biological and biomedical research is large. 

The range of possible interaction partners stretches from lectins, enzymes over pathogens to 

whole cells.[326] Glycan-binding proteins (GBPs) such as lectins are found in plants, most 

microbes and animals,[374] and have been extensively studied and characterised using the 

microarray technology.[10,352,375-376] Well-characterised plant lectins like wheat germ agglutinin 

(WGA) and concanavalin A (ConA) are also important tools to control and ensure integrity and 

quality of carbohydrate arrays.[377] The specific binding of mammalian lectins to glycans 

mediates a wide range of essential biological processes. Evaluating these lectins and 

identifying their binding partners using microarrays can thus be useful in the development of 

therapeutics. Examples are the human DC-SIGN and DC-SIGNR; C-type lectins present on 

the surface of macrophages and dendritic cells, able to increase viral infection by binding to 

glycans present on the surface of viruses and parasites.[326,346,378-379] A nice example to show 

the impact of carbohydrate microarray investigations on identifying new GBPs is work by FEIZI 

on a protein called malectin.[380] It was only known, that this protein is expressed in many 

different tissues and present across many species,[381]  which suggests  an important biological 

role. Microarray analysis showed strong and selective binding to a di-glucosyl-N-glycan 

(Glc2Man7). This finding not only provides main evidence for glycan binding property of 

malectin, but also provides important information over its biological function. Because 

Glc2Man7 is an intermediate in the biosynthesis of N-glycans, this suggests a role of malectin 

in the production and quality control of glycoproteins in the ER. Along with lectins and 

antibodies glycan microarrays have been used to probe binding of viruses and whole cells.[382] 

Even though analysis can be more complex due to the presence of more than one GBP, they 
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are presented in a natural context with natural spacing and orientation of their binding sites, 

which is not always provided for individual lectins or antibodies. Glycan microarrays have been 

used to study binding properties of various influenza and parainfluenza strains.[383-386] 

Microarrays have become a valuable tool to gain insights into the different interaction partners 

of glycans, the different types of interaction glycans mediate and the underlying biology thereof.  
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3. Aim of Project 

3.1. Part I – Metabolic Glycoengineering using the Photoclick 

Reaction 

Metabolic glycoengineering (MGE) is a powerful technique that allows scientists to modify and 

analyse the structure of glycans and gives insight into cellular processes. Non-natural 

analogues of N-acetylmannosamine (ManNAc) intercept the biosynthetic pathway for sialic 

acid (Sia) and subsequently become metabolically incorporated into sialoglycoconjugates 

instead of the natural ones. The hereby unnatural, functional groups present can then react 

with molecules bearing complementary reactive functional groups in bioorthogonal ligation 

reactions. One example is the light-induced 1,3-dipolar cycloaddition (aka photoclick reaction) 

of a tetrazole and an alkene, where a nitrile imine is generated in situ and reacts with an alkene 

forming a fluorescent pyrazoline.[18,109,113] WITTMANN and co-workers were the first to use the 

photoclick reaction in MGE. In a first step, they reacted a tetrazole-biotin derivative with 

metabolically incorporated unnatural sugars, subsequently they reacted the biotin moiety with 

a streptavidin-dye conjugate. They successfully applied the reaction, but observed background 

staining in the negative control of their biological assays.[18] The first aim of this project was to 

synthesise a tetrazole fluorescent dye conjugate that should allow to label the incorporated 

unnatural carbohydrates in one step reducing undesired background staining (Figure 3.1.A). 

A linker for improved water solubility and a fluorescent, water soluble dye for detection should 

be included in the molecule. With the tetrazole-dye conjugate in hand, its fluorogenic properties 

and its reactivity with suitable alkenes should be investigated in NMR (nuclear magnetic 

resonance) studies and UV-VIS studies with respect to reaction speed and conjugate stability 

and reactivity. Further, the conjugate should be applied in MGE, ligation conditions should be 

optimised and the conjugate’s suitability for visualisation and analysis of carbohydrate labelling 

should be shown in cell assays using confocal fluorescence microscopy. 

 

Figure 3.1.: A) tetrazole-dye conjugate, comprising of a tetrazole, a water-soluble dye and linker. B) 
tetrazole for detailed investigation the spatial control of the photoclick reaction. 

The second aim of this project was the investigation of the valuable temporal and spatial control 

feature of the photoclick reaction, as the reaction can be started at a defined time and location 

by irradiation of the tetrazole to the corresponding highly reactive nitrile imine. How good or 

precise the spatial control over the photoclick reaction actually is, has not been investigated 
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yet. To investigate this, suitable unnatural monosaccharide derivates should be incorporated 

into the cells using MGE. Then a tetrazole[127], activatable by laser light (Figure 3.1.B) should 

be dispersed over these cells and turned into the nitrile imine by use of a laser installed on a 

confocal fluorescence microscope. This setting should allow real time observations of the 

formation and dispersion of fluorescent pyrazoline. The limits of the spatial control over the 

photoclick in biological assays can be explored in this manner.  
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3.2. Part II – Production and Application of a Glyco-Functionalised 

Extracellular Matrix 

The treatment of particularly deep and large wounds for example after burns or chronic wounds 

remains a major challenge to this day. Desirable would be a biological material gained from 

endogenous cells that is well tolerated and promotes wound healing. The aim of this project is 

to develop such a novel material based on tissue-specific extracellular matrix (ECM) of 

patients’ own cells. In cooperation with Hochschule Reutlingen and Universität Stuttgart a so-

called clickECM should be generated, optimised and analysed (Figure 3.2.). The clickECM 

should be equipped with additional functions and could so be used for numerous applications 

in various areas of medical technology, like immobilisation on artificial skin substitutes.  

       

Figure 3.2.: A. Growth of ECM in suitable cells, followed by cell lysis. B. Preparation of clickECM by 
incorporation of synthesised monosaccharides in harvested ECM. C. Incorporation of synthesised 
linker- oligosaccharides adducts in clickECM. D. Integration and subsequent gelation of polymerlinkers. 
E. Evaluation of obtained material. F. Intended application as a custom-fit wound implant for deep 
wounds. Picture F taken from WITTMANN.[387] 

In this thesis, the focus ought to be on the treatment of deep wounds. Since the clickECM will 

be produced by patient's own subcutaneous cells in vitro, it should provide an optimal 

environment for cells, with a tissue-specific composition and excellent bioactivity. The projects 

first goal was the generation of a library of galactosamine and mannosamine derivatives 
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bearing an unnatural reporter group. The monosaccharides should be incorporated into the 

ECM using MGE, creating the clickECM. The ECM is harvested from human adipose-derived 

stromal/stem cells (ASCs).  The reporter groups should than be reacted in bioorthogonal 

ligation reactions, for example the inverse-electron-demand Diels Alder (DAinv) reaction. Via 

such a reaction, cell adhesion-promoting agents like oligosaccharides or growth factors should 

be coupled to the clickECM. To check oligosaccharides for their potential activity in promoting 

cell proliferation and cell migration, microarrays should be prepared and the adhesion of ASCs 

shall be monitored on the carbohydrate microarrays using microscopy. For creation of the 

microarrays an oligosaccharides library shall be used. To link the detected bioactive 

oligosaccharides with the clickECM a trivalent linker should be synthesised. The linkers should 

comprise of two functional groups, one to react with the oligosaccharides and one for reaction 

with the reporter groups of the incorporated sugars in the clickECM and a fluorescent dye for 

detection. A divalent linker without the fluorescent dye shall be needed for the final application 

of the finished material. The final step of the project should be the introduction of photocross-

linkable polymers into the ECM to create a material that can, after liquid application, be turned 

into a hydrogel. Hydrogels provide optimal filling of the wound bed and allow an almost free 

diffusion of oxygen, carbon dioxide, nutrients and proteins to preserve the viability and function 

of the encapsulated cells.  
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3.3. Part III – Investigation of the Oxyamine Ligation 

Desirable attributes of ligation reactions used in assembly and modification of biomolecules is 

among others fast kinetics. Because biomolecules are often present at low concentrations, 

effective labelling depends highly on the reaction rate of the applied ligation reaction. To 

compensate for slow reaction kinetics high concentrations, large excesses of reactants, 

elevated temperatures or catalyst are used. Often applied in carbohydrate chemistry is the 

oxyamine ligation, a covalent coupling of reducing glycans with aminooxy nucleophiles to form 

carbohydrate oximes in equilibrium with N-glycosyloxyamines. Under certain conditions 

reaction rates of the oxyamine reaction are slow.[289] Rate enhancement of the oxyamine 

ligation is possible by aniline or general nucleophilic catalysis.[303,311] The catalytic intermediate 

of the aniline catalysed oxyamine ligation reaction is a glycosyl imine (Scheme 3.1.B). Glycosyl 

imines are also obtained when N-glycans are enzymatically released from N-glycoproteins 

(Scheme 3.1.A). The gained imines are easily protonated to the iminium species which is very 

susceptible to an oxyamine attack and can be directly used as the catalytic intermediate 

without the need for a catalyst at the same pH.[332]  

 

Scheme 3.1.: Formation of oximes, either by A) ligation of enzymatically released glycosyl amines with 
oxyamine or by B) aniline catalysed ligation of reducing carbohydrates with oxyamine.  

 

The aim of this work was to systematically investigate the reaction process and the reaction 

kinetics of the oxyamine ligation reaction performed with glycosyl amines at different pH 

values, with different concentrations and different equivalents of reactants, using 1H-NMR 

spectroscopy. GlcNAcNH2 should be used as a model compound. The acquired data set of 

this novel strategy to obtain oximes should then be compared to data acquired using the 

conventional oxyamine ligation reactions with reducing carbohydrates, in this case GlcNAc 

with and without different nucleophilic catalysts, conducted and monitored under the same 

settings and reaction conditions as for the glycosyl amines studies. In cooperation with PROF. 

DR. U. STEINER fitting functions should be approximated to the obtained data points and rate 

constants should be calculated and compared for every performed ligation reaction.  
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4. Results and Discussion 

4.1. Part I – Metabolic Glycoengineering using the Photoclick 

Reaction 

Bioorthogonal reagents and reactions transform our understanding of biomolecules and living 

systems and have revealed important new insights into biomolecule structure and function. 

Thus, continued development and discovery of bioorthogonal reactions promises to refine our 

view of biological systems and facilitate new insights. The light-induced 1,3-dipolar 

cycloaddition of a nitrile imine and an alkene (aka photoclick reaction) is a recent addition to 

the toolbox of bioorthogonal ligation reactions and has firstly been applied to MGE by the 

WITTMANN[18] group. They incorporated Ac4ManNAcryl into the glycocalyx of cells and reacted 

the acryl moiety with an in situ generated nitrile imine-PEG-biotin conjugate, obtained by 

irradiation at 302 nm from the corresponding tetrazole-PEG-biotin conjugate. In a second step 

they reacted the biotin moiety with a streptavidin-Alexa Fluor™ 555 (StrepAF555) conjugate. 

Unfortunately, the photoclick reaction resulted in some background staining in the negative 

controls of the cell assays. We hypothesised that a conjugate of tetrazole and dye, thus 

labelling in one step could result in less background staining and thus further improve this 

valuable method. 

4.1.1. Synthesis of Tetrazole-Dye Derivatives 

The tetrazole-dye conjugate consists of a tetrazole core, a linker enhancing water solubility 

and a dye for detection. For the tetrazole core the same two literature known tetrazoles 1[388] 

and 2[389] as used in the WITTMANN group before were chosen (Figure 4.1.).[18] Both derivatives 

are 2,5-diaryl-substituted with a methoxy group, which is in para-position on either of the aryl 

rings. The electron donating group increases the reaction rate and allows derivatisation of the 

tetrazoles.  

 

Figure 4.1.: Structures of tetrazoles 1 and 2. 

Besides their biological application with metabolically incorporated unnatural sugars on 

cells[18], these tetrazoles have been used to chemically functionalise proteins with incorporated 

homoallylglycine inside mammalian cells[390], they have been reacted with unnatural amino 

acids containing terminal alkenes in bacteria[122] and with cyclopropenes in mammalian 

cells[113]. They also found application in spatiotemporally controlled real-time fluorescence 
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imaging of mitochondria and lysosomes[391] and were used to generate crosslinked protein 

nanocarriers[392]. 

The synthesis of 1 was performed according to ITO et al. (Scheme 4.1.A).[388] Benzenesulfonyl 

chloride was reacted with 4-methoxybenzhydrazide 2 resulting in the hydrazine 3. The 

hydrazine was reacted with thionyl chloride to the corresponding chloride 4, which was reacted 

with phenylhydrazine to yield 1 in an overall yield of 23%. 2 was synthesised according to ITO 

et al. (Scheme 4.1.B).[389] Benzaldehyde 5 was reacted with benzenesulfonyl hydrazide 

resulting in a phenylsulfonylhydrazone 6. The hydrazone 6 was reacted with an in situ prepared 

arene diazonium salt followed by a cyclisation in pyridine yielding 2 in an overall yield of 59%. 

Both tetrazole derivatives (1 and 2) were then treated with BBr3 to cleave the methyl group (7 

and 8), after literature known procedure in quantitative yields.[390] Next, the alcohols were 

activated with para-nitrophenyl chloroformate yielding carbamates 9 and 10 according to 

SCHART et al. in yields of 70% and 77% (Scheme 4.1.).[390] The activated tetrazole 9 was 

reacted with Boc-amino-PEG3-amine 11 (Scheme 4.2.A). To enhance water solubility, I chose 

polyethylene glycol (PEG) with three repeats for a linker – the same length as already 

successfully applied in the photoclick reaction by the WITTMANN group[18]. Purification via flash 

column chromatography yielded tetrazole-PEG-amino-Boc in yields of 74% for 12. The Boc 

protecting group was removed under acidic condition in quantitative yields and the tetrazole-

PEG-amine 13 was reacted without further purification with sulfo-Cyanine 3 (sCy3) NHS-ester 

14. Deciding for a suitable dye, I took into account the equipment at the microscopy facility and 

the absorption and emission spectra of the dye. A fundamental quality of the applied dye 

should be, that it is not affected in any way by the wavelength converting the tetrazole into the 

corresponding nitrile imine. E.g. the dye should neither lose its fluorogenic properties nor shift 

its absorption maximum upon irradiation. Thus, the dye’s absorption spectrum must not 

overlap with the tetrazoles absorption spectrum. I chose sCy3, as firstly it very likely meets 

these requirements (absorption maximum at 548 nm) and secondly is also well water soluble, 

due to the attached sulfo groups. After RP-HPLC purification the tetrazole-dye conjugate was 

obtained in 56% (15, Tet1-sCy3). 

Tet2-sCy3 18 was synthesised following the same synthetic route (Scheme 4.2.B). The 

activated tetrazole 10 was reacted with Boc-amino-PEG3-amine 11 yielding in tetrazole-PEG-

amino-Boc 16 in 77%. The Boc protecting group was removed under acidic condition in 

quantitative yields and the tetrazole-PEG-amine 17 was reacted without further purification 

with sulfo-Cyanine 3 (sCy3) NHS-ester 14. After RP-HPLC purification the tetrazole-dye 

conjugate 18 was obtained in 62%.  
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Scheme 4.1.: A) Synthesis of activated Tetrazole 9. Benzenesulfonyl chloride was reacted with 2 to 
hydrazine 3, 3 was reacted with thionyl chloride to the corresponding chloride 4, which was reacted with 
phenylhydrazine yielding Tet1 (1), 1 was reacted with BBr3 yielding 7, which was activated yielding 9. 
B) Synthesis of activated Tetrazole 10. Benzaldehyde 5 was reacted with benzenesulfonyl hydrazide to 
6, 6 was reacted with an in situ prepared arene diazonium salt. After cyclisation Tet2 (2) was gained, 2 
was as reacted with BBr3 yielding 8, which was activated yielding 10. 
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Scheme 4.2.: A) Synthesis of tetrazole-PEG-sCy3 15. The activated tetrazole 9 was reacted with linker 
11 yielding carbamate 12. 12 was Boc-deprotected yielding 13 and was reacted in an amidation with 
sCy3 NHS-ester 14 yielding 15. B) Synthesis of tetrazole-PEG-sCy3 18. The activated tetrazole 10 was 
reacted with linker 11 yielding carbamate 16. 16 was Boc-deprotected yielding 17 and was reacted in 
an amidation with sCy3 NHS-ester 14 yielding 18. 
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The sCy3 NHS-ester 14 was synthesised following literature known procedure[393-394], starting 

from the two indoline building blocks (Scheme 4.3.), kindly provided by O. BAUDENDISTEL. The 

carboxylic acid-derivatised indolenine 19 was added to diphenylformamidine and acetic 

anhydride, then the second indolenine 20 was added yielding sCy3 21 in 74 % yield. 22 was 

activated into a succinimidyl ester (14) with disuccinimidyl carbonate in 34% yield. 

 

Scheme 4.3.: A) Synthesis of sCy3 NHS-ester 14. Indolenines 19 and 20 reacted with 
diphenylformamidine to sCy3 21. 21 was activated with disuccinimidyl carbonate yielding sCy3 NHS-
ester 14. 

With both tetrazole-dye conjugates Tet1-sCy3 and Tet2-sCy3 in hand, I started investigating 

the photoclick reaction using firstly Tet1-sCy3.  

4.1.2.  Analysis of the Optical Properties of Tet1-sCy3 

In order to determine the optical parameters of Tet1-sCy3 and the corresponding pyrazoline 

derivative, a preparative scale photoclick reaction of Tet1-sCy3 and CHexNAcryl 22, a model 

compound with acryl moiety, was performed (Scheme 4.4.). The acryl moiety is known to be 

highly reactive in the photoclick reaction.[18,395] The tetrazole-dye conjugate was dissolved in 

ethanol, mixed with 1.5 equivalents 22 and irradiated at 302 nm with a hand-held UV-lamp 

placed directly on top of the reaction vessel for 100 minutes. The product crystallised in ethanol 

and was filtered off. The pyrazoline-dye conjugate 23 was gained in 90% yield. The acryl model 

compound was synthesised according to literature from cyclohexylamine and acryloyl 

chloride.[396] 
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Scheme 4.4.: A) Synthesis of pyrazoline-PEG-sulfoCy3 23.  

The optical properties of the tetrazole-dye conjugate 15 were measured using a 10 μM solution 

in dimethyl sulfoxide (DMSO), for the pyrazoline-dye conjugate 23 a 15 μM solution in DMSO 

was used. The absorption spectra were measured from 200 to 800 nm (Figure 4.2.A.).           

Tet1-sCy3 shows an absorption maximum at 280 nm for the tetrazole part of the molecule and 

an absorption maximum at 550 nm for the sCy3-dye part. Tet1-sCy3 shows absorbance at 

302 nm, thus 302 nm is a suitable wavelength for conversion of Tet1-sCy3 to the 

corresponding nitrile imine. The absorption spectrum of the pyrazoline-dye conjugate 23 shows 

an absorption maximum at 270 nm for the pyrazoline part and also the absorption maximum 

at 560 nm for the dye part of the molecule. The emission spectra were measured from 200 to 

800 nm (Figure 4.2.B), the compounds were irradiated at 360 nm. For the Tet1-sCy3 no 

emission signal was found for the tetrazole part of the molecule, but an emission maximum at 

585 nm for the dye part. The emission spectrum of the pyrazoline-dye conjugate 23 shows an 

emission maximum at 440 nm for the pyrazoline part and also the emission maximum at 585 

nm for the dye.  

A)                                                                             B) 

  
Figure 4.2.: Measurements with a 10 μM solution of tetrazole-dye 15 and a 15 μM solution of pyrazoline-
dye 23 in DMSO with solvent correction A) Absorption-spectra of tetrazole and pyrazoline derivatives. 
B) Fluorescence spectra of tetrazoles and pyrazolines; samples excited at 360 nm. 
 

200 300 400 500 600 700

0,00

0,05

0,10

0,15

0,20

0,25

0,30

A
b
s
o
rb

a
n
c
e
 [
A

.U
.]

Wavelength [nm]

Tet1-sCy3 15

 pyrazoline-sCy3 23

400 450 500 550 600 650 700 750 800

0

50000

100000

150000

F
lu

o
re

s
z
e

n
z
 [

A
.U

.]

Wavelength[nm]

 Tet1-sCy3 15

 pyrazoline-sCy3 23



 

 

47 Results and Discussion 

These measurements verify, that the dye is well suited to the application, as the zone of 

absorption of tetrazole and dye do not overlap. To further examine if the dye is affected by the 

irradiation at 302 nm and possibly shifts the absorption maxima or loses its fluorescence, the 

sCy3 NHS-ester was tested in a UV-VIS study (Figure 4.3.). The dye was dissolved in water 

to a 20 M solution and a UV-VIS spectrum was recorded. The solution was then irradiated at 

302 nm with a hand-held UV-lamp for 1 minute, the distance between UV-lamp and the UV-

VIS cuvette being 1 cm. Subsequently the next UV-VIS spectrum was recorded. This was 

continued until a total irradiation time of 10 minutes was reached. The data shows that the dye 

is not affected by the irradiation, the absorbance stays at the same intensity and the 

absorbance maxima is not shifted. 

At 280 nm the absorbance spectra of the sCy3 NHS-ester 14 (Figure 4.3.) and of Tet1-sCy3 

(Figure 4.2.A) show a slight absorbance. The two measurements cannot be compared directly 

as they were performed in different solvents. Nonetheless, because of this observation it 

should be taken into account, that it is possible that sCy3 absorbs light at 302 nm, thus maybe 

the tetrazole part of the tetrazole-dye conjugate is not converted to the corresponding nitrile 

imine with the same speed as for example the tetrazole of the tetrazole-biotin conjugate (used 

in two step labelling) is. It is certain, because of the preformed preparative scale photoclick 

reaction of Tet1-sCy3 with 22, that definitely not all light is absorbed by the dye, and that the 

pyrazoline-dye conjugate 23 does form, however the question about the speed of 

transformation has to be kept in mind.  

 

Figure 4.3.: Absorption-spectra of a 20 μM solutions of sCy3 NHS-ester 14 in water with solvent 
correction. 

 

Knowing the fluorogenic properties of Tet1-sCy3 and 23 I started investigating the photoclick 

reaction with the new tetrazole-dye conjugate in biological assays. 
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4.1.3. Biological Investigations 

HEK293T cells were seeded and allowed to attach overnight. The cells were incubated with 

either 100 M Ac4ManNAcryl 24, Ac4ManNCp 25, Ac4ManNCyoc 26 (Figure 4.4.) or DMSO in 

the negative control. These sugars were chosen, because it is known from literature that all 

three work well in MGE, and additionally that Ac4ManNAcryl, Ac4ManNCp work well in the 

photoclick reaction thus yield good cell membrane staining. In contrast, for Ac4ManNCyoc no 

membrane staining is expected according to literature.[18,105] Thus Ac4ManNCyoc works as a 

kind of additional negative control.  

 

Figure 4.4.: Alkene modified sugar derivatives 24, 25 and 26 used in the biological assays to test Tet1-
sCy3 with the photoclick reaction. 

After 48 hours 100 M Tet1-sCy3 was added and the cells were irradiated for 30 seconds with 

a hand-held UV-lamp (302 nm) placed directly on top of the ibidi imaging chamber. The cells 

were then washed and a fluorescence readout was performed using confocal fluorescence 

microscopy. Unfortunately, all cells including the ones incubated with Ac4ManNCyoc as well 

as the negative control showed the same amount of fluorescent membrane staining 

(Figure 4.5.).  

To further investigate these findings, the cell assays were repeated under varying reaction 

conditions with different combinations of tetrazole-dye conjugate Tet1-sCy3 concentration and 

irradiation times (Table 4.1.). 

Table 4.1.: Investigation of reaction conditions for photoclick reaction with Tet1-sCy3 and metabolically 
incorporated alkene modified monoamine derivatives 24, 25, 26 in HEK293T cells. 

Entry 
Concentration  

Tet1-sCy3 [M] 

Irradiation time 

[sec] 

1 100 30 

2 20 30 

3 20 5 

4 5 15 

5 5 5 

6 5 0 
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Figure 4.5.: MGE with Ac4ManNAcryl 24, Ac4ManNCp 25 and Ac4ManNCyoc 26 labelled using the 
photoclick reaction. HEK293T cells were incubated with either 100 μM sugar 24, 25, 26 or DMSO as 
solvent control for 48 h. Living cells were reacted with Tet1-sCy3 (30 sec at 302 nm). Nuclei were 
stained with Hoechst33342. Scale bar 30 μm. 

All experiments, except entry 6, showed identical results: the same amount of membrane 

staining for all 3 investigated sugar derivatives as well as for the negative control. For entry 6 

the cells were not irradiated and no membrane staining was detected. This shows that the 

tetrazole-dye conjugate is not entangled in e.g. the glycocalyx of the cells but is completely 

washed away prior to confocal fluorescence microscopy. 

In a next step, I performed the originally established method from the WITTMANN group[18] (two 

step labelling) together with my new system, in order to be able to directly compare the two 

methods. I cultivated HEK293T cells and incubated them with 100 M Ac4ManNCp (24) or 

DMSO. After 48 hours 50 M tetrazole-biotin or Tet1-sCy was added and the cells were 

irradiated for 30 seconds with a hand-held UV-lamp (302 nm) placed directly on top of the ibidi 

imaging chamber. Cells with tetrazole-biotin conjugate were subsequently treated with 
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StrepAF555. All cells were washed and a fluorescence readout was performed using confocal 

fluorescence microscopy. Analysis of the data for cells incubated with Ac4ManNCp and treated 

with tetrazole-biotin/ StrepAF555 showed nice fluorescent membrane staining like published 

by the WITTMANN group[18] and low background staining (Figure 4.6.A). And like in my previous 

experiments all cells treated with Tet1-sCy3 showed the same amount of staining (Figure 

4.6.B). Now, being able to directly compare the two methods it became evident that the 

supposedly high background staining of the reaction with Tet1-sCy3 is in fact less general 

staining of glycocalyxes in comparison to the positive staining of cells treated with Ac4ManNCp 

and tetrazole-biotin/ StrepAF555 (Figure 4.6.).  

 

 

Figure 4.6.: MGE with Ac4ManNCp 24 labelled using the photoclick reaction. HEK293T cells were 

incubated with 100 μM sugar 24 or DMSO as solvent control for 48 h. Living cells were reacted with A) 

tetrazole-biotin followed by StrepAF555 and B) Tet1-sCy3. Irradiation for 30 sec at 302 nm, nuclei were 

stained with Hoechst33342. Scale bar 30 μm. 
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Possible explanations for these findings could be: 

- Nearly all 302 nm light is absorbed by the dye and only minimal light is left to convert 

the tetrazole to the corresponding nitrile imine. 

- Nitrile imine is generated and reacts with the dye instead of the alkene in a sort of 

cyclisation reaction, thus no binding to glycocalyx and the conjugate is washed off. 

- Sterical reasons.  

For further insight, I analysed and investigated Tet1-sCy3 and the photoclick reaction in NMR 

studies. 

4.1.4. NMR studies 

The NMR studies were conducted as follows: for each experiment a tetrazole derivative and if 

needed a cyclopropene model compound (CHexNCp1 [397], 27) were dissolved in DMSO-d6 

and/or ethanol-d6. All compounds were mixed in a Suprasil® quartz NMR tube and a 1H-NMR 

spectrum was recorded. The NMR tube was then irradiated at 302 nm with a hand-held UV-

lamp for 5 minutes, the distance between UV-lamp and NMR tube being 1 cm. Subsequently 

the next 1H-NMR spectrum was recorded. This procedure was followed until an irradiation time 

of 30 minutes was reached, after that the irradiation time between each NMR measurement 

was extended to 10 minutes until a total irradiation time of 100 minutes was reached. For 

analysis a distinctive signal of the investigated compounds was integrated. for CHexNCp the 

resonance of the vinyl protons at 7.38 ppm, for tetrazole Tet1 the resonance of the aromatic 

protons at 8.66 ppm, for Tet1-sCy3 the resonance of the tetrazole aromatic protons at 8.17 

ppm and the resonance of the sCy3 protons at 8.33 ppm (CH group), 7.79 ppm (aromatic 

protons) and 4.08 ppm (CH2 group) (Figure 4.7.). The solvent peak was used as an internal 

standard for calibration of the distinctive signal intensities. For this calibration the integrals of 

all measured distinctive peaks in one experiment were divided by the integral of the solvent 

peak and the signal was analysed and compared to the other experiments. CHexNCp was 

chosen because it is known from previous studies that this cyclopropene derivative works well 

in the photoclick reactions and also facilitates the analysis of the recorded NMR spectra 

compared to its sugar analogue.[18,397] 

 
1 Compound synthesised in my master thesis, University of Konstanz, 2017.  
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Figure 4.7.: Investigated protons of the used compounds are shown in red. CHexNCp: vinyl protons at 
7.38 ppm. Tet1 the aromatic protons at 8.66 ppm. Tet1-sCy3 the tetrazole aromatic protons at 8.17 
ppm, the sCy3 protons at 8.33 ppm (CH group), 7.79 ppm (aromatic protons) and 4.08 ppm (CH2 group). 
 

First, only Tet1-sCy3 was investigated in order to examine the sensitivity of the new tetrazole-

dye conjugate to light irradiation at 302 nm (Figure 4.8, blue curves). This measurement was 

then compared to a kinetic study with Tet12 [397] (Figure 4.8, pink curve). It is evident from the 

integral decrease that Tet1-sCy3 vanishes and presumably converts into the nitrile imine in 

the same manner as Tet1, Tet1 being marginal faster than Tet1-sCy3. Thus the 302 nm light 

is not absorbed by the dye in any interfering way but reaches the tetrazole and initialises its 

conversion to the nitrile imine. Also, this measurement suggests, that the dye is not affected 

by the irradiation, evident by the lack of integral reduction.  

 
Figure 4.8.: Integral quantity analysis of Tet1-sCy3 in comparison with Tet1. Integrals were calibrated 
to an internal reference. Total irradiation time of 100 min, irradiated at 302 nm with a hand held UV-
lamp. 

 
2 NMR study performed in my master thesis, University of Konstanz, 2017. 
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Next, 1 equiv. Tet1-sCy3 was reacted with 1.5 equiv. CHexNCp to investigate the reactivity of 

the new tetrazole-dye conjugate with a reaction partner known to be highly reactive and 

unaffected by the irradiation (Figure 4.9., pink curves). This reaction was compared to the 

reaction of 1 equiv. Tet1 with 1.5 equiv. CHexNCp (Figure 4.9., blue curves)3 [397]. Upon 

irradiation the integrals for both tetrazoles reduce in the already observed manner. The integral 

for CHexNCp in reaction with the nitrile imine of Tet1 is reduced to 0.21, not to zero as it is 

used in excess. Because a 1.5 equiv. excess is used, a reduction to 0.33 is to be expected, 

the inaccuracy in integral reduction is likely due to the precipitating product inside the NMR 

tube, changing the width of the peaks, making integration more difficult. The integral for 

CHexNCp in reaction with the nitrile imine originating from Tet1-sCy3 is only reduced to 0.61. 

These results affirm the ones from the biological investigation, the new tetrazole-dye conjugate 

does not react as effective with the provided alkene as Tet1 does.  

 
Figure 4.9.: Integral quantity analysis of 1,0 equiv. Tet1-sCy3 in reaction with 1,6 equiv. CHexNCp, in 
comparison with the reaction of 1,0 equiv. Tet1 with 1,6 equiv. CHexNCp. Integrals were calibrated to 
an internal reference. Total irradiation time of 100 min, irradiated at 302 nm with a hand-held UV-lamp. 

 

To get another indication if the nitrile imine does react with the dye in a kind of cyclisation 

reaction instead of with the provided alkene, an NMR study with 2,3 equiv. Tet1 reacting with 

1,6 equiv. CHexNCp 27 in presence of 1,0 equiv. sCy3 NHS-ester 14 was performed (Figure 

4.10.). In this setting the dye is no longer attached to the tetrazole, thus a cyclisation reaction 

is far less likely. The data shows that the integral of the tetrazole and the cyclopropene 

derivatives decrease in the already observed manner, whereas the integral for the dye stays 

 
3 NMR study performed in my master thesis, University of Konstanz, 2017. 
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again unchanged. Thus, also this measurement suggests that the nitrile imine does not interact 

with the dye but reacts with the provided alkene.  

  
Figure 4.10.: Integral quantity analysis of 2,3 equiv. Tet1 in reaction with 1,6 equiv. CHexNCp 27, in 
presence of 1,0 equiv. sCy3 NHS-ester 14. Integrals were calibrated to an internal reference. Total 
irradiation time of 100 min, irradiated at 302 nm with a hand-held UV-lamp. 

 

Summarising, the NMR suggest show that the new Tet1-sCy3 conjugate is converted to the 

corresponding nitrile imine upon irradiation, that the nitrile imine assumedly does not react with 

the dye and, together with the UV-VIS study, that the dye is not affected by irradiation at 

302 nm. The lower reactivity of the Tet1-sCy3, apparent in both the NMR studies and the 

biological assays could be due to sterical reasons. Despite the fact that the PEG linker is 

flexible and the utilised length has been successfully used in MGE, it might be that the linker 

is too short to bridge the distance between the bulky dye and the reporter group on the glycans 

of the glycocalyx. Thus, the highly reactive nitrile imine might be too shielded and has, before 

it reaches the alkene, already found a different reaction partner. 

 

The new Tet1-sCy3 conjugate was synthesised to reduce background staining in cell assays. 

But as it firstly does not show any improvement in that respect and secondly does react to a 

lesser extent with the provided alkene, the investigation was stopped at this point.  
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4.1.5. Investigation of the Temporal and Spatial Control of the Photoclick 

Reaction 

An interesting and valuable feature of the photoclick reaction is the possibility of temporal and 

spatial control over the reaction. Even though the photoclick reaction is often advertised with 

the spatiotemporal control, this feature and its limits have never been investigated closely. The 

exact time point when the reaction starts, is generally when all reactants are present. For the 

photoclick reaction this is when the tetrazole is converted to the corresponding nitrile imine 

under UV irradiation, a time point which is very easily selectable and controllable simply by 

turning on the light source. Also, as soon as the light is turned off the reaction stops and only 

already formed nitrile imine can react further. Spatial control over reactions is rare. A reaction 

is mostly only confined by the container it is performed in, being it a cell culture dish for 

biological assays or a flask for synthetic chemistry. Because the reaction only takes place in 

the exact area of irradiation the spatial control over the photoclick reaction is reliant on the kind 

of light source used. In case of a hand-held UV lamp a big area is irradiated, however when a 

laser beam is used, only a very small area is irradiated. Meaning, applications where a single 

cell or even small compartment of an individual cell need to be highlighted become available. 

Because the nitrile imine is highly reactive, the zone in which the reaction will take place is 

likely to be similar to the irradiation area. This area maybe only slightly be expanded by the 

diffusion rate of the nitrile imine, until it finds a suitable reaction partner. 

I wanted to investigate the possibility of spatiotemporal control of the photoclick reaction using 

MGE. Because Ac4ManNAcryl 24 is a known excellent reaction partner for the photoclick 

reaction[18], I chose to use this carbohydrate for metabolic incorporation. For the tetrazole 

derivative I chose to a literature known laser-activatable bithiophene-substituted tetrazole 28 

with extended -systems, which turns at 405 nm irradiation into the corresponding nitrile imine 

and reacts in the 1,3 dipolar cycloaddition into a red-emitting pyrazoline 29[127] (Scheme 4.5.).  

 

Scheme 4.5.: Workflow to investigate the spatiotemporal control of the photoclick reaction by using 
MGE. Ac4ManNAcryl 24 is metabolically incorporated in HEK293T cells. The acryl moiety reacts in the 
photoclick reaction with the nitrile imine, generated upon irradiation from tetrazole Tet-bithio to the 
corresponding, fluorescent pyrazoline 29.  
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4.1.5.1. Synthesis of Ac4ManNAcryl and Bithiophene Tetrazole 

Ac4ManNAcryl 24 and Tet-bithio 28 were synthesised under my supervision by L. ARNOLD 

and during his bachelor thesis by N. MAURER[398]. For the synthesis of the acrylamide derivative 

24, the amine of mannosamine hydrochloride was Boc-protected[399] and the alcohols were 

peracetylated, the protected sugar was gained in 28% over two steps. The Boc protecting 

group was removed under acidic conditions and the sugar was gained as amine TFA salt. The 

amine was neutralised and reacted with acryloyl chloride yielding Ac4ManNAcryl 25 in 15% 

over two steps.[18] Tetrazole Tet-bithio was synthesised according to literature known 

procedures (Scheme 4.6.). 2,2’-bithiophene 30 was reacted with n-butyllithium and 

trimethylborate to 2,2’-bithiophene-5-boronic acid 31 in 71% yield.[400] Iodobenzene diacetate 

32 was tosylated to hydroxy(phenyl)iodo tosylate 33 in 74% yield.[401] The tosylate 33 and 

boronic acid 31 were reacted yielding phenyl(bithiophen-2-yl)iodonium salt 35 in 95% yield.[128] 

Cinnamonitrile 35 was reacted with sodium azide and trimethylamine to yield (E)-5-styryl-2H-

tetrazole 36 in 96 %.[127] Tetrazole 29 was obtained in a CuII-catalysed cross-coupling of the 

styryl-tetrazole 36 and the iodonium salt 34 in 14% yield.[127] 

 

Scheme 4.6.: Synthesis route for Tet-bithio 29, starting from cinnamonitrile 35, iodobenzene diacetate 
32 and 2,2’-bithiophene 30. 

With all needed derivatives in hand, we could start to investigate the spatiotemporal control of 

the photoclick reaction in biological assays.  
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4.1.5.2. Biological Investigations 

HEK293T cells were seeded and allowed to attach overnight. The cells were incubated with 

100 M Ac4ManNAcryl (24) or dimethyl sulfoxide (DMSO) in the negative control, after 

48 hours 100 M Tet-bithio was added. Under the confocal fluorescence microscopy small 

areas (8–30 m) of the ibidis imaging chamber were irradiated with a laser beam for 4 sec at 

405 nm, indicated by white circles (Figure 4.11. and 4.12.) and images were taken immediately 

after. In these early investigations no washing steps were performed after irradiation.  

In a first approach, we irradiated cells all metabolically functionalised with the acryl moiety. 

One batch of cells was treated with Tet-bithio, the other one not. The obtained images for 

cells treated with Ac4ManNAcryl and Tet-bithio show fluorescent staining in the irradiated 

area, cells only treated with Ac4ManNAcryl show no fluorescent staining in the irradiated area 

(Figure 4.11.). 

 

 

Figure 4.11.: Investigation of the spatiotemporal control over the photoclick reaction, comparison before 
and after irradiation of Tet-bithio for 4 sec. at 405 nm. HEK293T cells were incubated with 100 μM 
Ac4ManNAcryl 24 for 48 h. Living cells were reacted with A) no tetrazole derivative and B) Tet-bithio. 
Scale bar 30 μm, irradiated area indicated by white circle. 

 

In a second approach, we irradiated cells metabolically functionalised with the acryl moiety and 

cells without that functionality. All cells were treated with Tet-bithio. The obtained images for 

cells treated with Ac4ManNAcryl and Tet-bithio show again fluorescent staining in the 

irradiated area; cells only treated with Tet-bithio show marginal fluorescent staining in the 

irradiated area (Figure 4.12.).  
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Figure 4.12.: Investigation of the spatiotemporal control over the photoclick reaction, comparison before 
and after irradiation of Tet-bithio for 4 sec. at 405 nm. Living HEK293T cells were treated with A) no 
sugar derivative, B) 100 μM Ac4ManNAcryl 24 for 48 h. Scale bar 30 μm, irradiated area indicated by 
white circle. 

 

The data shows, that the short irradiation period of the cells (4 sec.) is sufficient to turn enough 

Tet-bithio into the highly reactive nitrile imine to observe fluorescent staining. The time span 

between irradiation and scanning of the cells for fluorescence imaging is also only a few 

seconds, these few seconds are also already enough for the photoclick reaction to take place, 

thus for pyrazolines to form. This shows the high reactivity of the nitrile imine and underpins 

the assumption that the reactions zone is only limited by the diffusion rate of the nitrile imine.  

The obtained images also show that not only the cell membrane is stained, but the whole 

irradiated area of the cells. This indicates that tetrazole Tet-bithio or its resulting nitrile imine 

might be able to penetrate the cell. The WITTMANN group solely obtained cell membrane 

staining with Ac4ManNAcryl and the photoclick reaction.[18]  It could be that their used tetrazole-

biotin conjugate and its corresponding nitrile imine cannot cross the cell membrane. Or it could 

be that their tetrazole-biotin and/or nitrile imine derivative does in fact penetrate the cell, but 

as the used streptavidin-dye conjugate cannot enter the cell, they could not detect any internal 

staining. Literature states, that because of the high reactivity of the nitrile imine several side 

reactions can occur.[116,402-405] Thus the nitrile imine reacts partly with other molecules in the 

culture medium or the aqueous buffer in the irradiation zone above the cells. Because imaging 

is done seconds after irradiation these fluorescent by-products are still present in the irradiation 

zone. A washing step after irradiation could be useful to remove these unbound by-products. 

This will likely also reduce the background staining obtained for the unmodified cells treated 

with Tet-bithio (Figure 4.12.B). 
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To this end, at only the beginning of the investigation of the temporal and spatial control over 

the photoclick reaction, we could successfully demonstrate in biological assays the high and 

exact control that can be gained over the reaction. 
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4.2. Part II – Generation and Application of a Glyco-Functionalised 

Extracellular Matrix 

The natural environment of cells is the extracellular matrix (ECM), cell-specific matrices can 

be obtained from in vitro culture of the respective cells. ECMs are investigated and already 

used as biomaterials in many different applications, e.g. as cell-influencing coatings.[174,406-407] 

Many of these applications require the modification of the ECM with individually addressable 

functional groups. Metabolic glycoengineering (MGE) is a valuable tool to incorporate 

chemically modified monosaccharides into natural intra- and extracellular oligosaccharide 

structures of the cell while the ECMs integrity is preserved. These functionalities can 

subsequently be addressed by bioorthogonal chemical ligation reactions, for visualising and 

tuning the chemical and physical properties of metabolically modified glycoconjugates. 

Building on ealier work[21] and in cooperation with Hochschule Reutlingen and Universität 

Stuttgart, we aimed to generate, optimise, and analyse a so called clickECM. A material 

consisting of ECM equipped with additional properties to enhance cell proliferation and 

migration, for application in wound care.  

Some data that is presented in the following chapter 4.2. is also part of a publication “An 

Advanced ‘clickECM’ that Can be Modified by the Inverse-Electron Demand Diels-Alder 

Reaction” submitted to ChemBioChem, some of the figures and schemes are transferred or 

modified from this publication. 

4.2.1. Synthesis of a Carbohydrate Library 

To be able to apply the well-established bioorthogonal DAinv ligation reaction[19-20,136] in a 

dienophile-functionlised ECM, I synthesised a library of novel (Ac4GalNPtl, Ac4GalNBeoc, 

Ac4GalNPeoc, Ac4GalNHeoc) and literature known unnatural N-acetylgalactosamine (GalNAc) 

and N-acetylmannosamine (ManNAc) derivatives with carbamate- and amide-linked terminal 

alkenes and amide-linked cylcopropenes for incorporation into the ECM using MGE. The 

series of GalNAc derivatives shown in Chart 4.1.A was synthesised starting from 

galactosamine hydrochloride. The series of ManNAc derivatives shown in Chart 4.1.B was 

synthesised starting from mannosamine hydrochloride. 
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Chart 4.1.: Library of alkene-modified A) galactosamine and B) mannosamine derivatives for 
incorporation into the ECM using MGE. Btl = but‐3‐enoyl, Ptl = pent‐4‐enoyl, Hxl = hex‐5‐enoyl, Beoc = 
butenyloxycarbonyl, Peoc = pentenyloxycarbonyl, Heoc = hexenyloxycarbonyl. 

 

All sugars, except Ac4ManNAcryl 24 and Ac4GalNAcryl 37, were obtained by reacting the 

respective hexosamine hydrochloride with the corresponding alkenyl succinimidyl carbonate, 

followed by acetylation in good yields (Scheme 4.7). 24 and 37 were obtained by literature 

known precedure[18] as described in chapter 4.1.5.1. Synthesis of Ac4ManNAcryl and 

Bithiophene Tetrazole).  

 

Scheme 4.7.: Synthesis route for alkene-modified monosaccharides, exemplary for galactosamine 
derivatives. The hexosamine hydrochloride was reacted with the corresponding alkenyl succinimidyl 
carbonate, followed by acetylation with acetic anhydride. R= Btl, Ptl, Hxl, Beoc, Peoc and Heoc moieties. 
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4.2.2. Evaluation of the Biocompatibility of the Dienophile-Functionalised 

Carbohydrates and Generation of Functionalised ECM (clickECM) 

The dienophile functionalised carbohydrates were then tested at Hochschule Reutlingen by 

S. NELLINGER on their biocompatibility and suitability for MGE. For this, they were applied to 

stem cells derived from adipose tissue (adipose-derived stromal/stem cells, ASCs). The ASCs 

are isolated from human tissue samples obtained from patients undergoing plastic surgery. 

Because ASCs are permanently present and can be obtainened by minimally invasive 

procedures, they are very suitable for the intended application. Firstly the cytotoxic properties 

of the carbohydrates were examined using established viability assays. Lactate 

dehydrogenase (LDH) release (cell death) and resazurin turnover (metabolic activity) were 

measured. Both assays showed no cytotoxic properties for all examined monosaccharides, 

which is a prerequisite for their use to modify the ECM. Interesstingly, ASCs treated with the 

cyclopropene modified monosaccharides (Ac4GalNCp) exhibited a significant lower amount of 

released LDH compared to the other derivatives, meaning this carbohydrate seems to be the 

most suitable candidate and is therefore used in further investigations. The underlying cause 

for this finding however is not known. 

Next, the dienophile-functionalised carbohydrates should be metabolically incorporated into 

the ECM (Figure 4.13.A). For this, ASCs were seeded and kept in cell culture for 4 days. 

Sodium ascorbate was added periodically to enhance synthesis and secretion of matrix 

molecules. After 4 days the cells were treated with 100 M of a synthesised monosaccharide 

(Ac4GalNCp). After 72 h incubation the cells were lysed, the dienophile-functionalised ECM 

was isolated and washed. After isolation the ECM was concentrated and homogenised. For 

detection of the alkene groups homogenised ECM was incubated with 50 M biotinylated 

tetrazine for 1 h at rt followed by StrepAF555 for 20 minutes at rt. Then, a fluorescence readout 

was performed using confocal fluorescence microscopy. Unfortunately, ECM with alkene 

modification and ECM without alkene modification showed the same amount of matrix staining, 

no visible difference between the two (Figure 4.13.B and 4.13.C).  
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Figure 4.13.: A) Workflow for MGE with ASCs and dienophile modified monosaccharide, followed by 
cell lysis and detection using tetrazine-biotin and StrepAF555. Fluorescence readout of B) ECM 
functionalised with Ac4GalNCp 44 and labelled using the DAinv reaction. C) negative control, ECM 
without Cp modification, DAinv reaction performed. The ASCs were incubated with 100 μM sugar 44 or 

DMSO as solvent control for 72 h. ClickECM was reacted with 50 M biotinylated tetrazine followed by 
StrepAF555. Scale bar 30 μm. 
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To further investigate these findings, the cell assays were repeated and varying conditions for 

the ligation reaction were screened: 

- We chose a different streptavidin-dye adduct for the labelling procedure. The 

biotinylated tetrazine was reacted with StrepCy3, but also with this dye we observed 

matrix staining in the negative control. 

- We tried a tetrazine-TAMRA (carboxytetramethylrhodamine) adduct, to obtain labelling 

in one step, but again observed matrix staining in the negative control. 

- In order to determine if the dyes might get entangled in the ECM and thereby cause 

the background staining, we solely reacted the ECM with StrepAF555. With this setting 

we did not observe matrix staining, thus the dyes do not get entangled.  

- We also tried to saturate the ECM with tetrazine-PEG-OH, followed by treatment with 

tetrazine-PEG-biotin/StrepAF555, tetrazine-PEG-biotin/StrepCy3 and only 

StrepAF555. In  both set-ups with StrepAF555 we observed matrix staining in the 

negative control, in the set-up with Cy3 we did not observe matrix staining in the 

negative control. 

All in all, these findings do not fit together, no clear statement can be made about why and 

when labelling occurs and about why it occurs so inconsistently. Also, the alkene modified 

monosaccharides have never before been used to functionalise ECM, so it has never been 

proven that the ECM is in fact alkene-functionalised. Thus, matrix staining of ASCs treated 

with dienophile modified monosaccharide could consequently also be a wrong  postitiv signal, 

and in reality no alkene modifications are found in the ECM. The utilised labelling system is 

clearly unsuited for reliably detecting the differenciation between alkenes modified ECM and 

unmodified ECM. A more reliable detection system is absolutely necessary.  

Such a system was found by using streptavidin linked to horse radish peroxidase (HRP) and 

subsequent treatment with TMB (3,3′,5,5′-tetramethylbenzidine) (Figure 4.14.A), a known and 

reliable detection system for ELISA (enzyme-linked immunosorbent assay). For this detection 

method the clickECM was treated with 50 M biotinylated tetrazine for 1 h at rt. The samples 

were washed and incubated with 6.6 µg/mL StrepHRP. TMB was added to the samples and 

after colour change the reaction was stopped using acidic conditions, this again changes the 

solutions colour from blue to yellow. The absorbance of the supernatant was then measured 

using a plate reader at 450 nm. Values of the unmodified ECM (coECM) were set as 100 % 

and values of the modified ECMs were normalised to the coECM. As Figure 4.14.B shows, not 

only the cyclopropene modified monosaccharide but also several other terminal alkene 

modified derivatives were tested with the new assay. These results show, that firstly we now 

operate with a reliable and robust detection system for the clickECM and secondly that the 

dienophile modified monosaccharides have definitely been metabolically incorporated into the 
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ECM. Moreover, the obtained data shows that the TMB turnover for the cyclopropene modified 

ECM is significantly higher compared to the other dienophiles. In Figure 4.14.C a comparison 

between clickECMs modified with Ac4GalNCp or Ac4ManNCp, harvested from three different 

donors (see Figure 4.14.C, numbers 59/76/78) is shown. It is again evident that the ECM is 

significantly and consistently modified with cyclopropene moieties. The data also shows, it 

does not matter whether the ASCs are treated with mannosamine or galactosamine 

derivatives, a much stronger impact has the donor from which the ASCs are obtained from. 

That might be due to irregularities in the ECM. Firstly because the clickECM is not gained from 

cell lines but from primary ASCs and secondly because the ASCs derive from different donors 

and every person has an individual composition of ECM[408], thus there ought to be differences 

visible. Nonetheless the clickECM from every donor shows significant modification with the 

cyclopropene moiety. To be in accordance with former work[21], all following experiments with 

modified clickECM, including the preparation of ECM-gum hybrid hydrogels were conducted 

with galactosamine derivatives. 

 
 

 

Figure 4.14.: A) Workflow of a new method for detection of the dienophile functional groups 
incorporated into the clickECM using firstly tetrazine-biotin, followed by HRP and its reaction with TMB. 
B) Comparison of relative absorbance of alkene modified clickECM and unmodified ECM.  



 

 

67 Results and Discussion 

        
 

Figure 4.14.: C) Comparison of relative absorbance of Ac4GalNCp 44 and Ac4ManNCp 25  and 

unmodified ECM from three different doners (59/76/78). 

 

4.2.3. Synthesis of a Trifunctional Linker for Functionalisation of the 

clickECM 

Oligosaccharides are involved in many processes of cell adhesion and recognition. In order to 

promote these processes in the later application of the clickECM in wound care, the clickECM 

should be functionalised with suitable oligosaccharides. The workflow to covalently link 

oligosaccharides to the clickECM is depicted in Figure 4.15.A. For this a linker had to be 

synthesised, as the linker has to meet certain requirements it needs the following features 

(Figure 4.15.B): A primary oxyamine moiety, for functionalising reducing carbohydrates. The 

oxime ligation reaction is chosen because it produces stable glycoconjugates under aqueous 

conditions and in high yields,[255] and is also well established within this research group and 

optimal reaction conditions for functionalisation are known.[289,332] The oxyamine is attached to 

the linker backbone via a tetra(ethylene glycol) (TEG) spacer that increases its water solubility. 

Also connected to the backbone via a TEG spacer is a tetrazine derivative. It reacts in the 

DAinv reaction with the alkenes metabolically incorporated into the ECM and so covalenty links 

matrix and oligosaccharides. Lastly, a fluorescent dye is attached for detection of already 

minimal amounts of glycoconjugates linked to the clickECM. I chose the sCy3 dye because it 

water soluble and stable.[409] The backbone is lysine (lys), through three stable amide bonds 

all functionality are connected here. For later application in patients’ wounds, the dye is of 

course no longer needed and nor wanted and will therefore not included in the linker 51 

anymore.  

Negative Ac
4
GalNCp Ac

4
ManNCp 

C) 

R
e

la
ti
v
e
 a

b
s
o

rb
a

n
c
e
 



 68 Results and Discussion 

 

 

 

Figure 4.15.: A) Workflow for immobilising oligosaccharides on the dienophile modified clickECM using 
a synthetised linker 51. B) Structure of the trifunctional linker for functionalisation of reducing 
carbohydrates consisting of a primary oxyamine for glycoconjugation, two TEG spacers to improve water 
solubility, a tetrazine for reaction with the alkene modified clickECM, a fluorescent dye for detection, and 
a lysine backbone to connect all functional groups via stable amide bonds. R= H or glycanchain, R’= H 
or pyrimidinyl. 
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I synthesised two linker derivatives 67 and 68 incorporating a different tetrazine each 

(Scheme 4.8.). The synthesis of the monoaryl tetrazine derivative 55 was performed according 

to JIMÉNEZ-MORENO et al.[410] 4-Cyanobenzoic acid 52 was reacted with hydrazine hydrate and 

formamidine acetate 53 yielding 54, after oxidation with sodium nitrite 55 was gained in 18% 

yield. The biaryl tetrazine derivative 57 was in stock in the research group and was only purified 

by flash column chromatography. Both tetrazine derivatives were reacted in a first pyBOP 

(benzotriazol-1-yl-oxytripyrrolidinophosphonium-hexafluorophosphat) peptide coupling with an 

Boc-amino-PEG3-amine linker. Purification via flash column chromatography yielded tetrazine-

PEG-amino-Boc 57/58 in yields of 40% (monoaryl, 57) and 83% (biaryl, 58). The Boc protecting 

groups were removed under acidic condition, and the tetrazine-PEG-amines 59 and 60 were 

reacted without further purification with an Boc protected lys-sCy3 conjugate 62 in a second 

pyBOP peptide coupling. The tetrazine-PEG-lys-sCy3 derivatives 63 and 64 were obtained 

after HPLC purification in yields of 60% (monoaryl, 63) and 69% (biaryl, 64) over two steps. 

The Boc protecting groups were removed under acidic condition and the tetrazine-PEG-lys-

sCy3 derivatives 65 and 66 were reacted with an Boc-aminooxy-PEG3-COOH linker in a third 

pyBOP peptide coupling, yielding tetrazine-PEG-lys-sCy3-PEG-aminooxy-Boc 67  and 68 in 

yields of 60% (monoaryl, 67) and 60% (biaryl, 68) over two steps. The boc protected lys-sCy3 

adduct 62 was obtained by reacting boc-protected lysine 67 with the sCy3 NHS-Ester 14 in 

67% yield. The sCy3 NHS-ester was synthesised following literature known procedure, as 

described in chapter 4.1.1.: Synthesis of Tetrazole-Dye Derivatives. 

The Boc protecting group was not yet removed from the final compounds 67 and 68. First 

suitable, cell adhesion promoting oligosaccharides had to be identified. 
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Scheme 4.8.: Synthesis of trivalent linker 67 and 68, with aminooxy, tetrazine and sCy3 functionality for 
ligating, immobilising and detecting oligosaccharides on an alkene modified clickECM. R= H or 
pyrimidinyl. 
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4.2.4. Investigation of Cell Adhesion on Carbohydrate Microarrays  

The influence of various oligosaccharides on cell adhesion was evaluated by screening 

covalently and site-specifically immobilised oligosaccharides on activated glass slides using 

the microarray technology. In order to immobilise sugars and enable screening they need to 

be functionalised with a reactive group. Such an functionalised oligosaccharide library was 

kindely provided by O. BAUDENDISTEL.[332] He synthesised a trivalent linker 69 (Figure 4.16.B) 

consisting of a sCy3 dye for detection, an oxyamine functional group for reaction with the 

reducing oligosaccharides and an amine functionality for reaction with the coated glass slides 

(Figure 4.16.A). This linker was reacted in an oxime coupling with 25 reducing carbohydrates, 

ranging from mono- to decasaccharides. The obtained library includes carbohydrate structures 

with diverse sizes and stereochemistry, some derivatives containing hydrolysis prone fucose- 

and sialic acids (Figure 4.16.C-I). For easier comprehension the oligosaccharides are depicted 

in their carbohydrate symbol representations, modified by the CFG[46] and the editors of 

“Essentials of Glycobiology”[24].  

 

4.2.4.1. Assembly and Screening of Carbohydrate Microarrays 

The glycoside library was designed for immobilisation on amine reactive surfaces. I used 

Nexterion® H slides provided from Schott. These slides are coated with a thin film 3D 

hydrophilic polymer activated with N-Hydroxysuccinimide (NHS) esters to provide covalent 

immobilisation of amine groups by forming amide bonds (Scheme 4.9.). The polymer-based 

layer is very resistant to non-specific binding and allows molecules to be immobilised in a 

quasi-liquid environment whilst maintaining their native structure.[411] The general workflow for 

the generation of carbohydrate microarrays and their biological application comprises four 

steps (Scheme 4.9.).  

1) Non-contact printing or spotting of the substrate, i.e., the glycoconjugate library, onto 

glass slides. 

2) Incubation of the slides for efficient immobilisation/ formation of the amide bond. 

3) Washing to remove unbound substrate and deactivation of remaining NHS-esters on 

the glass surface. 

4) Incubation of the immobilised glycoconjugates, in this application with ASCs, to detect 

possible cell adhesion. 
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Figure 4.16.: Preparation of oligosaccharide library by functionalisation of 25 reducing carbohydrates 
with trivalent oxyamine linker 69, produced and kindly provided by O. BAUDENDISTEL. A) Reaction 
scheme of oxyamine ligation of reducing carbohydrates. B) Molecular structure of trivalent linker 69. 
The established library is categorised in C) di-, D) tri-,E) tetra-, F) penta-, G) hexa-, H) octa-, I) 
decasaccharide glycoconjugates.  
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Scheme 4.9.: General workflow for carbohydrate microarray assembly: The functionalised 
glycoconjugates are spotted on the activated glass surface by a non-contact microarray printer. There, 
the terminal primary amine of the linker reacts with the NHS-ester modified surface, forming stable 
amide bonds. The immobilised structures are then incubated with ASCs to monitor possible cell 
adhesion by fluorescence and light microscopy. 

 

For non-contact printing the lyophilised glycoconjugates were dissolved in plotting buffer to a 

starting concentration of 2 mM. These solutions were then diluted with 2 mM ethanolamine in 

plotting buffer, resulting in glycoconjugate concentrations of 2 mM (undiluted), 1 mM and 0.5 

mM. Then, the samples were plotted with a non-contact printer applying 15 droplets (à 4 nL) 

of glycoconjugate solution per spot to the surface, creating spots with a diameter of 

approximately 1 mm. In total three replicates of the three molar dilutions were plotted to provide 

one block of 3x3 for each sample (Figure 4.17.A). As a positive control, commercially available 

peptide sequence cRGDfK (cyclo(Arg-Gly-Asp-D-Phe-Lys and the glycoprotein fibronectin, 

which contains the RGD motif, were also immobilised. Both were spotted in 2 mM 

concentration, cRGD in a block of 3x2, fibronectin in two blocks of 3x3. The RGD binding 

sequence was chosen because it is a component of the ECM that specifically promotes cellular 

adhesion.[412] All blocks were printed in rows numbered from 1–3 and columns termed with 

letters (A-J), so forming a grid on the glass surface to determine the exact position of every 

individual glycoconjugates (Figure 4.17.). The blocks were distributed randomly on the array 

to avoid that glycoconjugates of similar size or carbohydrate composition are next to each 

other on the array. Also the three different concentrations of linker-glyco-conjugate were 

spotted in different orders. For example Figure 4.17.A, panel 1A, concentration order from left 

to right: 2 mM, 1 mM, 0.5 mM. In contrast panel 1H, concentration order from left to right: 1 

mM, 0.5 mM, 2 mM. The integrity of the microarrays, i.e. successful immobilisation of the 

glycoconjugates on the slides was checked by a fluorescence readout of the sCy3 dye of the 

trivalent linker (Figure 4.17.A). This allowed to detect defect slides before they are used in 
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subsequent time-consuming cell experiments. In this manner I could show proper 

immobilisation of all glycoconjugates and well defined and separted spots. In row 1 column F 

and row 2 column F some spots are smeared, but nonetheless are for these two 

glycoconjugates also correct spots present, thus cell adhesion can still be investigated for all 

25 glycoconjugates. 

The following cell experiments were performed at Hochschule Reutlingen by S. NELLINGER. 

The functionalised slides were inclubated with ASCs for 3 and 5 h in cell media with and without 

fetal bovine serum (FBS) as a universal growth supplement of cell culture media. The slides 

were then washed and possibly adhered cells were fixed with paraformaldehyde. The 

microarrays were then mounted with mounting medium before scanning the slides using a light 

microscope. As a result, the ASCs showed only specific adhesion on spots with immobilised 

cRGDfK (Figure 4.17.B+C). All the other samples, including fibronectin did not lead to adhesion 

of ASCs.  

The data shows that only cRGDfK enhances cell adhesion, the investigated oligosaccharides 

seem not to do so, or only in such a small extent that is not detectable on microarrays. As a 

future alternative to the oligosaccharides a growth factor, like the basic fibroblat growth factor 

(bFGF), could be incorporated into the clickECM and covalently linked to the modified matrix 

via the DAinv reaction. Growth factors are signalling molecules that are principle mediators in 

tissue regeneration.  
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Figure 4.17.: Carbohydrate microarray spotted with 25 glycoconjugates, fibronectin (P1) and cRGDfK 
(P2).  A) Fluorescence readout of immobilised sCy3-containing glycoconjugates (row 1 A-H, row 2 A-I, 
row 3 B-I), ethanolamine as negative control (2J), cRGDfK as positive control (3A) and fibronectin (1I 
and 3J) at 532 nm excitation and detection above 575 nm. B) Fluorescence readout after incubation 
with ASCs. Only on the positive control (cRGDfK) ASCs adhered. Slides were mounted with FluoMount, 
nucleus stained with DAPI (4′,6-Diamidin-2-phenylindol). C) Magnification of A3, cRGDfK spots with 

adhered ASCs using fluorescence and light microscopy, scale bar 200 m.  
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4.2.5. Properties of the clickECM 

Lastly dienophile and azide modified clickECMs were investigated in view of the influence the 

incorporated functional groups have on the ECM as a biomaterial and whether the functional 

groups have an impact on cellular behaviour. Latter has to be examined because a complete 

reaction of all introduced functional groups in the ECM in the bioorthogonal ligation reaction 

cannot be ensured. These investigation were performed at Hochschule Reutlingen and 

Universität Stuttgart. 

First a hydrogel material with poly(ethylene glycol) diacrylate (PEG-DA) framework was 

prepared. In this method a metabolically incorporated acryl functional groups (see chapter 

4.2.1. Synthesis of a Carbohydrate Library), could be used for interlinkage. Investigations of 

this material showed firstly, that the UV irradiation for generation of the PEG-DA framework 

causes substantial damage to the DNA of the cells and secondly, that the achievable 

interlinkage of the hydrogel material is already efficient without the additional crosslinking acryl 

groups in the ECM. Thus an alternative material which does not need UV irradiation for 

generation of the framework was needed. Henceforth gellan gum-hybrid hydrogels were 

produced and the ECM was incorporated in these hydrogels. Gellan gum is a water-soluble 

polysaccharide produced by bacteria and used in many tissue engineering approaches. It is 

known that gellan gum does not influence ASCs behaviour,[413-414] meaning that possibly 

observed changes are directly linkable to the ECM. The hybrid hydrogels were prepared of 1 

% gellan gum and 0.25%wt homogenised ECM, either control ECM without modification 

(coECM), ECM with azide modification (AzECM) or ECM with cyclopropene modification 

(CpECM) were used. In accordance with former work[21] only the galactosamine derivatives 

(thus Ac4GalNAz and Ac4GalNCp 44) were used for the preparation of the alkene-modified 

ECM. As a negative control, 1 % gellan gum hydrogels without ECM supplementation were 

prepared (w/o ECM). 

It is well known that stiffness has a high impact on cellular behaviour.[415-416] To exclude 

inconsistent stiffness as a cause for different cellular behaviour, rheological measurements 

were performed with the ECM-gellan gum-hybrid hydrogels (coECM, AzECM, CpECM) and 

the negative control (w/o ECM). For this the liquid hydrogels were covered in phosphate-

buffered saline (PBS) with magnesium and calcium (PBS+) to induce cross-linking and were 

left for swelling for 72 h at rt. Evaluation of stiffness (Gʹ, Gʹʹ, Figure 4.18) of all different 

hydrogels showed no differences. The amount of ECM used in this study is very likely too low 

to have an impact on hydrogel stiffness.  
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Figure 4.18.: Biological application of the modified ECM in 3D hydrogels, w/o ECM (with no ECM), 
coECM (ECM without modification), AzECM (azide modified) and CpECM (cyclopropene modified). 
ECM-gellan gum-hybrid hydrogels with 1 % gellan gum, 0.25%wt homogenised ECM. Rheological 
measurements, evaluation of stiffness of the material. 

For determination of the cellular response to the modified ECM within the hydrogels, ASCs 

were encapsulated in the hydrogels (Figure 4.19.). Therefore, hydrogels with 1 % gellan gum, 

0.25 %wt ECM and 300.000 ASCs per 100 µL hydrogel were prepared. The liquid hydrogel 

solution was again covered with PBS+ to induce cross-linking. After 30 min incubation at 37 °C, 

PBS+ was changed to culture medium. Hematoxylin and eosin (HE) staining was performed 

and ensure a homogenous distribution of ECM within the hydrogels (Figure 4.19.A–first row). 

A homogenous distribution of ECM is important because it directly impacts the number of 

possible interactions between cells and ECM and thus indirectly influences the magnitude of 

influence the ECM has on cellular survival, proliferation and differentiation. Because the 

amount of ECM within the hydrogels is relatively low the distribution of the ECM particels is of 

even greater importants for the cell experiments. Figure 4.19.A, HE staining shows a 

homogenous distribution for coECM, AzECM and CpECM. On day 3 of cell culture, live-dead 

staining was performed and analysed for cellular survival and proliferation of the encapsulated 

ASCs. Figure 4.19.A shows live/dead staining of the encapsulated ASCs, viable cells were 

stained with FDA (fluorescein diacetate (in green)) and dead cells were stained with PI 

((propidium iodide) in red). The cellular survival and relative proliferation were quantitatived by 

image analysis software on basis of the images of live-dead staining. For cellular survival the 

number of viable and dead cells were determined and shown as percentage. It was observed 

that ASCs in hydrogels with ECM exhibited a higher survival rate compared to the control 

without ECM. Within the samples containing ECM no significant differences could be observed 

between the different modifications or unmodified ECM (Figure 4.19.B). Proliferation was 

investigated by comparing the percentage of total cell number on day three relative to day 

zero. Figure 4.19.C shows again that there are no significant differences between the 

hydrogels without modification (coECM) and with modifications (AzECM and CpECM), thus 

the functionalisations have no negative effect on cellular survival and proliferation and are 

therefore suitable for functionalising the ECM and the intended application. Also on day 3 after 
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hydrogel preparation the metabolic activity of the encapsulated ASCs was investigated using 

a resazurin assay. Figure 4.19.D shows the semi-quantitative determination of metabolic 

activity, no differences between the hydrogels with ECM and the control without ECM were 

detected. Results were calculated based on the number of viable cells per hydrogel and values 

were normalized to the control hydrogel without ECM. 

All in all these results show, that the incorporated functional groups in the ECM have no 

negative impact on encapsulated ASCs and do not affect their cellular behaviour. Thus the 

obtained cell-derived ECM material can now further be equipped with additional functions with 

bioactive molecules like growth-factors or the material could be further cross-linked by using 

corresponding linker molecules. The great advantage over the previously reported 

functionalisation of a clickECM by CuAAC[21] is the independence of any catalyst which might 

exhibit cytotoxic effects or has an negative impact on the ECM’s cell production. 

 

 
 

Figure 4.19.: Biological application of the modified ECM in 3D hydrogels, w/o ECM (with no ECM), 

coECM (ECM without modification), AzECM (azide modified) and CpECM (cyclopropene modified). 

ECM-gellan gum-hybrid hydrogels with 1 % gellan gum, 0.25%wt homogenised ECM, and  encapsulated 

ASCs (300.000 cells/ 100µL hydrogel) A) Determination of the cellular response, hematoxylin and eosin 

(HE) staining to ensure homogenous distribution, live-dead (PI) staining and FDA (Fluorescein 

diacetate) staining, nuleus staining with Hoechst 33342. Scale bar: 200µm. 
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Figure 4.19.: Biological application of the modified ECM in 3D hydrogels, w/o ECM (with no ECM), 
coECM (ECM without modification), AzECM (azide modified) and CpECM (cyclopropene modified). 
ECM-gellan gum-hybrid hydrogels with 1 % gellan gum, 0.25%wt homogenised ECM, and  encapsulated 
ASCs (300.000 cells/ 100µL hydrogel) B) Investigation of cellular survival, C) proliferation and D) 
metabolic activity of the encapsulated ASCs. 
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4.3. Part III – Investigation of the Oxyamine Ligation 

Carbohydrates are the most abundant and divers biomolecules on earth and are heavily 

involved in post-translational protein modification. For the analysis of carbohydrate mixtures 

and carbohydrate interactions, a reaction which allows modification of glycans with high 

chemoselectivity and in high yields is needed. Often applied to this end is the oxyamine 

ligation, a covalent coupling of reducing glycans 70 with aminooxy nucleophiles to form acyclic 

carbohydrate oximes 71 ((E)- and (Z)-configuration) in equilibrium with cyclic N-

glycosyloxyamines 72 (- and/or -configuration) (Figure 4.30.). In some cases for instance 

with certain carbohydrates[289] (GlcNAc) and higher pH (≥7) reaction rates are slow. Rate 

enhancement of the oxime formation is possible by nucleophilic catalysis or aniline (and 

derivatives thereof) catalysis, reported 2006 by DAWSON.[311] This finding was then applied to 

carbohydrates in 2010 by JENSEN.[303] The central catalytic intermediate of the aniline catalysed 

oxyamine ligation reaction is the glycosyl imine 74. The catalytic strength lies in the fact that 

this phenyl imine 74 is more easily protonated than the parent carbonyl compound, which 

facilitates the attack of the oxyamine. If N-glycans are enzymatically released from N-

glycoproteins glycosyl amines are obtained (Scheme 4.10.). The imine tautomer 73 of the 

released glycosyl amine is even easier protonated to the iminium species than the phenyl imine 

74, therefore is very susceptible to an oxyamine attack and a much more efficient intermediate 

for the oxime formation, maybe also at higher/neutral pH. The easier protonation of 73, caused 

by a pKa decrease, can be estimated by comparing the pKa decrease caused by the phenyl 

group between glucosyl amine (5.6) and glucosyl aniline (1.5). According to that, we expect 

the pKa of 73 to be several pH units higher than that of 74. Thus glycosyl amines are very well 

suited and can be directly be used as the catalytic intermediate of the oxyamine ligation 

reaction without the need for a catalyst at the same pH.  
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Scheme 4.10.: Interrelationship of reaction pathways of the uncatalysed, the aniline catalysed and the 

glycosyl amine oxyamine ligation reactions and the enzymatic cleavage of N-glycans from N-
glycopeptides. Asp= asparagine. 

 

Building on work from O. BAUDENDISTEL[332] I investigated the oxyamine ligation reaction using 

glycosyl amine GlcNAcNH2 75. This compound was chosen as a model compound, because 

it matches the terminal carbohydrate of released N-glycans and is easily available in contrast 

to the scarcely available N-glycans. Because GlcNAcNH2 is prone to hydrolysis[417] GlcNAcN3 

76 serves as a shelf stable precursor (kindly provided by M. SCHÖWE), the amine is obtained 

by hydrogenation of the azide (Scheme 4.11.).[418] 

 

 

Scheme 4.11.: Reduction of GlcNAcN3 76 with hydrogen and Pd/C in MeOH yielding GlcNAcNH2 75. 
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4.3.1. Hydrolytic Stability of Glycosyl Amine GlcNAcNH2 

When investigating N-glycans released from glycoproteins, they are commonly used after 

complete hydrolysis from GlcNAcNH2 75 to GlcNAc 70. When using GlcNAcNH2 in the 

oxyamine ligation, hydrolysis of GlcNAcNH2 is a not negligible side reaction. Thus I first 

investigated the hydrolytic stability of GlcNAcNH2 in an 1H NMR study under aqueous 

conditions in buffered systems at different pH values with deuterated ammonium acetate buffer 

(ND4OC(O)CD3) for pH 5–7 and deuterated phosphate buffer (KD2PO4) for pH 8 to a final 

concentration of 5–10 mM GlcNAcNH2. First investigations on the hydrolysis of GlcNAcNH2 

were also performed by O. BAUDENDISTEL.[332] The ammonium buffer was chosen because 

ammonia is released during the reaction, thus by using this buffer system the equilibrium of 

the reaction should be shifted towards the starting materials and the hydrolysis rate should 

decrease. I tested this theory by comparing deuterated ammonium acetate buffer with sodium 

acetate buffer at pH 5 and 6. For pH 5 the hydrolysis rate was the same with both buffer 

systems, most likely because hydrolysis is so fast, the effect the ammonium has is neglectable. 

At pH 6 an effect is visible, hydrolysis proceeded faster in sodium acetate buffer than in 

ammonium acetate buffer. Based on these results all oxyamine ligation reactions were 

conducted in ammonium acetate buffered systems (see appendix Figure 9.1. and 9.2.).  

GlcNAcNH2 was freshly prepared for each experiment and its integrity checked by NMR. The 

reaction was monitored via 1H NMR spectroscopy, immediately after dissolution of the 

carbohydrate in buffer. Due to the release of NH3 the stability of the buffered system, thus 

steadiness of pH was ensured by checking the pH after the experiments. An external TSP 

(trimethylsilylpropanoic acid) standard allowed calibration of the obtained integrals, thus 

calculation of the concentration of glycosyl amine present in solution. The percentage of 

remaining GlcNAcNH2 was plotted over time. A logarithmic x-axis was chosen for a better 

resolution of the high reaction speed at the beginning of the reaction (Figure 4.20.).  

 As expected the hydrolysis rate of GlcNAcNH2 is fastest at pH 5 and becomes increasingly 

slower with increasing pH, since hydrolysis proceeds via the generation of an iminium ion and 

release of ammonia which are both acid catalysed. To precisely compare the hydrolysis at 

different pH, mathematical functions were fitted to the obtained data and calculations were 

performed. This was done by U. STEINER, he determined hydrolysis rates (kh) for every 

hydrolysis at pH 5–8, also t0.1 values were determined as the time when 10 % of GlcNAcNH2 

is still intact. (Table 4.2.).  
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Table 4.2.: Calculated hydrolysis rates and t0.1 values of GlcNAcNH2 in buffered system at different pH. 
kh= hydrolysis rate. *The exponential decay constants given refer to the final 60-70% of decay. For 
details see appendix Part III, Kinetics of Hydrolysis. 

entry pH kh [h-1] t0.1 

1 5 6.06 0.38 h 

2 6 0.785* 2.51 h 

3 7 0.157* 12.59 h 

4 8 0.050* 43.55 h 

 

 

 

Figure 4.20.: Hydrolytic stability of GlcNAcNH2 75 in aqueous buffer at pH 5–8 over time. Glycosyl amine 
75 was dissolved in either 500 mM ND4OC(O)CD3 (pH 5–7) or 500 mM KD2PO4 (pH 8) and the starting 
material was monitored via 1H NMR spectroscopy. The hydrolysis rate decreases with increasing pH.  

 
Summarising, I showed the different hydrolysis progressions of GlcNAcNH2 from pH 5 to 8, 

hydrolysis proceeding fastest at pH 5 due to the hydrolytic stability of GlcNAcNH2 increasing 

with increasing pH. 
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4.3.2. Oxime Formation with Glycosyl Amine GlcNAcNH2  

Having gained knowledge over the hydrolytic stability of GlcNAcNH2 I next examined the oxime 

formation of GlcNAcNH2 75 reacting with ethoxyamine using 1H NMR spectroscopy. I chose 

1H NMR spectroscopy as analytical method, because it allows quantification of all three forming 

products during ligation in real time and regardless of their stability during workup. The yields 

of the individual ligation products ((E)- and (Z)-oximes 71, N-glycoside 72, Figure 4.12.) were 

added up to the combined yields (CY) in dependence on the reaction time (for an example see 

appendix, Figure 9.3. and 9.4.). As some resonances in the recorded NMR spectra are in close 

proximity to the huge water signal, I performed multipoint baseline correction for every single 

recorded NMR spectra in order to obtain nicely baseline separated peaks. U. STEINER again 

performed all calculations and fitted mathematical functions to the obtained data. The kinetic 

data and fits follow from a simplified kinetic model, with three processes described by pseudo 

first order kinetics: k1, k-1 for the reversible reaction from amine 75 to product 71/72, kh, k-h for 

the reversible hydrolysis of amine 75, k2, k-2 for the reversible product formation 75 from 

GlcNAc 70, formed by hydrolysis or used as a starting material, respectively (see appendix for 

more detailed information). 

 

Scheme 4.12.: Reaction scheme for the oxyamine ligation reaction of GlcNAcNH2 with ethoxyamine to 

E/Z oxime and -N-pyranoside in buffered systems, at 39°C and pH 5–8. 

 

I started the investigation of the oxyamine ligation reaction with 36 mM GlcNAcNH2 and 

180 mM (5 equiv) ethoxyamine in the pH range from 5–8, in buffered systems (for pH 5–7 

ND4OC(O)CD3, for pH 8 KD2PO4) at 39°C, to match the data obtained for the hydrolytic stability 

of GlcNAcNH2. After monitoring the reaction via 1H NMR spectroscopy, the combined yields 

(CY) were plotted over reaction time (Figure 4.21.). For comparison, I also performed the 

ligation reaction with 36 mM GlcNAc and 180 mM (5 equiv) ethoxyamine with and without 

aniline-d7 catalysis (100 mM) with same set-up and under the condition as for the oxyamine 

ligation with GlcNAcNH2.  

As Figure 4.21.A shows, at pH 5 the ligation reaction is so fast, that even at the first data point 

(taken after 6 min) CY was close to the combined equilibrium yield (CEY) and thereafter 

increased only slightly further. In comparison, the reaction of GlcNAc resulted in a CY of only 

24% after 1 h and the aniline-catalysed reaction with GlcNAc slightly faster under these 

conditions with a CY of 33% after 1 h. The rate constant k1 of the reaction of GlcNAcNH2 is   
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25 h–1 which is 80 times higher than the rate constant of the uncatalysed reaction of GlcNAc           

(k2 = 0.30 h–1) and 69 times higher than of the aniline-catalysed GlcNAc ligation                             

(k2 = 0.35 h–1). At pH 6 (Figure 4.21.B), the reaction of GlcNAcNH2 reached a plateau of approx. 

84% CY in less than 1 h, whereas CY of the reaction of GlcNAc was only 4.5% and that of the 

aniline-catalysed reaction of GlcNAc was 7% after 1 h. The rate constant k1 of the reaction of 

GlcNAcNH2 is 8 h–1 which is 160 times higher than the rate constant of the uncatalysed reaction 

of GlcNAc (k2 = 0.050 h–1) and 100 times higher than the rate constant of the aniline-catalysed 

GlcNAc ligation (k2 = 0.080 h–1). At neutral pH (Figure 4.21.C), the reaction of GlcNAcNH2 

reached a plateau after approx. 2 h of 72% CY (64% CY after 1 h). The combined yields of the 

reaction of GlcNAc after 1 h were 0.5% (uncatalysed) and 2% (aniline-catalysed). The rate 

constant of the reaction of GlcNAcNH2 (k1 = 1.5 h–1) is 150 times higher than the rate constant 

of the uncatalysed reaction of GlcNAc (k2 = 0.010 h–1) and 54 times higher than of the aniline-

catalysed GlcNAc ligation (k2 = 0.030 h–1). Even at pH 8 (Figure 4.21.D), the ligation reaction 

is significant for GlcNAcNH2 (24% CY after 1 h), although the plateau is reached after 60 h 

with a CY of 70%. Both, the uncatalysed (0.4% CY after 1 h) and the aniline-catalysed reaction 

(0.5% CY after 1 h) are too slow to be useful. The rate constant k1 of the reaction of GlcNAcNH2 

is 0.37 h–1 which is 70 times higher than the rate constant of the uncatalysed reaction of GlcNAc                                     

(k2  = 0.005 h–1) and 58 times higher than of the aniline-catalysed GlcNAc ligation                            

(k2 = 0.006 h–1).  

 

These experiments clearly demonstrated the superiority of glycosyl amine ligation over aniline-

catalysed GlcNAc ligation, and although hydrolysis and ligation are competing reactions, high 

ligation yields are obtained with GlcNAcNH2 after short reaction times.  
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A – pH5 

 

 

B – pH 6   

 

 

0,1 1 10 50
0

20

40

60

80

100 GlcNAcNH2

GlcNAc2(aniline cat.)

GlcNAc2(uncat.)

C
Y

 (
%

)

time (h)

0,1 1 10 50
0

20

40

60

80

100 GlcNAcNH2

GlcNAc (aniline cat.)2

GlcNAc (uncat.)

C
Y

 (
%

)

time (h)



 88 Results and Discussion 

C – pH 7   

 

D – pH 8   

 

Figure 4.21.: Reaction of 36 mM 70 or 75 with 5 equiv. ethoxyamine, 100 mM catalyst at pH 5–8, 39°C. 
The CY for the reaction products (71 and 72) were obtained from 1H spectra and plotted over reaction 
time. Curve fitting was performed follow from a simplified kinetic model, with three processes described 
by pseudo first order kinetics (for more details see appendix). 
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When cleaving glycans of proteins only smallest amounts of glycans are obtained. Thus, 

ligation reactions in biological applications are commonly carried out in low concentrations. To 

match these conditions better I next determined reaction kinetics at concentrations of 5 mM 

GlcNAcNH2 and 50 mM (10 equiv.) ethoxyamine at pH 5 to 8 (Figure 4.35.), the data was 

obtained under the exact same conditions as described above for the higher concentration’s 

measurements. For further comparison, I also performed the ligation reaction with 5 mM 

GlcNAc and 50 mM (10 equiv) ethoxyamine with and without aniline-d7 and para-

phenylenediamine-d4 (PDA) as catalysts (100 mM). 

Figure 4.22.A shows, that at pH 5 the ligation reaction is still very fast and reached a plateau 

at about 70% CY after only a few minutes. In comparison, the reaction of GlcNAc resulted in a 

CY of only 5% after 1 h, the aniline-catalysed reaction in a CY of 21% and the PDA-catalysed 

reaction in a CY of 25% after 1 h. The rate constant k1 of the reaction of GlcNAcNH2 is 8 h–1 

which is 157 times higher than the rate constant of the uncatalysed reaction of GlcNAc               

(k2 = 0.051 h–1) and 32 times higher than the rate constant of the aniline-catalysed GlcNAc 

ligation (k2 = 0.25 h–1) and 33 times higher than the rate constant of the PDA-catalysed GlcNAc 

ligation (k2 = 0.30 h–1) In this kinetic measurement of GlcNAcNH2 a kind of wave movement is 

visible (between 0.5–20 h). A first plateau is reached after about half an hour, the CY then 

slightly decreases and starts the ascent to the final plateau yield which is reached after about 

5 h. Formally, the kinetic curve, when drawn over a log(t) scale, as is the case in Figures 4.21. 

and 4.22., exhibits three inflection points. Based on a system of linear differential equations for 

describing the kinetics, such a behaviour can only be expected if at least four species are 

involved. If that is the case, the fourth species probably originates from the product side – to 

explain the first “overshooting” of the curve (Figure 4.22.A, from 0.5–3 hours), before the 

product concentration rises again to what will eventually be the final combined equilibrium yield 

(CEY). We hypothesise that this species X is a consecutive or side-product to the main oxime 

ligation products (71, 72), perhaps an aminal 77 formed upon addition of a further ethoxyamine 

molecule (Scheme 4.13.). The generated products react in part further to species X, an 

equilibrium is generated between the two. Later, the hydrolysed GlcNAc also turns into product, 

which generates the increase to the second stage, whilst the three products (71, 72) still remain 

in equilibrium with species X. The kinetics has been treated based on a reaction scheme 

entailing such a side reaction pathway (see appendix for more detailed information). Thereby, 

a smooth simulation of the observed kinetics is possible. Up to this point, species X has not 

been conclusively identified and remains unrecognised by 1H-NMR as a distinctive signal, likely 

because is the concentration of X is too low to be deceted within reasonable measuring time 

and/or the destinctive signal is hidden under der broad solvent peak.  
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Species X might be something like: 

 

 

Scheme 4.13.: Proposed species X. Arising from a second nucleophilic attack of the ethoxyamine on 
the oximes, in equilibrium with the other products 71, 72. 
 

At pH 6 (Figure 4.22.B), the ligation reaction with GlcNAcNH2 reached a plateau of 65% CY 

after 1 h. Whereas the reaction of GlcNAc has a CY of 0.3% at the same time point, the aniline-

catalysed reaction of GlcNAc a CY of 4% and the PDA-catalysed reaction of 18% after 1 h. 

The rate constant k1 of the reaction of GlcNAcNH2 is 5.0 h–1 which is 417 times higher than the 

rate constant of the uncatalysed reaction of GlcNAc (k2 = 0.012 h–1), 125 times higher than the 

rate constant of the aniline-catalysed GlcNAc ligation (k2 = 0.040 h–1) and still 25 times higher 

than the rate constant of the PDA-catalysed GlcNAc ligation (k2 = 0.200 h–1). The observation 

of this set of kinetic measurements was continued until all four reactions reached the 

equilibrium (in total ~500 h). With these long measurements I was able to check the general 

validity of my measurement and analysis methods. As all four different approaches have the 

same amount of carbohydrate (5 mM GlcNAcNH2 or GlcNAc), all four have to lead to the same 

amount of product in equilibrium, thus to the same combined equilibrium yield (CEY). As visible 

in Figure 4.22.B this is the case, all four different approaches lead to a CEY of about 90%. The 

PDA-catalysed reaction reached the CEY after 10 h, the aniline-catalysed reaction and the 

uncatalysed reaction of GlcNAc, as well as the reaction with GlcNAcNH2 reach the CEY after 

~200 h. At neutral pH (Figure 4.22.C), the reaction of GlcNAcNH2 reached a CY of 36 % after 

1 h and a plateau of 65% after 6 h. The combined yields of the reaction of GlcNAc after 1 h 

were 0% (uncatalysed) and 5% (aniline-catalysed), 9% (PDA-catalysed). The rate constant k1 

of the reaction of GlcNAcNH2 (k1 = 0.55 h–1) is even 275 times higher than the rate constant of 

the uncatalysed reaction of GlcNAc (k2 = 0.002 h–1), 55 times higher than the rate constant of 

the aniline-catalysed GlcNAc ligation (k2 = 0.010 h–1) and 6 times higher than the rate constant 

of the PDA-catalysed GlcNAc ligation (k2 = 0.090 h–1). Even at pH 8 (Figure 4.22.D), the ligation 
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reaction is significant for GlcNAcNH2, after 50 h a CY of 50 % is reached, whereas both the 

uncatalysed and the aniline-catalysed reaction still have a CY of 0 %. The PDA-catalysed 

ligation reaction has also reached a CY of 50 % after 50 h. The rate constant k1 of the reaction 

of GlcNAcNH2 is 0.060 h–1 which is 86 times higher than the rate constant of the uncatalysed 

GlcNAc ligation (k2 = 0.0007 h–1) and 4 times higher than the rate constant of the PDA-

catalysed ligation (k2 = 0.014 h–1). The rate constant for the aniline-catalysed ligation was too 

slow to be determined. Also the measurements at lower concentrations show the superiority 

of glycosyl amine ligation over aniline-catalysed GlcNAc ligation. The optimum of this 

advantage of the glycosyl amine ligation is found at a pH of 6 with not much loss until pH 7, 

which indicates that the distinct optimum should be between these two pH values. Under the 

chosen conditions and concentrations, PDA catalysis of the ligation with GlcNAc has shown to 

be superior. The products are yielded faster and in higher yield than the glycosyl amine ligation.  
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A – pH5 

 

 

B – pH 6   
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C – pH 7 

 

D – pH 8 

 

Figure 4.22.: Reaction of 5 mM 70 or 75 with 10 equiv. ethoxyamine, 100 mM catalyst at pH 5–8, 39°C. 
The CY for the reaction products (71 and 72) were obtained from 1H spectra and plotted over reaction 
time. Curve fitting was performed follow from a simplified kinetic model, with three processes described 
by pseudo first order kinetics (for more details see appendix).  
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Table 4.3.: Combined yield (CY) and rate constant (kobs) for the oxyamine ligation reactions with sugar 
concentrations of 36 mM and 5 equiv. of ethoxyamine or 5 mM and 10 equiv. of ethoxyamine according 
to Figures 4.22. and 4.21.. kobs = k1 or k2. 
 

entry pH sugar 
catalyst  

(100 mM) 

36 mM sugar 5 mM sugar 

CY after 

1h [%] 

kobs  

[h–1] 

CY after 

1h [%] 

kobs 

[h–1] 

1 5 GlcNAcNH2 -- 80 25 70 8 

2 5 GlcNAc aniline 33 0.35 21 0.250 

2 5 GlcNAc PDA -- -- 25 0.300 

3 5 GlcNAc -- 24 0.30 5 0.051 

4 6 GlcNAcNH2 -- 84 8.0 65 5.0 

5 6 GlcNAc aniline 7 0.080 4 0.040 

5 6 GlcNAc PDA -- -- 18 0.200 

6 6 GlcNAc -- 4.5 0.050 0.3 0.012 

7 7 GlcNAcNH2 -- 64 1.5 36 0.55 

8 7 GlcNAc aniline 2 0.030 3 0.010 

8 7 GlcNAc PDA -- -- 9 0.090 

9 7 GlcNAc -- 0.5 0.010 0 0.002 

10 8 GlcNAcNH2 -- 24 0.37 5 0.060 

11 8 GlcNAc aniline 0.5 0.006 0 0 

11 8 GlcNAc PDA -- -- 1 0.014 

12 8 GlcNAc -- 0.4 0.005 0 0.0007 

 

Hydrolysis of GlcNAcNH2 gains bigger impact at lower carbohydrate concentrations (36 mM 

compared to 5 mM), this causes two stages in the overall oxyamine ligation reaction. These 

two stages are nicely visible in Figure 4.22.B (red data points) due to the extended 

measurement time. The first stage lasts until about 1 h after start of the reaction, when ~60% 

GlcNAcNH2 has reacted in the fast oxyamine ligation reaction to the ligation products 71 and 

72, and the remainder percentage of GlcNAcNH2 has hydrolysed. The second stage is the 

reaction of the hydrolysis product GlcNAc in a slower oxyamine ligation reaction to the ligation 

products, until equilibrium is reached. Figure 4.22.B gives the impression that from about 1 – 
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10 h the ligation reaction nearly comes to a halt; this is due to the logarithmic timescale. In fact, 

the reaction rate is only slower with GlcNAc than with GlcNAcNH2 and the reaction rate is also 

slower because of the lower concentration of reactive carbohydrate (~60% GlcNAcNH2 has 

already reacted in the ligation reaction). This “hydrolysis effect” is of course present is all kinetic 

measurements with GlcNAcNH2. The effect is the reason why, even though a plateau is 

reached for a kinetic measurement with GlcNAcNH2, the reaction is mostly not yet in 

equilibrium, but only the starting material GlcNAcNH2 has changed to GlcNAc and the reaction 

continues at a slower rate, thus the combined yield (CY) and not the combined equilibrium 

yield (CEY) is reached, which is why and the x-axis is designated CY. 

I increased the equivalents of alkoxyamine from 5 to 10 equivalents for two reason. For one to 

push the equilibrium towards the product side and for another to try to counteract the slower 

reaction rate caused by the simultaneously used lower concentrations of carbohydrate (from 

36 mM to 5 mM). Rate law () states that the reaction rate v, in contrast to the rate constant k, 

is influenced by the concentrations of the reactants, thus the ligation reactions at lower 

carbohydrate concentrations (5 mM) proceed slower than the reactions at higher carbohydrate 

concentrations (36 mM). 

𝑣 = 𝑘 ∙  [𝐴]𝑎 ∙ [𝐵]𝑏     (I) 

By comparing the obtained data sets (Figure 4.21. and 4.22.), is becomes apparent that the 

higher equivalents of nucleophile (from 5 to 10 equiv.) cannot compensate the slowdown 

caused by the general lower concentration of reactants. The hydrolysis’ reaction rate of 

GlcNAcNH2 can be considered constant for both concentration sets, because the aqueous 

buffer is present in a huge excess. But because at lower concentrations (5 mM) the reaction 

rate of the GlcNAcNH2 oxyamine ligation reaction is lower (see also Table 4.3.), hydrolysis 

(even though with the same rate constant) gains a bigger influence because GlcNAcNH2 

remains longer unreacted in solutions and thus prone to hydrolysis, which then causes an 

lower CY for the first stage of the kinetic measurements with 5 mM GlcNAcNH2 and 5 equiv. 

ethoxyamine in comparison to 36 mM GlcNAcNH2 and 10 equiv. ethoxyamine. But still, the 

experiments at lower carbohydrate and alkoxyamine concentrations clearly demonstrated the 

superiority of glycosyl amine ligation over aniline-catalysed GlcNAc ligation. 

For catalysis to be effective, aniline and PDA, have to be added in high concentrations. Both 

compounds are toxic and can cause the formation N-arylglycosylamine side products[302-303]. 

Furthermore, PDA is chemically unstable, leading to deeply coloured solutions after reaction 

times of only a few hours and precipitate formation (see appendix Figure 9.5.). Thus, usage of 

the nucleophilic catalysis, especially with PDA comes with severe disadvantages. However, 

as Figure 4.22.A-D shows, PDA catalysis of the oxyamine ligation reaction with GlcNAc is 

under the observed conditions (5 mM carbohydrate, 10 equiv. ethoxyamine) and in the 
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considered pH rage superior to the ligation reaction using 5 mM GlcNAcNH2 and 10 equiv. 

ethoxyamine. As explained above, the reactions speed can be accelerated by increasing the 

equivalents of nucleophile. Thus in order to further enhance the reactions speed and in case 

of the reaction with GlcNAcNH2 push back the immediate impact the hydrolysis has on the CY, 

I conducted kinetics measurements with 5 mM carbohydrate (GlcNAcNH2 or GlcNAc) with 

100 mM (20 equiv.) and 250 mM (50 equiv.) ethoxyamine, uncatalysed, aniline- and PDA-

catalysed (100 mM) at pH 6 (Figure 4.23). The data was also obtained under the exact same 

conditions as described above. 

Pleasantly, these measurements with higher equivalents of nucleophile increased the yield in 

the first stage of the reaction significantly to a CY of 76% after 1 h (with 20 equiv. nucleophile, 

Figure 4.23.A) and even 89% after only 30 min (with 50 equiv. nucleophile, Figure 4.23.B). For 

comparison, the aniline-catalysed and the uncatalysed reaction of GlcNAc resulted in yields 

well below 5% at the same points of time for both 20 and 50 equiv. of oxyamine. The CY of the 

PDA- catalysed reaction of GlcNAc after 1 h is 76% (with 20 equiv. nucleophile) and 89% (with 

50 equiv. nucleophile). For the reaction with 20 equiv. nucleophile, the rate constant k1 of the 

reaction of GlcNAcNH2 (k1 = 8.0 h–1) is 533 times higher than the rate constant of the 

uncatalysed reaction of GlcNAc (k2 = 0.015 h–1), 133 times higher than the rate constant of the 

aniline-catalysed GlcNAc ligation (k2 = 0.060 h–1) and 35 times higher than the rate constant 

of the PDA-catalysed GlcNAc ligation (k2 = 0.230 h–1). For the reaction with 50 equiv. 

nucleophile, the rate constant k1 of the reaction of GlcNAcNH2 (k1 = 12.0 h–1) is even 200 times 

higher than the rate constant of the uncatalysed reaction of GlcNAc (k2 = 0.060 h–1), 109 times 

higher than the rate constant of the aniline-catalysed GlcNAc ligation (k2 = 0.110 h–1) and 43 

times higher than the rate constant of the PDA-catalysed GlcNAc ligation (k2 = 0.280 h–1). As 

shown by O. BAUDENDISTEL, access nucleophile can easily be removed by use of an aldehyde-

functionalised scavenger resin[332], thus the utilised large accesses shut not be problemtic is 

future application.  
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A – pH6 – 20 equiv. ethoxyamine 

 

B – pH6 – 50 equiv. ethoxyamine 

 

Figure 4.23.: Reaction of 5 mM 70 or 75 with (A) 20 equiv. (B) 50 equiv. ethoxyamine, 100 mM catalyst 
at pH 6, 39°C. The CY for the reaction products (71 and 72) were obtained from 1H spectra and plotted 
over reaction time. Curve fitting was performed follow from a simplified kinetic model, with three 
processes described by pseudo first order kinetics (for more details see appendix).  
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5. Summary and Outlook 

Ever since scientists discovered the important roles carbohydrates take in many physiology as 

well as pathological processes, glycoscience has become of great general interest in academia 

and industry. Three different aspects, under the general topic of glycoscience were 

investigated in this thesis:  

- The investigation of the photoclick reaction for application in metabolic 

glycoengineering. 

 

- The generation of an advanced clickECM for application in wound care 

(in cooperation with Hochschule Reutlingen and University of Stuttgart). 

 

- The examination of the oxyamine ligation reaction using glycosylamine, for accelerated 

ligation rates. 

 

5.1. Part I - Metabolic Glycoengineering using the Photoclick 

Reaction 

In order to try and reduce the background staining occurring in the negative control of biological 

assays of the photoclick reaction of a tetrazole and an alkene-functionalised glycocalyx, two 

tetrazole-dye adducts (15, Tet1-sCy3 and 18, Tet2-sCy3) were synthesised. The optical 

properties of Tet1-sCy3 and of the corresponding pyrazoline-dye conjugate 23 were 

investigated. It was found, that the dye is well suited for the application because its intensity 

and absorbance maxima are not affected by the irradiation at 302 nm and because the zones 

of absorption of dye and tetrazole do not overlap. Tet1-sCy3 was then applied in biological 

assays. Via MGE three mannosamine derivatives (Ac4ManNAcryl 24, Ac4ManNCp 25, 

Ac4ManNCyoc 26) were incorporated into the glycocalyx of HEK293T cells and subsequently 

labelled by the photoclick reaction using Tet1-sCy3 (Scheme 5.1.). Confocal fluorescence 

microscopy was used to detect membrane staining. Unfortunately, the cells in negative control 

showed the same amount of matrix staining as the cells fed with the three sugar derivatives. 

By directly comparing the new system (Tet1-sCy3) with the published system by SCHART et 

al.[18] (Tet-biotin/StrepAF555) it became apparent that Tet1-sCy3 does in fact not cause a 

higher background staining, but generally less staining compared to the published procedure.  
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Scheme 5.1.: Metabolic Glycoengineering with the photoclick reaction as labelling reaction. Systematic 
reaction scheme with new tetrazole-dye adduct (Tet1-sCy3) enabling functionalisation and detection of 
the glycocalyx in one labelling step.  

 

To further investigate this finding, NMR studies were performed. These studies confirmed the 

hypothesis that Tet1-sCy3 reacts in a lesser extend with the provided alkene than does Tet1. 

The NMR studies further support the findings from the UV-measurements that the irradiation 

light of 302 nm is not absorbed by the dye, thus the nitrile imine is generated upon irradiation. 

Also the NMR studies indicated that the generated nitrile imine does not react in a sort of 

cyclisation reaction with the dye. The new Tet1-sCy3 conjugate was synthesised to reduce 

background staining in cell assays, but as it firstly does not show any improvement in that 

respect and secondly does react to a lesser extent with the provided alkene, the investigation 

was stopped at this point.  

A unique and valuable feature of the photoclick reaction is the possibility of temporal and 

spatial control over the reaction. To investigate these features, Tet-bithio 28 (Figure 5.1.A) 

was synthesised following literature known procedures and applied in MGE using 

mannosamine derivative Ac4ManNAcryl 24. The 405 nm laser of the confocal fluorescence 

microscope was used to irradiated Tet-bithio for 4 sec. directly on top the acryl-modified cells, 

inducing the photoclick reaction. The fluorescent pyrazoline 29 was detected and for the first 

time the extent of the spatial control the photoclick reaction provides was visible (Figure 5.1.B). 

To this end, at only the beginning of the investigation of the spatial control over the photoclick 

reaction, the high and exact control that can be gained over the reaction could successfully be 

demonstrated in biological assays.  
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Figure 5.1.: A) molecular structure of Tet-bithio 29. B) Investigation of the spatiotemporal control over 
the photoclick reaction, comparison before and after irradiation of Tet-bithio for 4 sec. at 405 nm. 
HEK293T cells were incubated with 100 μM Ac4ManNAcryl 24 for 48 h. Living cells were reacted with 
Tet-bithio. Scale bar 30 μm, irradiated area indicated by white circle.  

 

The protocols of the biological assays can now be varied and improved in many places, e.g. 

with the addition of washing steps removing unspecific staining, with different concentrations 

of tetrazole bithio-Tet 29, different lengths of irradiation time or laser intensity. To be able to 

control the time and especially the place when a chemical reaction will take place, can be 

important for the development of applications: e.g. self-repair in the human body by ligating 

growth factors or cytokines to cells for assistance in wound healing processes; applications 

like customised surface patterning of biomaterials in for example extracellular matrix (ECM) 

gels; or generally by utilisation of the spatiotemporal control feature to investigate molecular 

processes in cell biology.  

5.2. Part II – Generation and Application of a Glyco-Functionalised 

Extracellular Matrix 

This project started with the synthesis of a library of new and literature known unnatural N-

acetylgalactosamine (GalNAc) and N-acetylmannosamine (ManNAc) derivatives with 

carbamate- and amide-linked terminal alkenes and amide-linked cylcopropenes for 

incorporation into the ECM of primary adipose-derived stromal/stem cells (ASCs) using MGE. 

The biocompatibility of the dienophile-functionalised carbohydrates was tested to be good, all 

investigated carbohydrates showed no cytotoxic properties, thus a functionalised ECM was 

generated, the so-called clickECM (Figure 5.2.A). The incorporation into the ECM was checked 

by reacting the alkene modified ECM with tetrazine-biotin in a DAinv reaction followed by 

labelling with a Streptavidin-dye adduct. This detection system turned out to be unreliable, as 

B) 

A) 
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some of the assays showed the same amount of staining in the negative control ECM as in the 

modified clickECMs. The literature known and reliable detection system of streptavidin linked 

to HRP with subsequent treatment with TMB was then tested and has proven to give stable 

results (Figure 5.2.B). With this system it could be proven that the alkenes were successfully 

incorporated into the ECM, with the cyclopropene modified ECM showing the most absorption 

compared to the other clickECMs. The data also showed, that whether the ASCs are treated 

with mannosamine or galactosamine derivatives does not have a significant impact on the 

amount of incorporated carbohydrate. A much stronger impact has the donor from which the 

ASCs are obtained from, this is likely due to the fact that the ECM is gained from primary cells 

and not from cell lines. The gained clickECM was then investigated in view of the influence the 

incorporated functional groups have on the ECM as a biomaterial and whether the functional 

groups have an impact on cellular behaviour. For this gellan, gum-hybrid hydrogels were 

produced and the ECM was incorporated in these hydrogels (Figure 5.2.C). Various tests and 

measurements like rheological measurements for evaluation of the material’s stiffness, HE-

staining to ensure homogenous distribution of the ECM inside the hydrogel, proliferation as 

well as cellular survival experiments of the encapsulated ASCs were performed. All 

measurements showed that the incorporated functional groups in the ECM have no negative 

impact on encapsulated ASCs and do not affect their cellular behaviour.  

It is known that oligosaccharides are involved in cell adhesion and recognition processes. 

Thus, the next goal was to develop and synthesise a trivalent linker for further functionalisation 

of the clickECM with suitable oligosaccharides for the later application as wound care material. 

The linker consists of an oxyamine functional group for reacting in an oxyamine ligation with 

reducing oligosaccharides, of an tetrazine functionality for a DAinv reaction with the clickECM 

and a dye for detection, latter is of course neither needed nor wanted in the final application 

and is only included in the linkers structure for research purposes. The synthesis of this 

trivalent linker was completed for two tetrazine derivatives 67 and 68 (Figure 5.2.E) in 8 (67) 

and 7 steps (68). The screening for suitable oligosaccharides was performed using the 

microarrays technology. For this an already existent library consisting of 25 functionalised 

oligosaccharides ranching from mono- to decasaccharides was used. Via a similar trivalent 

linker (with an amine instead of a tetrazine functionality) the oligosaccharides were covalently 

and site-specifically immobilised on activated glass slides via non-contact printing. These 

functionalised slides were then incubated with ASCs, unfortunately only on the positive control, 

functionalised with the peptide sequence cRGDfK cells adhered, on all saccharides spots no 

cells were found (Figure 5.2.D).  

The obtained cell-derived ECM hydrogel can now further be equipped with additional functions 

with bioactive molecules like growth-factors. For example, the already mentioned basic 

fibroblat growth factor (bFGF), which could be incorporated into the clickECM by covalent 
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linkage to the modified matrix via the DAinv reaction. The bFGF growth factor for one promotes 

the differentiation of ASCs into fat cells and for another is involved in the formation of vascular 

structures (vascularisation).[419-421] Both features would be very beneficial in a material for the 

treatment of deep wounds where the development of fat cells and blood vessel systems is 

needed. The material could also be further cross-linked by using corresponding linker 

molecules. 

 

 

Figure 5.2.: Workflow of performed tasks in Part II, the generation and application of a glyco-
functionalised extracellular matrix A) Metabolic incorporation of alkene-functionalised monosaccharides 
into harvested ECM. B) Detection via Step-HRP and TMB of incorporated alkenes in clickECM. C) 
Preparation and characterisation of gellan gum-hybrid hydrogels. D) Investigation of cell adhesion on 
carbohydrate microarrays E) Molecular structure of trivalent linker 67 and 68 with R= H or pyrimidinyl.  
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5.3. Part III – Investigation of the Oxyamine Ligation 

In part III of this thesis the oxyamine ligation i.e., the reaction of carbohydrates with oxyamines 

was investigated. When N-glycans are cleaved of proteins, glycosyl amines are obtained, 

which over time hydrolyse to the corresponding reducing sugar. The glycosyl amines are easily 

protonated to the iminium species and are thus very susceptible to an oxyamine attack. It was 

systematically investigated if and how much glycosyl amines enhance the speed of the ligation 

reaction via real-time 1H-NMR spectroscopy. These measurements were compared to 

experiments performed with the corresponding reducing sugar (GlcNAc), both in catalysed as 

well as uncatalysed oxyamine ligation reactions. All measurements were carried out in 

aqueous buffered systems, at pH values ranging from 5-8. As model compound GlcNAcNH2 

75 was used, obtained from the shelf stable precursor GlcNAcN3 76 by hydrogenation. 

First the hydrolytic stability of GlcNAcNH2 was tested. The hydrolysis rate of GlcNAcNH2 is 

fastest at pH 5 and becomes increasingly slower with increasing pH, because hydrolysis is an 

acid catalysed process. Next the oxime formation of 36 mM GlcNAcNH2 75 reacting with 

5 equiv. ethoxyamine was monitored, and the yields of the individual ligation products ((E)- 

and (Z)-oximes 71, N-glycoside 72) were added up to the combined yields (CY) and plotted 

against the reaction time (Figure 5.4.A). Also 36 mM GlcNAc 70 reacting with 5 equiv. 

ethoxyamine in an uncatalysed and in an aniline-catalysed ligation reaction (100 mM catalyst) 

were measured and plotted over time. Comparing the calculated rate constant showed that by 

using GlcNAcNH2 instead of GlcNAc as starting material, the reaction speed is accelerated up 

to 160 times. Comparing rate constants of GlcNAcNH2 with the aniline-catalysed reaction of 

GlcNAc the reaction’s speed is accelerated up to 100 times.  

To match conditions of a possible biological application better, all measurements were 

repeated at lower concentrations with 5 mM GlcNAcNH2 or GlcNAc reacting with 10 equiv. 

ethoxyamine and catalyst concentrations of 100 mM (Figure 5.3.B). The equivalents of 

nucleophile were increased to try to counteract the slower reaction rates caused by the lower 

concentrations. Comparing the calculated rate constant showed that by using GlcNAcNH2 

instead of GlcNAc as starting material, the reaction speed is accelerated up to 417 times. 

Comparing rate constants of GlcNAcNH2 with the aniline-catalysed reaction of GlcNAc the 

reaction’s speed is accelerated up to 125 times when using GlcNAcNH2. Hydrolysis of 

GlcNAcNH2 gains bigger impact at lower concentrations, causing two stages in the overall 

oxyamine ligation reaction (Figure 5.3.B). The first stage, the reacting of GlcNAcNH2 in a fast 

oxyamine ligation reaction and simultaneously hydrolysis to GlcNAc. The second stage, 

hydrolysed GlcNAc reacting in a slower oxyamine ligation reaction until the equilibrium is yield. 

The amount of hydrolysis can be forced back or rather the reactions speed can be accelerated 

significantly by using high equivalents of nucleophile (50 equiv.) for the ligation reaction. Under 
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these conditions the reaction rate is so fast, that the oxyamine ligation reaction with GlcNAcNH2 

is instantly finished, before significant amounts of GlcNAcNH2 are hydrolysed. Under these 

condition the ligation with GlcNAcNH2 is also much faster to the ligation reaction of GlcNAc 

catalysed with PDA as a catalyst (Figure 5.3.C). Because of the particular case at pH 5, 5 mM 

GlcNAcNH2 (“overshooting” of the equilibrium, Figure 4.22.A ) we expect a fourth species in 

the equilibirum and hypothesise that this might be the aminal formed upon addition of a further 

ethoxyamine molecule to the oximes. However, to this date this species has not been 

conclusively identified. All experiments clearly show the superiority of oxyamine ligation with 

glycosyl amine over the uncatalysed as well as the aniline-catalysed GlcNAc oxyamine 

ligation, and although hydrolysis and ligation are competing reactions, high ligation yields are 

obtained with GlcNAcNH2 after only short reaction times. When large excesses of nucleophile 

are used the ligation with GlcNAcNH2 is even significantly faster than the ligation reaction 

catalysed by first-rate catalyst PDA.  

 

 

 

 

Figure 5.3.: Comparison of different oxyamine ligation reaction. A) 36 mM, carbohydrate, 5 equiv. 
Ethoxyamine, 100 mM catalyst, pH 6, 39°C. B) 5 mM, carbohydrate, 10 equiv. Ethoxyamine, 100 mM 
catalyst, pH 6, 39°C. C) 5 mM, carbohydrate, 50 equiv. Ethoxyamine, 100 mM catalyst, pH 6, 39°C. 
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6. Zusammenfassung und Ausblick 

Seitdem Wissenschaftler die wichtige Rolle von Kohlenhydraten in vielen physiologischen und 

pathologischen Prozessen entdeckt haben, ist die Glykowissenschaft von großem 

allgemeinem Interesse in Wissenschaft und Industrie. Drei verschiedene Aspekte, unter dem 

übergeordneten Thema Glykowissenschaften, wurden in dieser Arbeit untersucht: 

 
- Die Untersuchung der Photoclick-Reaktion zur Anwendung im metabolischen 

Glykoengineering. 

 
- Die Generierung eines neuartigen clickECM-Materials für die Anwendung in der 

Wundversorgung 

(in Kooperation mit der Hochschule Reutlingen und Universität Stuttgart). 

 
- Die Untersuchung der Oxyamin-Ligationsreaktion unter Verwendung von 

Glykosylaminen für beschleunigte Ligationsraten. 

 
 

6.1. Part I - Untersuchung der Photoclick-Reaktion zur Anwendung 

im metabolischen Glykoengineering  

Um die Hintergrundfärbung in den negativ Proben biologischer Assays der Photoklick-

Reaktion eines Tetrazols mit einer Alken-funktionalisierten Glykokalyx zu reduzieren, wurden 

zwei Tetrazol-Farbstoff-Addukte (15, Tet1-sCy3 und 18, Tet2-sCy3) synthetisiert. Die 

optischen Eigenschaften von Tet1-sCy3 und des entsprechenden Pyrazolin-Farbstoff-

Konjugats 23 wurden untersucht. Es zeigte sich, dass der Farbstoff für die Anwendung gut 

geeignet ist, da seine Intensitäts- und Extinktionsmaxima durch die Bestrahlung bei 302 nm 

nicht beeinflusst werden und da sich die Absorptionsbereiche von Farbstoff und Tetrazol nicht 

überlappen. Tet1-sCy3 wurde nun in biologischen Assays angewandt. Mittels MGE wurden 

drei Mannosamin-Derivaten (Ac4ManNAcryl 24, Ac4ManNCp 25, Ac4ManNCyoc 26) in die 

Glykokalyx von HEK293T-Zellen eingebaut und anschließend durch die Photoklick-Reaktion 

markiert (Abbildung 6.1.). Konfokale Fluoreszenzmikroskopie wurde verwendet, um die 

Membranfärbung zu detektieren. Leider zeigten die Zellen der Negativkontrolle die gleiche 

Zellmembranfärbung wie die alkenmodifiziert Zellen. Durch direkten Vergleich des neuen 

Systems (Tet1-sCy3) mit dem publizierten System von SCHART et al.[18] (Tet-

Biotin/StrepAF555) zeigte sich, dass Tet1-sCy3 zwar keine stärkere Hintergrundfärbung 

verursacht, sondern sich eine generell geringere Färbung, im Vergleich zum publizierten 

Verfahren, ergibt. 
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Abbildung 6.1.: Metabolisches Glykoengineering und der Photoclick-Reaktion als Markierungsreaktion. 
Systematisches Reaktionsschema mit neuem Tetrazol-Farbstoff-Addukt (Tet1-sCy3), welches die 
Funktionalisierung und Detektion der Glykokalyx in einem Schritt ermöglicht.  

 

Um dieses Ergebnis weiter zu untersuchen, wurden NMR-Studien durchgeführt. Diese Studien 

bestätigten weiter die Hypothese, dass Tet1-sCy3 in einem geringeren Ausmaß mit dem zur 

Verfügung gestellten Alken als Reaktionspartner reagiert als Tet1. Die NMR-Untersuchungen 

stützen weiterhin die aus den UV-Messungen getroffene Annahme, dass das Bestrahlungslicht 

von 302 nm nicht vom Farbstoff absorbiert wird. Auch zeigten die NMR-Untersuchungen, dass 

das erzeugte Nitrilimin nicht in einer Art Cyclisierungsreaktion mit dem Farbstoff reagiert. Das 

neue Tet1-sCy3-Konjugat wurde synthetisiert, um die Hintergrundfärbung in den Zellassays 

zu reduzieren. Da es aber erstens diesbezüglich keine Verbesserung zeigt und zweitens 

weniger stark mit dem zur Verfügung gestellten Alken reagiert, wurde die Untersuchung an 

dieser Stelle gestoppt. 

Ein einzigartiges und wichtiges Merkmal der Photoclick-Reaktion ist die Möglichkeit der 

zeitlichen und räumlichen Kontrolle über die Reaktion. Um diese Eigenschaften zu 

untersuchen, wurde Tet-Bithio 28 (Abbildung 6.2.A) nach literaturbekannten Vorschriften 

synthetisiert und in Zellassays untersucht. Mittels MGE wurde das Mannosamin-Derivats 

Ac4ManNAcryl 24 in die Glykokalyx eingebaut Der 405-nm-Laser des konfokalen 

Fluoreszenzmikroskops wurde verwendet, um Tet-Bithio für 4 Sekunden direkt auf den 

acrylmodifizierten Zellen zu bestrahlen, dies löste die Photoklick-Reaktion aus. Das 

fluoreszierende Pyrazolin 29 wurde detektiert, und zum ersten Mal wurde das Ausmaß der 

räumlichen Kontrolle welche man über die Photoklick-Reaktion erhalten sichtbar (Abbildung 

6.2.B). So konnte schon ganz zu Beginn der Untersuchung der räumlichen Kontrolle über die 
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Photoclick-Reaktion, die hohe und exakte Kontrolle, die über die Reaktion gewonnen werden 

kann, in biologischen Assays erfolgreich demonstriert werden. 

 

 

 

 

 

 

Abbildung 6.2.: A) Molekülstruktur von Tet-Bithio 29. B) Untersuchung der räumlich-zeitlichen 
Kontrolle der Photoklick-Reaktion, Vergleich vor und nach Bestrahlung von Tet-Bithio für 4 sec. bei 405 
nm. HEK293T-Zellen wurden 48 h mit 100 µM Ac4ManNAcryl 24 inkubiert. Lebende Zellen wurden mit 
Tet-Bithio umgesetzt. Maßstabsbalken 30 µm, der bestrahlte Bereich wird durch die weißen Kreise 
gekennzeichnet. 

 

Die Protokolle der biologischen Assays können nun an vielen Stellen variiert und verbessert 

werden, z.B. durch Hinzufügung von Waschschritten zur Entfernung unspezifischer 

Färbungen, durch unterschiedliche Konzentrationen an Tetrazol Bithio-Tet 29, oder durch 

unterschiedliche Bestrahlungszeiten oder Laserintensitäten. Die hohe Kontrolle über den 

Zeitpunkt und insbesondere den Ort, an welchem eine chemische Reaktion stattfindet, findet 

in vielen Bereichen Anwendungen. Beispielsweise in der Selbstheilung des menschlichen 

Körpers, indem Wachstumsfaktoren oder Zytokine an Zellen ligiert werden, um den 

Wundheilungsprozess zu unterstützen. Oder Anwendungen wie die Veränderung von 

Oberflächenstrukturen von Biomaterialien in zum Beispiel ECM-Gelen. Oder durch Nutzung 

der raumzeitlichen Kontrollfunktion, um molekulare Prozesse in der Zellbiologie zu 

untersuchen. 

 

 

 

 

 

 

B) 

A) 
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6.2. Part II – Erzeugung und Anwendung einer glyko-

funktionalisierten extrazellulären Matrix 

Dieses Projekt startete mit der Synthese einer Bibliothek neuer und literaturbekannter 

nichtnatürlicher N-Acetylgalactosamin (GalNAc) und N-Acetylmannosamin (ManNAc) Derivate 

mit Carbamat- und Amid-gebundenen terminalen Alkenen und Amid-gebundenen 

Cyclopropenen für den Einbau in die ECM primärer Fettgewebe-abgeleiteten Stammzellen (zu 

Englisch: ASCs) unter Verwendung von MGE. Die Biokompatibilität der dienophil-

funktionalisierten Kohlenhydrate wurde als gut getestet, alle untersuchten Kohlenhydrate 

zeigten keine zytotoxischen Eigenschaften, somit wurde eine funktionalisierte ECM generiert, 

die sogenannte clickECM (Abbildung 6.3.A). Der Einbau in die ECM wurde überprüft, indem 

die alkenmodifizierte ECM mit Tetrazin-Biotin in einer DAinv-Reaktion umgesetzt wurde, 

gefolgt von einer Markierung mit einem Streptavidin-Farbstoff-Addukt. Dieses 

Nachweissystem erwies sich als unzuverlässig, da einige der Assays in der Negativkontroll-

ECM die gleiche Färbung zeigten wie in den modifizierten clickECMs. Das literaturbekannte 

und zuverlässige Nachweissystem aus Streptavidin-Meerrettichperoxidase Addukt mit 

anschließender Behandlung mit TMB wurde ebenfalls getestet und erwies sich als stabiles 

Nachweissystem (Abbildung 6.3.B). Es konnte mit diesem System gezeigt werden, dass die 

Alkene erfolgreich in die ECM eingebaut wurden, wobei die Cyclopropen-modifizierte ECM im 

Vergleich zu den anderen clickECMs die stärkste Absorption zeigt. Die Daten zeigten auch, 

dass eine Behandlung der ASCs mit Mannosamin- oder Galactosamin-Derivaten keinen 

signifikanten Einfluss auf die Menge des eingebauten Kohlenhydrats hat, einen viel stärkeren 

Einfluss hat der Spender, von dem die ASCs gewonnen werden, dies ist wahrscheinlich auf 

die Tatsache zurückzuführen, dass die ECM aus Primärzellen und nicht aus Zelllinien 

gewonnen wird. Die gewonnene clickECM wurde nun daraufhin untersucht, welchen Einfluss 

die eingebauten funktionellen Gruppen auf die ECM als Biomaterial haben und ob die 

funktionellen Gruppen einen Einfluss auf das Zellverhalten haben. Hierfür wurden 

Gellangummi-Hybrid-Hydrogele hergestellt und die ECM in diese Hydrogele eingebaut 

(Abbildung 6.3.C). Verschiedene Tests und Messungen wie rheologische Messungen zur 

Bewertung der Materialsteifigkeit, HE-Färbung zur Gewährleistung einer homogenen 

Verteilung der ECM im Hydrogel, Proliferation sowie zelluläre Überlebensexperimente der 

verkapselten ASCs wurden durchgeführt. Alle Messungen zeigten, dass die eingebauten 

funktionellen Gruppen in der ECM keinen negativen Einfluss auf verkapselte ASCs haben und 

deren zelluläres Verhalten nicht beeinflussen. 

 

Es ist bekannt, dass Oligosaccharide an Zelladhäsions- und Erkennungsprozessen beteiligt 

sind. Das nächste Ziel war daher die Entwicklung und Synthese eines trivalenten Linkers zur 

weiteren Funktionalisierung der clickECM mit geeigneten Oligosacchariden für die spätere 
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Anwendung als Wundversorgungsmaterial. Der Linker besteht aus einer funktionellen 

Oxyamin-Gruppe zur Reaktion in einer Oxyamin-Ligation mit reduzierenden Oligosacchariden, 

aus einer Tetrazin-Funktionalität für eine DAinv-Reaktion mit der clickECM und einem 

Farbstoff zur Detektion. Letzterer wird natürlich in der Endanwendung weder benötigt noch ist 

noch gewollt und wurde nur zu Forschungszwecken in die Linker-Struktur aufgenommen. Die 

Synthese dieses trivalenten Linkers wurde für zwei Tetrazinderivate 67 und 68 (Abbildung 

6.3.E) in 8 (67) und 7 Schritten (68) durchgeführt. Das Screening nach geeigneten 

Oligosacchariden erfolgte mit der Microarray-Technologie. Hierfür wurde eine bereits 

vorhandene Bibliothek aus 25 funktionalisierten Oligosacchariden verwendet, die Mono- bis 

Decasaccharide beinhaltete. Über einen ähnlichen trivalenten Linker (mit einer Amin- anstelle 

einer Tetrazinfunktionalität) wurden die Oligosaccharide kovalent und ortsspezifisch auf 

aktivierten Glasobjektträgern durch kontaktfreies Drucken immobilisiert. Diese 

funktionalisierten Objektträger wurden dann mit ASCs inkubiert. Leider adhäriert nur auf der 

Positivkontrolle, funktionalisiert mit der Peptidsequenz cRGDfK Zellen, auf allen Saccharid-

Spots wurden keine Zellen gefunden (Abbildung 6.3.D). 

Das erhaltene zellbasierte ECM-Hydrogel kann nun mit bioaktiven Molekülen, wie 

Wachstumsfaktoren, mit zusätzlichen Funktionen ausgestattet werden. Beispielsweise könnte 

der bereits erwähnte basische Fibroblast-Wachstumsfaktor (bFGF) über die DAinv-Reaktion 

kovalent an die clickECM gebunden werden könnte. Der bFGF-Wachstumsfaktor fördert zum 

einen die Differenzierung von ASCs zu Fettzellen und zum anderen ist er an der Bildung von 

Gefäßstrukturen (Vaskularisierung) beteiligt.[419-421] Beide Eigenschaften, die verstärkte 

Entwicklung von Fettzellen und Blutgefäßsystemen, wären in einem Material zur Behandlung 

tiefer Wunden von großem Vorteil. Das Material könnte auch durch Verwendung 

entsprechender Linkermoleküle weiter vernetzt werden. 
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Abbildung 6.3.: Arbeitsablauf der durchgeführten Untersuchungen in Teil II, die Erzeugung und 
Anwendung einer glykofunktionalisierten extrazellulären Matrix A) Metabolischer Einbau von Alken-
funktionalisierten Monosacchariden in geerntete ECM. B) Nachweis über Strep-HRP und TMB von 
eingebauten Alkenen in der clickECM. C) Herstellung und Charakterisierung von Gellangummi-Hybrid-
Hydrogelen. D) Untersuchung der Zelladhäsion auf Kohlenhydrat-Mikroarrays E) Molekülstruktur der 
trivalenten Linker 67 und 68 mit R=H oder Pyrimidinyl. 

 

 

 

 



 

 

113 Zusammenfassung und Ausblick 

6.3. Teil III – Untersuchung der Oxyamin-Ligation 

In Teil III dieser Arbeit wurde die Oxyamin-Ligation, also die Reaktion von Kohlenhydraten mit 

Oxyaminen, untersucht. Bei der Abspaltung von N-Glykanen von Proteinen werden 

Glykosylamine erhalten, diese hydrolysieren mit der Zeit zum entsprechenden reduzierenden 

Zucker. Die Glycosylamine werden leicht zur Iminiumspezies protoniert und sind daher sehr 

gut geeignet für einen Oxyaminangriff. Es wurde nun systematisch und mittels Echtzeit 1H-

NMR-Spektroskopie untersucht, ob und wie stark Glycosylamine die Ligationsreaktion 

beschleunigen können. Diese Messungen wurden mit Experimenten verglichen, die mit dem 

reduzierten Zucker (GlcNAc) sowohl in der katalysierten als auch in der unkatalysierten 

Oxyamin-Ligationsreaktionen durchgeführt wurden. Alle Messungen wurden in wässrigen, 

gepufferten Systemen bei pH-Werten von 5-8 durchgeführt. Als Modellverbindung wurde 

GlcNAcNH2 75 verwendet, dass aus der lagerstabilen Vorstufe GlcNAcN3 76 durch Hydrierung 

gewonnen wurde. 

Zuerst wurde die hydrolytische Stabilität von GlcNAcNH2 getestet. Die 

Hydrolysegeschwindigkeit von GlcNAcNH2 ist bei pH 5 am schnellsten und wird mit 

steigendem pH-Wert immer langsamer, da die Hydrolyse ein säurekatalysierter Prozess ist. 

Als nächstes wurde die Oximbildung von 36 mM GlcNAcNH2 mit 5 Äquiv. Ethoxyamin 

untersucht und die Ausbeuten der einzelnen Ligationsprodukte ((E)- und (Z)-Oxime 71, N-

Glycosid 72) zu den kombinierten Ausbeuten (CY) addiert und in Abhängigkeit von der 

Reaktionszeit aufgetragen (Abbildung 6.4.A). Auch die Reaktion von 36 mM GlcNAc mit 5 

Äquiv. Ethoxyamin in der unkatalysierten und in der Anilin-katalysierten Ligationsreaktion 

(100 mM Katalysator) wurden gemessen und über die Zeit aufgetragen. Ein Vergleich der 

berechneten Geschwindigkeitskonstanten zeigte, dass durch die Verwendung von GlcNAcNH2 

anstelle von GlcNAc als Ausgangsmaterial die Reaktionsgeschwindigkeit bis zu 160-fach 

beschleunigt wird. Vergleicht man die Geschwindigkeitskonstanten von GlcNAcNH2 mit der 

Anilin-katalysierten Reaktion von GlcNAc, wird die Reaktionsgeschwindigkeit bis zu 100-fach 

beschleunigt. 

Um den Bedingungen einer möglichen biologischen Anwendung besser gerecht zu werden, 

wurden alle Messungen bei niedrigeren Konzentrationen, mit 5 mM GlcNAcNH2 oder GlcNAc, 

und 10 Äquiv. Ethoxyamin und Katalysatorkonzentrationen von 100 mM erneut gemessen 

(Abbildung 6.4.B). Die Nukleophil-Äquivalente wurden erhöht, um den langsameren 

Reaktionsgeschwindigkeiten aufgrund der niedrigeren Konzentrationen entgegenzuwirken. 

Ein Vergleich der berechneten Geschwindigkeitskonstanten zeigte, dass durch die 

Verwendung von GlcNAcNH2 anstelle von GlcNAc als Ausgangsmaterial die 

Reaktionsgeschwindigkeit bis auf das 417-fache beschleunigt wird. Vergleicht man die 

Geschwindigkeitskonstanten von GlcNAcNH2 mit der Anilin-katalysierten Reaktion von 



 114 Zusammenfassung und Ausblick 

GlcNAc, wird die Reaktionsgeschwindigkeit bei Verwendung von GlcNAcNH2 bis zu 125-fach 

beschleunigt. Die Hydrolyse von GlcNAcNH2 gewinnt bei niedrigeren Konzentrationen einen 

stärkeren Einfluss und führt so zu zwei Stufen in der Oxyamin-Ligationsreaktion (Abbildung 

6.4.B). Die erste Stufe, die Umsetzung von GlcNAcNH2 in einer schnellen Oxyamin-

Ligationsreaktion und gleichzeitige Hydrolyse zu GlcNAc. Die zweite Stufe, hydrolysiertes 

GlcNAc reagiert in einer langsameren Oxyamin-Ligationsreaktion, bis die 

Gleichgewichtsausbeute erreicht ist. Durch die Verwendung hoher Nukleophil-Äquivalente 

(50 Äquiv.) für die Ligationsreaktion kann die Hydrolyse jedoch zurückgedrängt bzw. die 

Ligations-reaktionsgeschwindigkeit deutlich beschleunigt werden. Unter diesen Bedingungen 

ist die Reaktionsgeschwindigkeit so hoch, dass die Oxyamin-Ligationsreaktion mit GlcNAcNH2 

sofort beendet ist, noch bevor die Hydrolyse des Startmaterials stattfinden kann. Unter diesen 

Bedingungen verläuft die Ligation mit GlcNAcNH2 auch viel schneller als die katalysiert 

Ligationsreaktion von GlcNAc mit PDA als Katalysator (Abbildung 6.4.C). Aufgrund des 

Sonderfalls bei pH 5 und 5 mM GlcNAcNH2 (das „Überschießen“ des Gleichgewichts, 

Abbildung 4.22.A ) erwarten wir eine vierte Spezies im Gleichgewicht und vermuten, dass dies 

das Aminal sein könnte, das durch Angriff eines weiteren Ethoxyaminmoleküls an die Oxime 

entsteht. Bis dato wurde diese Spezies jedoch nicht eindeutig identifiziert. Alle Experimente 

zeigen deutlich die Überlegenheit der Oxyamin-Ligationsreaktion mit Glykosylamin gegenüber 

der unkatalysierten als auch der Anilin-katalysierten GlcNAc-Ligation. Obwohl Hydrolyse und 

Ligation konkurrierende Reaktionen sind, werden mit GlcNAcNH2 bereits nach kurzer 

Reaktionszeit hohe Ligationsausbeuten erzielt. Bei großen Überschüssen an Nukleophil ist die 

Ligation mit GlcNAcNH2 sogar deutlich schneller als Ligationsreaktionen in denen der 

erstklassigen Katalysator PDA verwendet wird. 
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Abbildung 6.4.: Vergleich verschiedener Oxyamin-Ligationsreaktionen. A) 36 mM, Zucker, 5 Äquiv. 
Ethoxyamin, 100 mM Katalysator, pH 6, 39°C. B) 5 mM, Zucker, 10 Äquiv. Ethoxyamin, 100 mM 
Katalysator, pH 6, 39°C. C) 5 mM, Zucker, 50 Äquiv. Ethoxyamin, 100 mM Katalysator, pH 6, 39°C. 
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7. Experimental Section 

7.1. Chemical Synthesis 

7.1.1. General Methods 

Chemicals and solvents were purchased from Merck (Sigma-Aldrich), Acros Organics, TCI, 

abcr, Carbosynth, Roth, Carbolution, peptides international, Deutero or Lumiprobe and were 

used without further purification. All technical solvents were distilled prior to usage. If 

necessary, reactions were carried out under inert atmosphere (nitrogen) using Schlenk 

techniques. Dry solvents were obtained by common methods (dichloromethane: CaH2, 

chloroform: CaH2, diethylether: Na/K, tetrahydrofuran: Na/K) or purchased from Acros 

Organics (methanol, dimethyl sulfoxide, dimethyl formamide) or Iris Biotech (peptide grade 

DMF). 

Reactions were monitored by thin layer chromatography (TLC) using aluminium sheets pre-

coated with silica gel 60 F254 (Merck) with detection by UV light (λ = 254 nm). Additionally, 

acidic ethanolic p-anisaldehyde solution, ethanolic ninhydrin solution or basic KMnO4 solution, 

followed by gentle heating, were used for visualisation. 

Preparative flash column chromatography was performed using silica gel 60 M from 

Macherey-Nagel or with an MPLC-Reveleris X2 system from Büchi. Solvent mixtures are 

expressed as volume ratios (v/v). 

Semi-preparative reversed-phase high performance liquid chromatography (RP-HPLC) 

was performed on a LC20A Prominence system (high-pressure pumps LC-20AT, auto sampler 

SIL-20A, column oven CTO-20AC, diode array detector SPDM20A, controller CBM-20A, 

software LC-solution) from Shimadzu under the following conditions. Solid phase: 

Nucleodur 100-5 C18ec from Macherey Nagel (21.1 x 250 mm); mobile phase: gradient of 

acetonitrile with 0.1 % formic acid (solvent B) in water with 0.1 % formic acid (solvent A), flow: 

9 mL min-1. 

Analytical RP-HPLC-MS was performed on an LCMS2020 Prominence system (high-

pressure pumps LC-20AD, auto sampler SIL-20AT HAS, column oven CTO-20AC, UV/Vis 

detector SPD-20A, fluorescence detector RF-20A, controller CBM-20A, ESI detector, software 

LC-solution) from Shimadzu under the following conditions. Solid phase: Macherey-Nagel 

Nucleodur C18 Gravity or Phenomenex Kinetex C18 100 A; mobile phase: gradient of 

acetonitrile with 0.1 % formic acid (solvent B) in water with 0.1 % formic acid (solvent A), flow: 

0.4 mL min-1. 

Nuclear magnetic resonance (NMR) spectra were recorded at room temperature (if not 

stated otherwise) with an Avance III 400, Avance III 600 or Avance Neo 800 instrument from 
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Bruker. Chemical shifts are reported in ppm relative to solvent signals (CDCl3: δH = 7.26 ppm, 

δc = 77.16 ppm, DMSO-d6: δH = 2.50 ppm, δc = 39.5 ppm, methanol-d4: δH = 4.87 ppm, 3.31 

ppm, δC = 49.0 ppm, D2O δH = 4.79 ppm, sodium 3-(trimethylsilyl)propanoate-2,2,3,3-d4: δH = 

0.00 ppm, δC = 21.0 ppm). The multiplicity of the resonances was abbreviated as follows: s 

(singlet), d (doublet), dd (doublet of doublet), ddd (doublet of doublet of doublet), t (triplet), dt 

(doublet of triplet), q (quartet), dq (doublet of quartet), quin (quintet), m (multiplet), br. (broad 

signal). Signal assignments were carried out by two-dimensional 1H, 1H and 1H, 13C correlation 

spectroscopy (COSY, HSQC, and HMBC). Analysis of spectra was performed with the 

software MestReNova v.14.1.0 from Mestrelab Research S.L.  

High-resolution mass spectra (HRMS) were recorded on a micrOTOF II instrument from 

Bruker in positive and negative mode. The ionization method was electrospray (ESI) and for 

detection the time of flight (TOF) method was used. Analysis of recorded mass spectra was 

performed using the software Xcalibur by Thermo Fischer Scientific. 

UV/VIS absorption was measured with a Cary 50 instrument from Varian and Cary WinUV 

scanning kinetics software. 

Fluorescence spectra were recorded on a Cary Eclipse Fluorescence Spectrophotometer 

from Agilent. 

For UV-irradiation a hand-held UV-lamp (UVM-18EI Series UV Lamp, 8 Watt, 302 nm) from 

UVP was used. 

pH values were measured and adjustment were performed using a 827 pH lab from Metrohm.  
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7.1.2. Part I - Metabolic Glycoengineering using the Photoclick Reaction 

The following derivatives were synthesised according to published procedures:  

Activated Tet1 9 [18,388], Activated Tet2 10 [18,389], NHS-sCy3 14 [393-394], CHexNAcryl 22 [396], 

CHexNCp 27 [397,422], Ac4ManNAcryl 24 [18], Ac4ManNCp 25 [104], Ac4ManNCyoc 26 [102], Tet-

bithio 29 [127-128,400-401]. 

 

Tet1-PEG-Boc (12) 

Tert-butyl (1-oxo-1-(4-(2-phenyl-2H-tetrazol-5-yl)phenoxy)-6,9,12-trioxa-2-azapentadecan-15-

yl)carbamate 

 

 

Activated Tet 9 (180 mg, 0.44 mmol, 1.0 equiv) and linker 11 (210 mg, 0.65 mmol, 1.5 equiv) 

were dissolved in 5 mL dry dichloromethane and DIPEA (0.30 mL, 1.76 mmol, 4 equiv) was 

added. After 3 h the mixture was washed with NaHCO3, 1M HCl and dried over MgSO4. The 

solvent was removed under reduced pressure and the mixture was purified by flash column 

chromatography (petroleum ether/ethyl acetate 1/10). 12 was gained in 60%. 

1H NMR (400 MHz, CDCl3):  (ppm) = 8.03 (dd, J = 2.1, 7.5 Hz, 2H, C4/5H); 7.97 (d, J = 8.9 Hz, 

2H, C6/7H); 7.35 (t, J = 7.2 Hz, 2H, C2/3H); 7.28 (t, J = 6.9 Hz, 1H, C1H); 7.08 (d, J = 8.9 Hz, 

2H, C8/9H); 5.85 (s, 1H, N10H); 4.76 (s, 1H, N21H); 3.44 (m, 10H, C13-17H2); 3.30 (t, J = 5.9 Hz, 

2H, C18H2); 3.21 (q, J = 6.0, 12.0 Hz, 2H, C11H2); 3.00 (t, J = 6.3 Hz, 2H, C20H2); 1.66 (quin, J 

= 5.8, 12.1, 18.2  Hz, 2H, C12H2); 1.53 (quin, J = 6.3, 12.5, 18.9  Hz 2H, C19H2); 1.23 (s, 9H, 

C22-24H3). 

13C NMR (400 MHz, CDCl3):  (ppm) = 165.3. 156.2, 154.0, 152,2, 133.9 (Cquart.); 130.6 (C1); 

129,2 (C2-3); 122.8 (C8/9); 121.0 (C6/7); 70.7, 70.3, 70.0, 69.6 (C13-18); 40.0 (C11); 38.7 (C20); 29.8 

(C12); 29.1 (C19); 28.3 (C22-24). 
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Tet2- PEG-Boc (16) 

Tert-butyl (1-oxo-1-(4-(5-phenyl-5H-24-tetrazol-2-yl)phenoxy)-6,9,12-trioxa-2-azapentadecan-15-

yl)carbamate 

 

 

Activated Tet 10 (46 mg, 0.114 mmol, 1.0 equiv) and linker 11 (73 mg, 0.228 mmol, 1.5 equiv) 

were dissolved in 5 mL dry dichloromethane and DIPEA (0.27 mL, 1.60 mmol, 14 equiv) was 

added. After 3 h the mixture was washed with NaHCO3, 1M HCl and dried over MgSO4. The 

solvent was removed under reduced pressure and the mixture was purified by flash column 

chromatography (petroleum ether/ethyl acetate 1/10). 16 was gained in 60%. 

1H NMR (400 MHz, CDCl3):  (ppm) = 7.99 (dd, J = 2.2, 7.9 Hz, 2H, C4/5H); 7.93 (d, J = 8.9 Hz, 

2H, C6/7H); 7.35 (m, 3H, C1-3H); 7.10 (d, J = 9.0 Hz, 2H, C8/9H); 5.82 (t, J = 8.9 Hz, 1H, N10H); 

4.70 (s, 1H, N21H); 3.43-3.34 (m, 10H, C13-17H2); 3.28 (t, J = 6.0 Hz, 2H, C18H2); 3.18 (q, J = 

6.0, 11.9 Hz, 2H, C11H2); 2.97 (t, J = 6.5 Hz, 2H, C20H2); 1.63 (quin, J = 6.0, 11.8, 18.0 Hz, 2H, 

C12H2); 1.49 (quin, J = 6.1, 12.3, 18.6 Hz 2H, C19H2); 1.19 (s, 9H, C22-24H3). 

13C NMR (400 MHz, CDCl3):  (ppm) = 165.1. 156.1, 153.9, 151,9, 133.9 (Cquart.); 130.6 (C1); 

129,0 (C2-3); 127.9 (C4/5); 122.7 (C8/9) 120.8 (C6/7); 70.7, 70.2, 70.1, 69.5 (C13-18); 40.0 (C11); 

38.7 (C20); 29.7 (C12); 29.0 (C19); 28.5 (C22-24). 
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Tet1-sCy3 (15) 

1-(1,17-dioxo-1-(4-(2-phenyl-2H-tetrazol-5-yl)phenoxy)-6,9,12-trioxa-2,16-diazadocosan-22-yl)-3,3-

dimethyl-5-sulfo-2-((E)-3-((E)-1,3,3-trimethyl-5-sulfoindolin-2-ylidene)prop-1-en-1-yl)-3H-indol-1-ium 

 

Tet1-PEG-NHBoc 12 (1.2 mg, 0.00205 mmol, 1 equiv) was dissolved in 500 µL DCM and 

500 µL TFA was added. The mixture was stirred for 30 min at rt. The solvent was removed 

under reduced pressure and the residue was co-evaporated with toluene and ethyl acetate. 

The crude product Tet2-PEG-NH3*TFA 13 was used without further purification. 

13 (1.2 mg, 0.00200 mmol, 1.2 equiv) was dissolved in 100 µL dry DMF, DIPEA 

(3,7 µL, 0.0200 mmol, 12 equiv) was added, the yellowish mixture was stirred for 10 min at rt 

than NHS-sCy3 14 (2 mg, 0.00272 mmol, 1 equiv) was added. After stirring in the dark for 18 h 

the solvent was removed under reduced pressure and the mixture was purified by RP-HPLC 

(40-45%). 15 was gained in 56%. 

1H NMR (600 MHz, DMSO-d6):  (ppm) = 8.33 (t, J = 13.3 Hz, 1H, C33H); 8.16 (t, J = 8.7 Hz, 

4H, C4/5/6/7H); 7.89 (t, J = 5.6 Hz, 1H, N10H); 7.80 (s, 4H, C29/37H); 7.76 (t, J = 5.2 Hz, 1H, N21H); 

7.69 (m, 4H, C2/3/28/38H); 7.63 (t, J = 7.6 Hz, 1H, C1H); 7.37 (m, 4H, C8/9/27/39H); 6.48 (dd, 

J = 13.2, 2.4 Hz, 2H, C32/34H); 4.09 (t, J = 7.0 Hz, 2H, C26H2); 3.65 (s, 3H, C40H3); 3.53 – 3.48 

(m, 6H, C14/16/17H2); 3.46 – 3.44 (m, 4H, C13/15H2); 3.37 (m, 2H, C18H2); 3.14 (q, J = 6.6 Hz, 2H, 

C11H2); 3.05 (q, J = 6.9 Hz, 2H, C20H2); 2.05 (t, J = 7.1 Hz, 2H, C22H2); 1.72 (m, 4H, C12/25H2); 

1.69 (s, 12H, C30/31/35/36H3); 1.57 (m, 4H, C23/19H2); 1.36 (p, J = 8.5 Hz, 2H, C24H2). 

13C NMR (600 MHz, DMSO-d6):  (ppm) =174.7, 173.9, 171.5, 164.0, 153.8, 153.1, 145.8, 

145.7, 142.5, 141.8, 140.0, 136.1, 123.0 (Cquart.); 149.6 (C33); 130.2 (C1); 130.1 (C2/3); 127.8 

(C6/7); 126.2, 126.1 (C28/38); 122.6 (C8/9); 119.8 (C4/5/29/37); 110.5 (C27/39); 103.3, 102.7 (C32/34); 

69.7 (C14/17); 69.5 (C15/16); 68.0 (C18); 67.8 (C13); 48.8 (Cquart.); 43.7 (C26); 37.8 (C11); 35.6 (C20); 

35.0 (C22); 31.5 (C40); 29.3 (C12/19/25); 27.4, 27.1 (C5130/31/35/36); 25.7 (C24); 24.9 (C23). 

HRMS (ESI-MS): m/z calcd. for C54H67N8O12S2
+: 1083.4314 [M]+; found: 1145.3842 

[M+Na+K]3+.  
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Tet2-sCy3 (18) 

1-(1,17-dioxo-1-(4-(5-phenyl-2H-tetrazol-2-yl)phenoxy)-6,9,12-trioxa-2,16-diazadocosan-22-yl)-3,3-

dimethyl-5-sulfo-2-((E)-3-((E)-1,3,3-trimethyl-5-sulfoindolin-2-ylidene)prop-1-en-1-yl)-3H-indol-1-ium 

 

Tet2-PEG-NHBoc 16 (1.6 mg, 0.00273 mmol, 1 equiv) was dissolved in 500 µL DCM and 

500 µL TFA was added. The mixture was stirred for 30 min at rt. The solvent was removed 

under reduced pressure and the residue was co-evaporated with toluene and ethyl acetate. 

The crude product Tet2-PEG-NH3*TFA 17 was used without further purification. 

17 (1.6 mg, 0.00267 mmol, 1.2 equiv) was dissolved in 140 µL dry DMF, DIPEA 

(4.7 µL, 0.027 mmol, 12 equiv) was added, The yellowish mixture was stirred for 10 min at rt 

than NHS-sCy3 14 (2.76 mg, 0.00375 mmol, 1 equiv) was added. After stirring in the dark for 

18 h the solvent was removed under reduced pressure and the mixture was purified by RP-

HPLC (40-45%). 18 was gained in 62%. 

1H NMR (600 MHz, DMSO-d6):  (ppm) = 8.33 (t, J = 13.2 Hz, 1H, C33H); 8.16 (t, J = 8.4 Hz, 

4H, C4/5/6/7H); 7.93 (t, J = 5.0 Hz, 1H, N10H); 7.80 (s, 4H, C29/37); 7.76 (t, J = 4.7 Hz, 1H, N21H); 

7.69 (t, J = 7.9 Hz, 2H, C28/38); 7. 63 − 7.59 (m, 3H, C1/2/3); 7.43 (d, J = 8.7 Hz, 2H, C8/9H); 7.38 

(t, J = 8.6 Hz, 2H, C27/39H); 6.48 (dd, J = 2.6, 13.3 Hz, 2H, C32/34H); 4.09 (t, J = 6.5 Hz, 2H, 

C26H2); 3.64 (s, 3H, C40H3); 3.55-3.49 (m, 10H, C14-18H2); 3.45 (m, 2H, C13H2); 3.14 (q, J = 

6.2 Hz, 2H, C11H2); 3.04 (q, J = 6.0 Hz, 2H, C20H2); 2.04 (t, J = 6.9 Hz, 2H, C22H2); 1.71 (m, 4H, 

C12/25H2); 1.69 (s, 12H, C30/31/35/36H3); 1.57-1.52 (m, 4H, C19/23H2); 1.35 (p, J =8.6 Hz, 2H, C24H2). 

13C NMR (600 MHz, DMSO-d6):  (ppm) = 174.7, 173.9, 171.5, 164.4, 153.7, 152.1, 145.7, 

145.6, 142.5, 141.8, 140.0, 132.8, 126.3 (Cquart.);149.6 (C33); 129.3 (C2/3); 126.6 (C6/7); 126.2, 

126.1 (C28/38); 123.2 (C8/9); 119.9 (C4/5); 119.7 (C29/37); 110.5 (C27/39); 103.3, 102.7 (C32/34); 69.7 

(C14/17); 69.5 (C15/16); 68.0 (C18); 67.8 (C13); 48.8 (Cquart.); 43.7 (C26); 37.8 (C11); 35.7 (C20); 35.1 

(C22); 31.5 (C40); 29.3 (C12/19/25); 27.3, 27.1 (C30/31/35/36); 25.1 (C24); 24.9 (C23).  

HRMS (ESI-MS): m/z calcd. for C54H67N8O12S2
+: 1083.4314 [M]+; found: 1107.4266 

[M+Na+H]3+.   
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Pyrazoline-sCy3 (23) 

1-(1-(4-(5-(cyclohexylcarbamoyl)-1-phenyl-4,5-dihydro-1H-pyrazol-3-yl)phenoxy)-1,17-dioxo-6,9,12-

trioxa-2,16-diazadocosan-22-yl)-3,3-dimethyl-5-sulfo-2-((E)-3-((E)-1,3,3-trimethyl-5-sulfoindolin-2-

ylidene)prop-1-en-1-yl)-3H-indol-1-ium

 

Tet1-sCy3 15 (3 mg, 0.00248 mmol, 1 equiv) was dissolved in 1 mL ethanol and 22 

(0.57 mg, 0.00372 mmol, 1.5 equiv) was added. The mixture was irradiated at 302 nm with a 

hand-held UV-lamp placed directly on top of the reaction vessel for 100 minutes. The product 

crystallised in ethanol. It was filtered off, dried and used withour further purification. The 

pyrazoline-dye conjugate 23 was gained in 90% yield. 

 

Nuclear Magnetic Resonance Kinetic Experiments with Tet-sCy3 

The needed derivatives (tetrazole, cyclopropene model compound or sCy3 NHS-ester) were 

dissolved in a mixture of DMSO-d6 and/or EtOH-d6 and mixed in a Suprasil® quartz NMR tube. 

A 1H-NMR spectrum was recorded, the NMR tube was then irradiated at 302 nm with a hand-

held UV-lamp for 5 minutes, the distance between UV-lamp and NMR tube being 1 cm. 

Subsequently the next 1H-NMR spectrum was recorded. This procedure was followed until an 

irradiation time of 30 minutes was reached, after that the irradiation time between each NMR 

measurement was extended to 10 minutes until a total irradiation time of 100 minutes was 

reached. For analysis, a distinctive signal of the investigated compounds was integrated. The 

solvent peak was used as an internal standard for calibration of the distinctive signal intensities. 

For this calibration, the integrals of all measured distinctive peaks in one experiment were 

divided by the integral of the solvent peak and the signal was analysed and compared to the 

other experiments. For CHexNCp 27 the resonance of the vinyl protons at 7.38 ppm, for 

tetrazole Tet1 the resonance of the aromatic protons at 8.66 ppm, for Tet1-sCy3 the 

resonance of the tetrazole aromatic protons at 8.17 ppm and the resonance of the sCy3 

protons at 8.33 ppm (CH group), 7.79 ppm (aromatic protons) and 4.08 ppm (CH2 group). The 

relative integrals were plotted against time using Origin 9.8.0.200. 
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Exemplary kinetic measurement: 

 

Figure 7.1.: Exemplary kinetic measurement performed with Tet1 and sCy3 NHS-ester 14. Recorded 
spectra stacked and plotted over time. Total irradiation time of 100 min, irradiated at 302 nm with a 
hand-held UV-lamp in DMSO-d6/EtOH-d6. 

  

Tet1 sCy3 solvent sCy3 
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7.1.3. Part II – Generation and Application of a Glyco-Functionalised 

Extracellular Matrix 

The following derivatives were synthesised according to published procedures:  

Ac4ManNBtl[423], Ac4ManNPtl[424], Ac4ManNHxl[425], Ac4ManNBeoc[20], Ac4ManNPeoc[20], 

Ac4ManNHeoc[20], Ac4GalNBtl[423], Ac4GalNHxl[426], Ac4GalNAcryl[427], monoaryl-tetrazine[410]. 

General procedure for the synthesis of dienophile-modified GalNAc derivatives: 

Galactosamine hydrochloride (3.3 g, 15.3 mmol, 1 equiv.) was dissolved in dry MeOH (90 mL) 

and NaOMe (0.5 M in MeOH, 31 mL, 1 equiv.) was added. The reaction mixture was stirred 

for 1.5 h at rt and a solution the alkene derivative (39/41/42/43) (1.04 equiv) in dry MeOH 

(90 mL) was added. After having been stirred at rt for 18 h, the solvent was removed under 

vacuum and the residual brown syrup was dissolved in pyridine (40 mL). Acetic anhydride (14 

mL, 150 mmol) was added, and the mixture was stirred for 18 h. The solvent was removed 

under vacuum, the residue was dissolved in DCM and washed with aqueous KHSO4 (3 x), 

sodium bicarbonate (2 x) and brine (1 x). The organic layer was dried over MgSO4 and 

concentrated resulting in a dark brown solid which was purified by silica gel chromatography 

(petroleum ether/ethyl acetate) yielding the corresponding GalNAc derivative.  

Ac4GalNBeoc (41) 

(3R,4R,5R,6R)-6-(acetoxymethyl)-3-(((but-3-en-1-yloxy)carbonyl)amino)tetrahydro-2H-pyran-2,4,5-triyl 

triacetate 

 

The title compound was synthesised with but-3-en-1-yl succinimidyl carbonate according to 

the general procedure and obtained as a colourless solid (8.0 g, 63 %) as a mixture of anomers 

(α/β = 3.2/1). 

TLC: Rf = 0.33 (petroleum ether/ethyl acetate 1:1).  

-anomer: 1H NMR (400 MHz, CDCl3):  =6.23 (d, J = 3.5 Hz, 1H, C1H), 5.70–5.80 (m, 1H, 

C9H), 5.42 (d, J = 2.3 Hz, 1H, C4H), 5.19–5.03 (m, 3H, C3H, C10H2), 4.64 (d, J = 9.7 Hz, 1H, 

NH), 4.41 (dt, J = 3.4, 11,4 Hz, 1H, C2H), 4.22 (m, 1H, C5H), 4.04-4.15 (m, 4H, C7H2, C6H2), 

2.35–5.33  (m, 2H, C8H2), 2.16 (s, 2x3H, CH3), 2.02 (s, 2x3H, CH3) ppm; 13C NMR (100 MHz, 

CDCl3):  = 170.8, 170.3, 168.8, 155.9 (C=O), 133.9 (C9), 117.2 (C10), 91.5 (C1), 68.5 (C5), 

68.0 (C3), 66.7 (C4), 61.2, 64.5 (C6, C7), 48.6 (C2), 33.3 (C8), 20.9, 20.6 (CH3) ppm. 
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-anomer: 1H NMR (400 MHz, CDCl3):   = 6.17 (d, J = 4.7 Hz, 1H, C1H), 5.69–5.80 (m, 1H, 

C9H), 5.32–5.28 (m, 1H, C3H), 5.18–5.03 (m, 4H, NH, C5H, C10H2), 4.52–5.47 (m, 1H, C2H), 

4.18–4.12 (m, 5H, C4H, C7H2, C6H2), 2.35 (m, 2H, C8H2), 2.12 (s, 3H, CH3), 2.07 (s. 2x3H, 

CH3), 2.02 (s, 3H, CH3) ppm. 13C NMR (100 MHz, CDCl3):   = 170.5, 169.9, 169.3, 168.9, 

155.9 (C=O), 133.9 (C9), 117.2 (C10), 93.9 (C1) 78.9 (C5), 73.9 (C3), 68.6 (C4), 64.5 (C7), 62.0 

(C6), 57.8 (C2), 33.2 (C8), 20.6, 20.7, 20.8, 21.1 (CH3) ppm 

HRMS (ESI-MS): m/z calcd. for C19H27NO11: 446.1657 [M+H]+; found: 468.1471 [M+Na]+.  

Ac4GalNPeoc (42) 

(3R,4R,5R,6R)-6-(acetoxymethyl)-3-(((pent-4-en-1-yloxy)carbonyl)amino)tetrahydro-2H-pyran-2,4,5-

triyl triacetate 

 

The title compound was synthesised with pent‐4‐en‐1‐yl succinimidyl carbonate according to 

the general procedure and obtained as a colourless solid (4.5 g, 49 %) as a mixture of anomers 

(α/β = 2.2/1). 

TLC: Rf = 0.5 (petroleum ether/ethyl acetate 1:1). 

-anomer: 1H NMR (400 MHz, CDCl3):   = 6.21 (d, J = 3.5 Hz, 1H, C1H), 5.71–5.81 (m, 2H, 

C10H2), 5.40 (d, J = 2.9 Hz 1H, C4H), 5.21–5.17 (m, 1H, C3H), 5.05–4.96 (m, 2H, C11H2), 4.70 

(d, J = 9.5 Hz, 1H, NH), 4.44–4.40 (m, 1H, C2H), 4.24–4.19 (m, 1H, C5H), 4.10–4.01 (m, 4H, 

C6H2, C7H2), 2.14 (s, 6H, CH3), 2.06–2.07 (m, 2H, C9H2), 1.99 (s, 3H, CH3) 2.00 (s, 3H, CH3), 

1.64–1.71 (m, 2H, C8H2) ppm. 13C NMR (100 MHz, CDCl3):  = 170.8, 170.3, 170.1, 168.8, 

155.9 (C=O), 137.3 (C10), 114.9 (C11), 91.3 (C1), 68.4 (C5), 68.1 (C3), 66.8 (C4), 64.9, 61.2 (C6, 

C7), 48.6 (C2), 29.9 (C9), 28.1 (C8), 20.8, 20.7, 20.6 (CH3) ppm 

-anomer: 1H NMR (400 MHz, CDCl3):   = 6.19 (d, J = 4.7 Hz, 1H, C1H), 5.84–5.74 (m, 1H, 

C10H), 5.34–5.30 (m, 1H, C3H), 5.12–4.97 (m, 3H, NH, C5H, C11H2), 4.54–4.49 (m, C2H), 4.25–

4.04 (m, 5H, C4H, C6H2, C7H2), 2.17 (s, 3H, CH3), 2.11–2.08 (m, 8H, CH3, CH3, C9H2), 2.04 (s, 

3H, CH3), 1.74–1.67 (m, 2H, C8H2) ppm. 13C NMR (100 MHz, CDCl3):  = 170.7, 170.3, 170.1, 

168.9, 156.2 (C=O), 137.8 (C10), 115.2 (C11), 93.3 (C1), 78.8 (C5), 73.9 (C3), 68.6 (C4), 65.3 

(C7), 61.5 (C6), 57.6 (C2), 29.6 (C9), 27.8 (C8), 21.1, 21.2, 21.0, 20.8, 20.7 (CH3) ppm 

HRMS (ESI-MS): m/z calcd. for C20H29NO11: 460.1813 [M+H]+; found: 482.1628 [M+Na]+.   
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Ac4GalNHeoc (43) 

(3R,4R,5R,6R)-6-(acetoxymethyl)-3-(((hex-5-en-1-yloxy)carbonyl)amino)tetrahydro-2H-pyran-2,4,5-

triyl triacetate 

 

The title compound was synthesised with hex-5-en-1-yl succinimidyl carbonate according to 

the general procedure and obtained as a colourless solid (5.6 g, 76 %) as a mixture of anomers 

(α/β = 2.6/1). 

TLC: Rf = 0.45 (petroleum ether/ethyl acetate 1:1). 

-anomer: 1H NMR (400 MHz, CDCl3):   = 6.21 (d, J = 3.5 Hz, 1H, C1H), 5.81–5.70 (m, 1H, 

C11H), 5.40 (d, J = 2.3 Hz, 1H, C4H), 5.21–5.11 (m, 1H, C3H), 5.00–4.92 (m, 2H, C12H2), 4.68 

(d, J = 9.6 Hz, 1H, NH), 4.42–4.36 (m, 1H, C2H), 4.23–4.18 (m, 1H, C5H), 4.12–4.01 (m, 4H, 

C6H2, C7H2), 2.14 (s, 2x3H, CH3), 2.06–2.03 (m, 2H, C10H2), 2.00 (s, 2x3H, CH3), 1.59 (m, 2H, 

C8H2), 1.45–1.37 (m, 2H, C9H2) ppm. 13C NMR (100 MHz, CDCl3):  = 170.9, 170.4, 169.9, 

168.9 (C=O), 156.1 (C13), 138.3 (C11), 114.9 (C12), 91.6 (C1), 68.6 (C5), 68.1 (C3), 66.9 (C4), 

65.5 (C7), 61.4 (C6), 48.7 (C2), 33.3 (C10), 28.4 (C8), 25.1 (C9), 20.8, 20.7 (CH3) ppm. 

-anomer: 1H NMR (400 MHz, CDCl3):   = 6.16 (d, J = 4.7 Hz, 1H, C1H), 5.81–5.70 (m, 1H, 

C11H), 5.32–5.28 (m, 1H, C3H), 5.21–5.11 (m, 2H, C5H, NH), 4.95 (m, 2H, C12H2), 4.52–4.47  

(m, 1H, C2H), 4.20–4.01 (m, 5H, C4H, C6H2, C7H2), 2.06–2.03 (m, 2H, C10H2), 2.11 (s, 3H, CH3), 

2.07 (s, 2x3H, CH3), 2.02 (s, 3H, CH3), 1.59 (m, 2H, C8H2), 1.45–1.37 (m, 2H, C9H2) ppm. 13C 

NMR (100 MHz, CDCl3):  = 170.9 170.4, 169.9, 168.9 (C=O), 156.1 (C13), 138.3 (C11), 114.9 

(C12), 94.1 (C1), 79.0 (C5), 74.1 (C3), 70.4 (C4), 68.0 (C4), 66.8 (C7), 62.2, 61.3 (C6), 57.9 (C2), 

33.3 (C10), 28.4 (C8), 25.1 (C9), 21.2, 21.1, 21.0, 20.8, 20.7 (CH3) ppm. 

HRMS (ESI-MS): m/z calcd. For C21H31NO11: 474.1970 [M+H]+; found: 496.1786 [M+Na]+.  
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Ac4GalNPtl (39) 

(3R,4R,5R,6R)-6-(acetoxymethyl)-3-(pent-4-enamido)tetrahydro-2H-pyran-2,4,5-triyl triacetate 

 

 

The title compound was synthesised with succinimidyl pent-4-enoate according to the general 

procedure and obtained as a colourless solid (6.5 g, 70 %) as a mixture of anomers (α/β = 

2.4/1). 

TLC: Rf = 0.2 (petroleum ether/ethyl acetate 1:1). 

-anomer: 1H NMR (400 MHz, CDCl3):   = 6.21 (d, J = 3.6 Hz, 1H, C1H), 5.79–5.69 (m, 2H, 

C10H2), 5.55 (m, 1H, NH), 5.39 (m, 1H, C4H), 5.19–5.16 (m, 1H, C3H), 5.04–4.95 (m, 2H, C9H2), 

4.73–4.68 (m, 1H, C2H), 4.23–4.20 (m, 1H, C5H), 4.10–4.01 (m, 2H, C6H2), 2.33–2.28 (m, 2H, 

C8H2), 2.23–2.19 (m, 2H, C7H2), 2.14 (s, 2x3H, CH3), 1.99 (s, 3H, CH3) 2.00 (s, 3H, CH3) ppm. 

13C NMR (100 MHz, CDCl3):  = 172.3, 171.0, 170.3, 170.2, 158.8 (C=O), 136.6 (C10), 115.7 

(C9), 91.3 (C1), 68.6 (C5), 68.5 (C5), 67.8 (C3), 66.7 (C4), 61.3 (C6), 46.8 (C2), 35.5 (C7), 29.2 

(C8), 20.9 (CH3), 20.6 (CH3) ppm. 

-anomer: 1H NMR (400 MHz, CDCl3):   = 5.70 (d, J = 8.7 Hz, 1H, C1H), 5.81–5.73 (m, 1H, 

C10H), 5.38 (m, 2H, NH, C4H), 5.10–4.98 (m, 3H, C3H, C9H2), 4.50–4.43 (m, 1H, C2H), 4.20–

4.09 (m, 1H, C6H2), 4.02–4.00 (m, 1H, C5H), 2.36–2.31 (m, 2H, C8H2), 2.24–2.21 (m, 2H, C7H2), 

2.17 (s, 3H, CH3), 2.12 (s, 3H, CH3), 2.05 (s, 3H, CH3), 2.01 (s, 3H, CH3) ppm. 13C NMR (100 

MHz, CDCl3):   = 172.4, 170.7, 170.1, 164.6 (C=O), 136.5 (C10), 115.7 (C9), 93.0 (C1), 71.9 

(C5), 70.3 (C3), 70.3 (C3), 66.3 (C4), 61.3 (C6), 49.6 (C2), 35.8 (C7), 29.2 (C8), 21.0, 20.8, 20.6, 

20.5 (CH3) ppm. 

HRMS (ESI-MS): m/z calcd. For C19H27NO10: 430.1708 [M+H]+; found: 452.1524 [M+Na]+.  

  



 

 

129 Experimental Section 

Synthesis of trivalent linkers 

Lys(NHBoc)-sCy3 (62) 

1-(6-((5-((tert-butoxycarbonyl)amino)-5-carboxypentyl)amino)-6-oxohexyl)-3,3-dimethyl-2-((E)-3-((E)-

1,3,3-trimethyl-5-sulfonatoindolin-2-ylidene)prop-1-en-1-yl)-3H-indol-1-ium-5-sulfonate 

 

BOC-Lys-OH 61 (1 mg, 0.0039 mmol, 1.2 equiv) was dissolved in 100 µL dry DMF, DIPEA 

(5.6 µL, 0.026 mmol, 12 equiv) was added, the mixture was stirred for 10 min at rt than NHS-

sCy3 14 (2 mg, 0.0027 mmol, 1 equiv) was added. After stirring in the dark for 18 h the solvent 

was removed under reduced pressure and the mixture was purified by HPLC (30-45%). Pure 

product 62 was obtained in 67 % yield. 

1H NMR (600 MHz, DMSO-d6):  (ppm) =8.34 (t, J = 13.3 Hz, 2H, C24H); 7.80 (s, 2H, C19/29H); 

7.76 (t, J = 5.5 Hz, 1H, N11H); 7.67 (t, J = 7.7 Hz, 2H, C18/30H); 7.39 (t, J = 7.4 Hz, 2H, C17/31H); 

6.91 (broads, 1H, N5H); 6.49 (dd, J = 6.2, 13.3, Hz, 2H, C23/25H); 4.10 (t, J = 6.8 Hz, 2H, C16H2); 

3.78 (q, J = 4.3, 8.0 Hz, 1H, C6H); 3.65 (s, 3H, C32H2); 2.99 (q, J = 6.0, 6.1 Hz 2H, C10H2); 2.04 

(t, J = 7.2 Hz , 2H, C12H2); 1.70 (s, 12H, C21/22/27/28H2); 1. 60 − 1.52 (m, 6H, C7/13/15H2); 1.36 (s, 

9H, C1/2/3H3); 1.33 (m, 2H, C9H2); 1.28 − 1.23 (m, 4H, C8/14H2).  

13C NMR (600 MHz, DMSO-d6):  (ppm) =174.88, 173.99, 171.72, 156,2 145.88, 145.71, 

142.60, 141.88, 140.05, (Cquart.); 149.70 (C24); 126.84 (C18/30); 119.84 (C19/29); 110.62 (C17/31); 

103.39, 102.77 (C23/25); 77.90 (C4); 48.93 (C20/26); 43.83 (C16); 38.16 (C15); 35.21 (C12); 31.56 

(C32); 30.58 (C15); 28.82 (C14); 28.21 (C1/2/3); 27.45, 27.24 (C21/22/28/29); 26.78 (C13); 25.84 (C7); 

25.01 (C9); 23.04 (C8). 
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Tetrazine(mono)-PEG3-NHBoc (57) 

Tert-butyl (1-(4-(1,2,4,5-tetrazin-3-yl)phenyl)-1-oxo-6,9,12-trioxa-2-azapentadecan-15-yl)carbamate 

 

Tz-COOH 55 (30 mg, 0.15 mmol, 1 equiv) was dissolved in 1.6 mL dry THF. DIPEA (70.0 µL, 

0.4 mmol, 2.5 equiv) and HATU (79.0 mg, 0.02 mmol, 1.25 equiv) were added and the mixture 

was stirred for 1 h at 0°C and 1 h at rt. NHBoc-PEG3-NH2 (77 mg, 0.24 mmol, 1.5 equiv) was 

added and the mixture was stirred for 1 h at rt. After the reaction was complete the solvent was 

removed under reduced pressure and the residue dissolved in ethyl acetate (5 mL). The 

organic layer was washed with citric acid (5%aq, 3x 5 mL), water (1x 5 mL), aqueous NaCl (1x 

5 mL) and dried over MgSO4 and concentrated resulting in a red solid which was purified by 

flash column chromatography (DCM + 5%acetone), 57 was obtained in 40 % yield. 

1H NMR (400 MHz, CDCl3):  (ppm) = 8.69 (d, J = 8.2 Hz, 2H, CTzH); 10.3 (s, 1H, CTzH); 8.06 

(d, J = 8.3 Hz, 2H, CTzH); 4.89 (broad s, 1H, N12H); 7.45 (broad s, 1H, N1H); 3.72 – 3.59 (m, 

10H, C2/5-8H2); 3.51 (dd, J = 3.6, 5.8 Hz, 2H, C4H2); 3.46 (t, J = 6.0 Hz, 2H, C9H2); 3.20 (t, J = 

6.4 Hz, 2H C11H2); 1.97 (p, J = 5.7 Hz, 2H, C3H2); 1.75 (p, J = 6.3 Hz, 2H, C10H2); 1.42 (s, 9H, 

C13-15H3). 

13C NMR (400 MHz, CDCl3):  (ppm) = 166.2, 166.1, 138.9, 135.3, 78.8, (Cquart); 158.0, 133.9, 

128.4, 128.2 (CTz); 71.1, 70.6, 70.5, 70.3, 69.6, (C4-9); 39.5 (C2/11); 29.9, 28.8, 28.5 (C3/10/13-15). 

HRMS (ESI-MS): m/z calcd. for C28H39N8O6
+: 505.2769 [M+H]+; found: 505.2623. 
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Tetrazine(mono)-PEG3-lys(NHBoc)-sCy3 (63) 

1-(1-(4-(1,2,4,5-tetrazin-3-yl)phenyl)-18-((tert-butoxycarbonyl)amino)-1,17,24-trioxo-6,9,12-trioxa-

2,16,23-triazanonacosan-29-yl)-3,3-dimethyl-2-((E)-3-((E)-1,3,3-trimethyl-5-sulfonatoindolin-2-

ylidene)prop-1-en-1-yl)-3H-indol-1-ium-5-sulfonate 

Tz-PEG-NHBoc 57 (5 mg, 0.01 mmol, 1 equiv) was dissolved in 400 µL DCM and 400 µL TFA 

was added. The mixture was stirred for 30 min at rt. The solvent was removed under reduced 

pressure and the residue was co-evaporated with toluene and ethyl acetate. The crude product 

59 was used without further purification.  

Boc protected lys-sCy3 conjugate 62 (5.9 mg, 0.007 mmol, 1 equiv) was dissolved in 200 µL 

dry DMF and 200 µL dry THF. DIPEA (1.8 µL, 0.018 mmol, 2.5 equiv) and HATU (3.7 mg, 

0.01 mmol, 1.34 equiv) were added and the mixture was stirred for 2h at rt in the dark. Tz-

PEG-NH3*TFA 59 (5 mg, 0.01 mmol, 1.34 equiv) was added and the mixture was stirred for 

1.5 h at rt in the dark. The solvent and DIPEA were removed under reduced pressure and the 

product was purified by RP-HPLC (40-80%). Pure product 63 was obtained in 60% yield.  

1H NMR (800 MHz, DMSO-d6):  (ppm) = 10.64 (s, 1H, C1H); 8.70 (t, J = 5.3 Hz, 1H, N6H); 

8.57 (d, J = 8.2 Hz, 2H, C2/3H or C4/5H); 8.35 (t, J = 13.3 Hz, 1H, C39H); 8.11 (d, J = 8.2 Hz, 2H, 

C2/3H or C4/5H); 7.81 (dd, J = 1.4, 5.8 Hz, 2H, C35/43H); 7.75 (t, J = 5.2 Hz, 1H, N17H); 7.72 (t, J 

= 5.6 Hz, 1H, N27H); 7.68 (td, J = 1.5, 8.4 Hz, 1H, C34/44H); 7.39 (td, J = 1.8, 8.3 Hz, 2H, C33/46H); 

7.68 (td, J = 1.5, 8.4 Hz, 1H, N6H); 6.72 (d, J = 8.1 Hz, 1H, N19H); 6.52 (dd, J = 7.0, 13.4 Hz, 

2H, C38/40H); 4.10 (t, J = 7.6 Hz, 2H, C32H2); 3.65 (s, 3H, C46H3); 3.79 (q, J = 8.5 Hz, 2H, C18H); 

3.53 − 3.43 (m, 12H, C9-14H2); 3.35 − 3.29 (m, 2H, C7H2); 3.12 − 3.02 (m, 2H, C16H2); 2.98 − 

2.94 (m, 2H, C26H2); 2.04 (t, J = 7.7 Hz, 2H, C28H2); 1.78 (q, J = 6.4 Hz, 2H, C8H2); 1.75 − 1.71 

(m, 2H, C31/23H2); 1.70 (s, 12H, C36/37/41/42H3); 1.62 − 1.58 (m, 2H, C15H2); 1.57 − 1.53 (m, 2H, 

C29H2); 1.35 (s, 9H, C20-22H3); 1.31 (t, J = 7.3 Hz, 2H, C25H2); 1.30 − 1.20 (m, C30/24H2). 
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13C NMR (800 MHz, DMSO-d6):  (ppm) = 174.1, 173.9, 172.0, 171.7, 165.4, 165.1, 158.3, 

155.3, 146.0, 145.8, 141.9, 141.3, 140.3, 140.1, 138.2, 134.1 (Cquart.); 149.9 (C39); 128.2 (C2/3 

or C4/5); 128.0 (C2/3 or C4/5); 126.3 (C34/44); 120.4 (C43/35); 111.0 (C33/45); 103.8 (C38/40); 69.8, 

69.6 (C10-14); 68.1 (C9); 54.4 (C18); 49.0 (C47/48); 43.9 (C32); 38.2 (C46/26); 36.8 (C7); 35.8 (C16); 

35.2 (C28); 29.3 (C8/15); 28.9 (C24); 28.2 (C20-22); 27.4 (C36/37 or C41/42); 27.3 (C36/37 or C41/42); 26.8 

(C23/31); 25.8 (C30); 25.0 (C29/25). 

HRMS (ESI-MS): m/z calcd. for C60H83N10O14S2
+: 1231.5526 [M+H]+; found: 1231.5522. 

 

Tetrazine(mono)-PEG3-lys-sCy3-PEG3-aminooxy-Boc (67) 

1-(20-((1-(4-(1,2,4,5-tetrazin-3-yl)phenyl)-1-oxo-6,9,12-trioxa-2-azapentadecan-15-yl)carbamoyl)-2,2-

dimethyl-4,18,26-trioxo-3,6,9,12,15-pentaoxa-5,19,25-triazahentriacontan-31-yl)-2-((E)-3-((E)-1-ethyl-

3,3-dimethyl-5-sulfonatoindolin-2-ylidene)prop-1-en-1-yl)-3,3-dimethyl-3H-indol-1-ium-5-sulfonate 

Tz-PEG-sCy3-NHBoc 63 (5 mg, 0.004 mmol, 1 equiv) was dissolved in 400 µL DCM and 

400 µL TFA was added. The mixture was stirred for 30 min at rt. The solvent was removed 

under reduced pressure and the residue was co-evaporated with toluene and ethyl acetate. 

The crude product 65 was used without further purification. 

Boc-aminooxy-PEG3-COOH (1 mg, 0.003 mmol, 1 equiv) was dissolved in 100 µL dry DMF. 

DIPEA (0.7 µL, 0.007 mmol, 2.5 equiv) and HATU (1.5 mg, 0.004 mmol, 1.34 equiv) were 

added and the mixture was stirred for 2h at rt in the dark. Tz-PEG-sCy3-NH3*TFA 65 

(5 mg, 0.004 mmol, 1.34 equiv) was added and the mixture was stirred for 1.5 h at rt in the 

dark. The solvent and DIPEA were removed under reduced pressure and the product was 

purified by RP-HPLC (30-60%). Pure product 67 was obtained in 60% yield. 
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1H NMR (800 MHz, DMSO-d6):  (ppm) = 8.70 (t, J = 5.4 Hz, 1H, N6H); 8.57 (d, J = 8.2 Hz, 2H, 

C2/3H or C4/5H); 8.35 (t, J = 13.4 Hz, 1H, C49H); 8.11 (d, J = 8.5 Hz, 2H, C2/3H or C4/5H); 7.98 – 

7.92 (m, 2H, N19/28H); 7.82 (t, J = 5.8 Hz, 1H, N17H); 7.81 (dd, J = 1.5, 5.8 Hz, 2H, C44/54H); 

7.72 (t, J = 5.7 Hz, 1H, N36H); 7.68 (td, J = 1.6, 8.0 Hz, 1H, C43/55); 7.39 (td, J = 1.3, 8.2 Hz, 

2H, C42/56H); 6.52 (t, J = 12.7 Hz, 2H, C48/50H); 4.18 − 4.08 (m, 5H, C41/57H2, C18H); 3.79 − 3.44 

(m, 26 H, C9-14/21-27H2); 3.38 − 3.35 (m, 2H, C7H2); 3.12 − 3.02 (m, 2H, C16H2); 2.97 − 2.94 (m, 

2H, C35H2); 2.37 (m, 2H, C20H2); 2.04 (t, J = 7.1 Hz, 2H, C37H2); 1.78 (p, J = 6.4 Hz, 2H, C8H2); 

1.75 − 1.72 (m, 2H, C40H2); 1.70 (s, 12H, C46/67/52/53H3); 1.58 − 1.53 (m, 2H, C15H2); 1.57 − 1.53 

(m, 2H, C39H2); 1.46 − 1.41 (m, 2H, C32/34H2); 1.35 (s, 9H, C29-31H3); 1.35 (t, J = 7.7 Hz, 2H, 

C39H2); 1.31 (t, J = 7.2 Hz, 3H, C58H3); 1.25 − 1.20 (m, C33H2). 

13C NMR (800 MHz, DMSO-d6):  (ppm) =174.1, 173.9, 171.6, 171.5, 170.0, 165.4, 165.2, 

163.1, 158.3, 156.1, 146.0, 145.8, 141.9, 141.3, 140.1, 138.2, 134.1, 132.4 (Cquart); 149.9 (C49); 

128.2, 127.7 (C1/2/3/5/5); 126.3 (C43/55); 120.0, 119.9 (C44/54); 110.7, 110.5 (C42/56); 102.9, 102.8 

(C48/50); 79.6 (C30’); 74.8(C18); 69.9, 69.8, 69.5, 69.7, 69.6, 69.5, 68.3, 68.0, 67.0 (C9-14/21-27); 

66.8 (C34); 52.4 (C18); 48.9 (C45/51); 43. 9 (C41); 38.3 (C35/57); 36.8 (C11); 35.8 (C16/20); 35.2 (C37), 

31.8 (C32/34); 29.3 (C8/15); 28.8 (C33/58); 28.0 (C29-31); 27.4, 27.3 (C46/47/52/53); 26.8 (C40); 25.8 

(C39); 25.0 (C38); 22.8 (C33/58). 

HRMS (ESI-MS): m/z calcd. For C70H101N11O19S2
+: 1463.6717 [M+H]+; found: 1463.6718. 
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Tetrazine(biaryl)-PEG3-NHBoc (58) 

Tert-butyl (1-oxo-1-(4-(6-(pyrimidin-2-yl)-1,2,4,5-tetrazin-3-yl)phenyl)-6,9,12-trioxa-2-azapentadecan-

15-yl)carbamate 

 

Tz-COOH 56 (66 mg, 0.24 mmol, 1 equiv) was dissolved in 200 µL dry DMF (peptide grade), 

NMM (58 µL, 0.53 mmol, 2.2 equiv) and pyBOP (135 mg, 0.26 mmol, 1.1 equiv) were added, 

the mixture was stirred for 10 min at rt than H2N-PEG3-NHBoc (83 mg, 0.26 mmol, 1.1 equiv) 

was added and the mixture was stirred for 2 h. DCM (10 mL) was added and the mixture 

washed with aqueous NaHCO3 (3x 20 mL) and water (3x 10 mL). The organic layer was dried 

over MgSO4 and concentrated resulting in a red solid which was purified by silica gel 

chromatography (ethyl acetate + 5% acetone). Pure product 58 was obtained in 83 % yield. 

1H NMR (400 MHz, CDCl3):  (ppm) = 9.17 (d, J = 4.8 Hz, 2H, CTzH); 8.81 (d, J = 8.0 Hz, 2H, 

CTzH); 8.10 (d, J = 8.0 Hz, 2H, CTzH); 7.62 (t, J = 4.8 Hz, 1H, CTzH); 7.49 (broads, 1H, N1H); 

5.01 (broads, 1H, N12H); 3.75 – 3.64 (m, 10H, C2/5-8H); 3.55 (t, J = 4.7 Hz, 2H, C4H); 3.50 (t, J 

= 6.1 Hz, 2H, C9H); 3.20 (broads, 2H, C11H); 1.97 (p, J = 5.7 Hz, 2H, C3H); 1.75 (p, J = 6.3 Hz, 

2H, C10H); 1.43 (s, 9H, C13-15H). 

13C NMR (400 MHz, CDCl3):  (ppm) = 166.1, 164.1, 163.2, 159.4, 158.4, 156.1, 139.1, 139.1, 

133.6, 128.9, 128.7, 128.2, 128.0, 122.6 (Cquart); 158.5 (CTz); 78.9, 70.9, 70.5, 70.3, 70.2, 69.5, 

(C4-9H); 39.3, 38.4 (C2/11); 29.7, 28.8, 28.6, 28.3 (C3/10/13-15). 

HRMS (ESI-MS): m/z calcd. for C28H39N8O6
+: 583.2987 [M+H]+:, found: 583.2994. 
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Tetrazine(biaryl)-PEG3-lys(NHBoc)-sCy3 (64) 

1-(18-((tert-butoxycarbonyl)amino)-1,17,24-trioxo-1-(4-(6-(pyrimidin-2-yl)-1,2,4,5-tetrazin-3-yl)phenyl)-

6,9,12-trioxa-2,16,23-triazanonacosan-29-yl)-3,3-dimethyl-2-((E)-3-((E)-1,3,3-trimethyl-5-

sulfonatoindolin-2-ylidene)prop-1-en-1-yl)-3H-indol-1-ium-5-sulfonate 

 

Tz-PEG-NHBoc 58 (3.4 mg, 0.057 mmol, 1 equiv) was dissolved in 200 µL DCM and 200 µL 

TFA was added. The mixture was stirred for 30 min at rt. The solvent was removed under 

reduced pressure and the residue was co-evaporated with toluene and ethyl acetate. The 

crude product 60 was used without further purification. 

Boc protected lys-sCy3 conjugate 62 (3.6 mg, 0.0043 mmol, 1 equiv) was dissolved in 100 µL 

dry DMF (peptide grade), NMM (1.2 µL, 0.011 mmol, 2.5 equiv) and pyBOP 

(3 mg, 0.0057 mmol, 1.34 equiv) were added, the mixture was stirred for 10 min at rt in the 

dark, than Tz-PEG-NH2*TFA 60 (3.4 mg, 0.057 mmol, 1.34 equiv) was added. After stirring for 

2 h in the dark the solvent was removed under reduced pressure and the product was purified 

by RP-HPLC (40-80%). Pure product 64 was obtained in 69 % yield. 

1H NMR (600 MHz, DMSO-d6):  (ppm) = 9.19 (d, J = 4.8 Hz, 2H, CTzH); 8.74 (t, J = 5.6 Hz, 

1H, N1H);  8.66 (d, J = 8.2 Hz, 2H, CTzH); 8.33 (t, J = 13.4 Hz, 1H, C36H );  8.13 (d, J = 8.2 Hz, 

1H, CTzH); 7.83 (q, J = 4.6 Hz, 1H, CTzH); 7.79 (s, 2H, C31/41H); 7.73 (m, 2H, N23H, N12H); 7.67 

(td, J = 7.6 Hz, 2H, C30/42H); 7.38 (t, J = 8.6 Hz, 2H, C29/43H); 6.47 (dd, J = 13.5, 5.7 Hz, 2H, 

C35/37H); 4.09 (t, J = 7.4 Hz, 1H, C28H2); 3.78 (m, 1H, C13H); 3.52  ̶  3.35 (m, 14H, C2/4-9H2); 3.14 

– 3.04 (m, 2H, C11H2); 2.95 (q, J = 6.1 Hz, 2H, C22H2); 2.03 (t, 2H, C24H2); 1.79 (p, J = 6.1, 5.6 

Hz, 2H, C3H2); 1.72 (m, 2H, C27H2); 1.68 (s, 12H, C33/34/39/40H3); 1.59 (m, 2H, C10H2); 1.54 (m, 

2H, C25H2); 1.43 (m, 2H, C19H2);  1.34 (s, 9H, C16-18H3); 1.32 – 1.27 (m, 4H, C21/26H2); 1.32 (m, 

2H, C20H2). 

13C NMR (600 MHz, DMSO-d6):  (ppm) =174.8, 174.3, 173.9, 171.7, 165.4, 163.2, 162.8, 

158.9, 155.2, 142.6, 141.9, 139.6, 137.3, 137.3, 133.7 (Cquart); 158.9, 158.5 (CTz); 149.7 (C36); 
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128.2, 128.1 (CTz); 126.2, 126.1 (C30/42); 122.9 (CTz); 119.8, 119.7 (C31/41); 110.6 (C29/43); 103.3, 

102.7 (C35/37); 77.9 (C15); 69.7, 69.6, 69.5, 69.4, 68.3, 68.2, 67.2 (C4-9); 54.2 (C14); 48.8 (C32/38); 

43.7 (C28); 38.1 (C22); 36.8 (C13); 35.1 (C24); 31.6 (C19); 29.2 (C11); 28.9 (C26); 28.1 (C16-18); 

27.3, 27.1 (C33/34/39/40); 26.6 (C27); 25.7 (C21); 24.9 (C25); 22.7 (C20). 

 HRMS (ESI-MS): m/z calcd. for C64H84N12O14S2
+: 1308.5671 [M+H]+:, found: 1308.5672. 

 

Tetrazine(mono)-PEG3-lys-sCy3-PEG3-aminooxy-Boc (68) 

(E)-2-((E)-3-(1-(2,2-dimethyl-4,18,26-trioxo-20-((1-oxo-1-(4-(6-(pyrimidin-2-yl)-1,2,4,5-tetrazin-3-

yl)phenyl)-6,9,12-trioxa-2-azapentadecan-15-yl)carbamoyl)-3,6,9,12,15-pentaoxa-5,19,25-

triazahentriacontan-31-yl)-3,3-dimethyl-5-sulfo-3H-indol-1-ium-2-yl)allylidene)-1,3,3-trimethylindoline-

5-sulfonate 

 

Tz-PEG3-lys(NHBoc)-sCy3 64 (6.1 mg, 0.0072 mmol, 1 equiv) was dissolved in 500 µL DCM 

and 500 µL TFA was added. The mixture was stirred for 30 min at rt. The solvent was removed 

under reduced pressure and the residue was co-evaporated with toluene and ethyl acetate. 

The crude product 66 was used without further purification. 

The oxyamine linker (0.64 mg, 0.0019 mmol, 1 equiv) was dissolved in 200 µL dry DMF. NMM 

(0.52 µL, 0.0047 mmol, 2.5 equiv) and pyBOP (1.2 mg, 0.0023 mmol, 1.2 equiv) were added 

and the mixture was stirred for 10 min at rt in the dark. Tz-PEG3-lys-sCy3*TFA 66 

(3 mg, 0.0023 mmol, 1.3 equiv) was added and the mixture was stirred for 1.5 h at rt in the 

dark. The solvent and NMM were removed under reduced pressure and the product was 

purified by RP-HPLC (40-60%). Pure product 68 was obtained in 60% yield. 

1H NMR (600 MHz, DMSO-d6):  (ppm) = 9.20 (dd, J = 1.5, 4.9 Hz, 2H, CTzH); 8.74 (t, J = 5.4 

Hz, 1H, N1H); 8.66 (dd, J = 1.6, 8.4 Hz, 2H, CTzH); 8.33 (t, J = 13.3 Hz, 1H, C43H); 8.14 (dd, J 
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= 1.6, 8.5 Hz, 2H, CTzH); 7.95 (d, J = 8.1 Hz, 1H, N14H); 7.90 (d, J = 1.5 Hz, 1H, N23H); 7.84 

(m, 1H, N12H); 7.80 (t, J = 1.8 Hz, 2H, C39/47H); 7.73 (t, J = 5.7 Hz, 1H, N31H); 7.67 (td, J = 7.4, 

6.6, 1.8 Hz, 2H, C38/48H); 7.39 (t, J = 8.2 Hz, 2H, C37/49H); 6.47 (dd, J = 13.5, 5.9 Hz, 2H, 

C42/44H); 4.14 (m, 1H, C13H); 4.10 (t, J = 6.5 Hz, 2H, C36H); 3.79 (m, 2H, C15H); 3.65 (s, 3H, 

C50H3) 3.57 (t, J = 6.3 Hz, 2H, C16H); 3.50 − 3.45  (m, 26H, C4-9/17-22H); 3.32 (m, 2H, C2H); 3.07 

(m, 2H, C11H); 2.95 (q, J = 6.0 Hz, 2H, C30H); 2.73 (m, 2H, C32H); 2.00 (t, J = 7.2 Hz, 2H, C28H); 

1.79 (t, J = 6.5 Hz, 2H, C3H); 1.69 (m, 14H, C35/40/41/45/46H); 1.60 (m, 2H, C10H); 1.39 (m, 2H, 

C27H); 1.38 (s, 9H, C24/25/26H); 1.35 − 1.26 (m, 6H, C29/33/34H). 

13C NMR (600 MHz, DMSO-d6):  (ppm) =174.8, 173.8, 171.6, 171.4, 169.9, 166.2, 166.1, 

145.9, 142.9, 139.9, 138.2, 128.2, 128.0, (Cquart); 150,1 (C43); 158.5, 133.7, 128.2, 128.1 (CTz); 

126.0 (C38/48); 120.0 (C39/47); 110.5 (C37/49); 102.6 (C42/44); 74.7 (C15); 69.7, 69.3 (C4-9/16-22); 67.9 

(C2); 66.8 (C16); 52.4 (C30); 40.5 (C36); 38.2 (C13); 36.8 (C28); 35.7 (C32); 35.1 (C11); 31.8 (C50); 

29.2 (C3/10/27/29/33/34); 28.8 (C35); 27.9 (C24-26); 27.3 (C40/41/45/46). 

HRMS (ESI-MS): m/z calcd. for C73H102N13O19S2
+: 1528.6851 [M+H]+:, found: 1528.6858. 
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Carbohydrate Arrays 

Optimisation of the buffer compositions as well as establishing conditions for immobilisation 

and detection of glycoconjugates on Nexterion® H slides was performed by O. 

BAUDENDISTEL.[332,428] 

Buffer Preparation 

Phosphate buffer (150 mM): A 150 mM phosphate buffer was prepared by dissolving 52.3 g 

Na2HPO4·12 H2O and 480 mg NaH2PO4·2 H2O in 1 L ultrapure water. The pH was adjusted to 

8.5 with NaOH. 

PBST buffer (150 mM, 137 mM NaCl, 2.7 mM KCl, 0.01 % Tween 20): 4.00 g NaCl and 100.6 

mg KCl were dissolved in 500 mL phosphate buffer to give a final concentration of 137 mM 

NaCl und 2.7 mM KCl. After addition of 50 µL Tween 20, the pH still was at pH 8.5 without any 

adjustment. 

Dilution buffer (PBST buffer with 2 mM ethanolamine): 30 µL Ethanolamine were added to 

250 mL PBST buffer and the pH adjusted to 8.5 with conc. HCl. 

Deactivation buffer (PBST buffer with 50 mM ethanolamine): 1.5 mL Ethanolamine were 

added to 500 mL PBST buffer and the pH adjusted to 8.5 with conc. HCl. 

HEPES buffer: 4.77 g HEPES, 17.53 g NaCl, and 29.4 mg CaCl2 were dissolved in 2 L 

ultrapure water to a final concentration of 10 mM HEPES, 150 mM NaCl, and 0.1 mM CaCl2. 

The pH was adjusted with NaOH solution to pH 7.5. 

HEPES wash buffer: 1.0 mL Tween 20 was added to 1 L HEPES buffer (0.1% v/v). If 

necessary, the pH was adjusted to 7.5 with HCl or NaOH. 

Generation of Carbohydrate Microarrays (Nexterion H) 

The obtained glycoconjugates were diluted in PBST buffer to final concentrations of 2 mM, 1 

mM and 0.5 mM. The glycoconjugate solutions (35 µL each) were transferred into a 384-well 

plate on ice. Then, microarrays were spotted on succinimidyl ester-activated Nexterion© H 

glass slides using an automated non-contact array printer Nanoplotter 2 from GeSiM. During 

array generation the working plate with the glass slides was kept at 10 °C with a cryostat from 

Lauda and a humidity between 69–71 % with a Humidity Control II from Lucky Reptile 

connected to a humidifier from Hobby. The samples were transferred in 15 droplets with a final 

volume of 4 nL to the surface and three replicates per concentration were prepared. After 

finished spotting, the microarrays were incubated over a NaCl solution (0.5 M) at RT for 90 min 

in the dark. To block the unreacted succinimidyl ester surface, the arrays were rinsed with 

ultrapure water and incubated in 50 mL deactivation buffer for 90 min on an orbital shaker. The 
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glass slides were again rinsed with ultrapure water and washed with MeOH (2 x 50 mL) and 

ultrapure water (2 x 50 mL) for 1 min each, dried with nitrogen, and stored at RT in the dark. 

To check the quality of the microarrays, the fluorescence of the immobilised Cy3- labelled 

glycoconjugates (kindly provided by O. BAUDENDISTEL, for molecular structure see Figure 

4.16.) was analysed at 532 nm excitation wavelength with a Tecan scanner. 
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7.1.4. Part III – Investigation of the Oxyamine Ligation 

The following derivative was synthesised according to published procedures: GlcNAcNH2
[418] 

 

NMR Kinetic Experiments with Glycosyl Amines 

Preparation of Deuterated Buffers and Reagents 

Deuterated ammonium acetate buffer 

To prepare 5 mL buffer, CD3COOND4 (from deutero) was dissolved in 4 mL D2O. 

Subsequently, the pH was adjusted with CD3COOD or NaOD in D2O (40 % w/v) to the desired 

value and then D2O was added to reach the final volume of 5 mL. To determine the pH, a pH-

meter which had been calibrated in non-deuterated buffers, was used. The instrument 

displayed a pH* value, which had to be converted to the real pH according to formula (1)[429]. 

 𝑝𝐻 = 0.9291 ∗ 𝑝𝐻∗ + 0.421 

 

Deuterated ammonium acetate buffer containing Oxyamine 

This buffer was prepared following the procedure described above with ethoxyamine*HCl 

added to a final concentration of 50 mM, 100 mM, 180 mM or 250 mM.  

Deuterated ammonium acetate buffer containing TSP 

This buffer was prepared following the procedure described above with [D4]sodium 3-

(trimethylsilyl)propanoate-2,2,3,3 (TSP) added to a final concentration of 2 mM. 

Deuterated ammonium acetate buffer containing aniline 

This buffer was prepared following the procedure described above with [D7]aniline added to a 

final concentration of 100 mM. 

Deuterated ammonium acetate buffer containing PDA 

This buffer was prepared following the procedure described above with [D7]p-

phenylenediamine added to a final concentration of 100 mM. 

Deuterated potassium phosphate buffer 

To prepare 5 mL buffer, KD2PO4 was dissolved in 4 mL D2O. Subsequently, the pH was 

adjusted with CD3COOD or NaOD in D2O (40 % w/v) to the desired value and then D2O was 

added to reach the final volume of 5 mL. 

 

 

(1) 
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Deuterated potassium phosphate buffer containing Oxyamine 

This buffer was prepared following the procedure described above with ethoxyamine*HCl 

added to a final concentration of 50 mM, 100 mM, 180 mM or 250 mM.  

Deuterated potassium phosphate containing TSP 

This buffer was prepared following the procedure described above with [D4]sodium 3-

(trimethylsilyl)propanoate-2,2,3,3 (TSP) added to a final concentration of 2 mM. 

Deuterated potassium phosphate containing aniline 

This buffer was prepared following the procedure described above with [D7]aniline added to a 

final concentration of 100 mM. 

Deuterated potassium phosphate containing PDA 

This buffer was prepared following the procedure described above with [D7]p-

phenylenediamine added to a final concentration of 100 mM. 

Preparation of glycosyl amines 

The 2-Acetamido-2-deoxy--D-glucopyranosyl azide 76 (kindly provided by M. SCHÖWE) was 

hydrogenated to the glycosyl amine as described in chapter 4.3. Part III – Investigation of the 

Oxyamine Ligation. Subsequently the catalyst was removed with a syringe filter and the filtrate 

was aliquoted. For instance, 21 mg azide and 10 mg palladium catalyst were suspended in 

2.0 mL MeOH and hydrogenated. After filtration, the mixture was divided in three aliquots 

(about 400 µL each) into 4 mL glass vials. The solvent was removed under reduced pressure 

and the aliquots were lyophilized for at least 3 h. The amount of glycosyl amine was determined 

by weighing the glass vial Tara and additionally dissolving one aliquot in D2O to determine the 

concentration against the external TSP standard in a 1H-NMR spectrum. The crude product 

was used without further purification. 

Monitoring the Reaction of Ethoxyamine with Glycosyl Amine 

Freshly prepared 2-acetamido-2-deoxy--D-glucopyranosyl amine (GlcNAcNH2) was 

dissolved in deuterated buffer containing ethoxyamine to the desired final concentration, e.g. 

5 mM glycosyl amine and 50 mM ethoxyamine. The reaction mixture was transferred into a 5 

mm NMR tube and the reaction was followed by 1H NMR spectroscopy. Spectra were recorded 

with 1 scan (with Avance Neo 800 instrument) or 4 scans (with Avance III 600 instrument) 

every 150 sec and a pulse angle of 30°. A relaxation delay of 20 secs was used, corresponding 

to more than five times T1 (relaxation time). For integration of 1H spectra, only well-separated 

resonances were used. For every spectrum in which the used resonances were not basis line 

separated, a multiple points basis line correction was performed. The integrals were converted 
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to concentrations using the known concentration of added standard (TSP). Combined yields 

of products were plotted against time (logarithmic scale) using Origin 9.8.0.200. 

Monitoring the Reaction of Ethoxyamine with N-Acetylglucosamine (GlcNAc) 

GlcNAc was dissolved in deuterated buffer containing ethoxyamine to the desired final 

concentration. Then, the experiment was carried out as described in above “Monitoring the 

Reaction of Ethoxyamine with Glycosyl Amine”. 

Monitoring the Hydrolytic Stability of Glycosyl Amine 

Freshly prepared 2-acetamido-2-deoxy--D-glucopyranosyl amine (GlcNAcNH2) was 

dissolved in deuterated buffer, the reaction mixture was transferred into a 5 mm NMR tube and 

the reaction was followed by 1H NMR spectroscopy as described above above “Monitoring the 

Reaction of Ethoxyamine with Glycosyl Amine”. The amount of remaining glucosyl amine was 

plotted against time (logarithmic scale) using Origin 9.8.0.200. 
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7.2. Biological Section 

General Methods 

AlexaFluorTM 555-labelled streptavidin and Hoechst33342 were purchased from Invitrogen, 

tetrazine-Cy3 was purchased from Jena Bioscience. Confocal fluorescence microscopy was 

performed with a Zeiss LSM 880 instrument equipped with a 40x1.4 NA Plan-Apochromat oil 

immersion objective and a GaAsPdetector array for spectral imaging. The obtained data were 

analysed by using Fiji/Image J software. 

Cell culture 

The human embryonic kidney cell line 293T (HEK293T cells) was grown in Dulbecco’s 

modified Eagle medium (DMEM, Gibco) supplemented with 10% fetal calf serum (FCS), 100 

units mL–1 penicillin and 100 μg mL–1 streptomycin (Gibco). Mycoplasma contamination was 

negatively tested using the Venor®GeM Classic Kit (Minerva Biolabs). Cells were incubated 

under carbon dioxide (5 %) in a water-saturated incubator at 37 °C. Cells were diluted every 3 

to 4 days by washing with PBS buffer and detaching with trypsin and EDTA. 

Human adipose stromal cells (ASCs) were cultivated at Hochschule Reutlingen. 

Sugar stock solutions 

The sugars were prepared as stock solutions (100 mM) in DMSO and stored at -20 °C. They 

were freshly diluted into media on the day of the experiment 

Confocal fluorescence microscopy 

The wells were coated with 0.01% poly-L-lysine (Sigma) in phosphate-buffered saline (PBS) 

for 1 h at 37 °C (or overnight at 4°C) and rinsed with PBS. 50 000 cells/well were seeded in 4-

well ibiTreat μ-Slides (ibidi) and allowed to attach overnight. Cells were then incubated with 

100 μM of the corresponding derivative (stock solutions of 100 mM in DMSO) for 48 h. DMSO 

was added as solvent control. 

DAinv reaction  

HEK293T cells were washed two times with PBS and then treated with Tetrazine–biotin (1-3 

h, 100 μM for cyclopropene) at 37 °C. After two washes with PBS, cells were incubated with 

AlexaFluorTM-labeled streptavidin (6.6 μg mL-1) and Hoechst33342 (10 μg mL-1) for 20 min at 

room temperature in the dark. Cells were washed three times with PBS, and DMEM was added 

for microscopy. 
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Photo-click reaction 

Cells were washed two times with PBS and then treated with 50 M Tet1-sCy3 or tetrazole-

biotin (stock: 50 mM in DMSO). Cells were irradiated for 30 sec with a hand-held UV-lamp (302 

nm) which was directly placed on top of the 4-well ibiTreat μ-Slides (ibidi). All cells were 

washed twice with PBS, cells treated with tetrazole-biotin were incubated with 

AlexaFluor555TM-labeled streptavidin (6.6 μg mL-1) for 20 min at room temperature in the dark 

and again all cells were incubated with Hoechst33342 (10 μg mL-1) for 20 min at room 

temperature in the dark. Cells were washed three times with PBS, and DMEM was added for 

microscopy. 

  



 

 

145 Bibliography 

8. Bibliography 

[1] accessed 2021-06-17, Johns Hopkins University (JHU), https://coronavirus.jhu.edu/map.html. 
[2] Y. Watanabe, J. D. Allen, D. Wrapp, J. S. McLellan, M. Crispin, Science 2020, 369, 330-333. 
[3] D. Wrapp, N. Wang, K. S. Corbett, J. A. Goldsmith, C.-L. Hsieh, O. Abiona, B. S. Graham, J. S. 

McLellan, Science 2020, 367, 1260-1263. 
[4] A. C. Walls, Y.-J. Park, M. A. Tortorici, A. Wall, A. T. McGuire, D. Veesler, Cell 2020, 181, 281-

292.e286. 
[5] O. C. Grant, D. Montgomery, K. Ito, R. J. Woods, bioRxiv 2020, 2020.2004.2007.030445. 
[6] J. Kristic, G. Lauc, High-Throughput Glycomics and Glycoproteomics: Methods and Protocols 

2017, 1503, 1-12. 
[7] E. Bieberich, in Glycobiology of the Nervous System. Advances in Neurobiology, vol 9. (Hrsg.: 

S. C. Yu R.), Springer, New York, NY, 2014. 
[8] K. W. Moremen, M. Tiemeyer, A. V. Nairn, Nature Reviews Molecular Cell Biology 2012, 13, 

448-462. 
[9] P. Q. Zhang, S. Woen, T. H. Wang, B. Liau, S. Zhao, C. Chen, Y. S. Yang, Z. W. Song, M. R. 

Wormald, C. F. Yu, P. M. Rudd, Drug Discovery Today 2016, 21, 740-765. 
[10] O. Blixt, S. Head, T. Mondala, C. Scanlan, M. E. Huflejt, R. Alvarez, M. C. Bryan, F. Fazio, D. 

Calarese, J. Stevens, N. Razi, D. J. Stevens, J. J. Skehel, I. van Die, D. R. Burton, I. A. Wilson, R. 
Cummings, N. Bovin, C.-H. Wong, J. C. Paulson, Proceedings of the National Academy of 
Sciences of the United States of America 2004, 101, 17033-17038. 

[11] H. Kayser, R. Zeitler, C. Kannicht, D. Grunow, R. Nuck, W. Reutter, J. Biol. Chem. 1992, 267, 
16934-16938. 

[12] L. K. Mahal, K. J. Yarema, C. R. Bertozzi, Science 1997, 276, 1125-1128. 
[13] D. H. Dube, C. R. Bertozzi, Current Opinion in Chemical Biology 2003, 7, 616-625. 
[14] J. A. Prescher, C. R. Bertozzi, Cell 2006, 126, 851-854. 
[15] P. R. Wratil, R. Horstkorte, W. Reutter, Angewandte Chemie-International Edition 2016, 55, 

9482-9512. 
[16] H. C. Hang, C. Yu, D. L. Kato, C. R. Bertozzi, Proceedings of the National Academy of Sciences 

of the United States of America 2003, 100, 14846-14851. 
[17] D. Rabuka, S. C. Hubbard, S. T. Laughlin, S. P. Argade, C. R. Bertozzi, Journal of the American 

Chemical Society 2006, 128, 12078-12079. 
[18] V. F. Schart, J. Hassenruck, A. K. Spate, J. E. G. A. Dold, R. Fahrner, V. Wittmann, 

Chembiochem 2019, 20, 166-171. 
[19] J. E. G. A. Dold, J. Pfotzer, A.-K. Späte, V. Wittmann, ChemBioChem 2017, 18, 1242-1250. 
[20] A.-K. Späte, V. F. Schart, S. Schöllkopf, A. Niederwieser, V. Wittmann, Chem. - Eur. J. 2014, 20, 

16502-16508. 
[21] S. M. Ruff, S. Keller, D. E. Wieland, V. Wittmann, G. E. M. Tovar, M. Bach, P. J. Kluger, Acta 

Biomaterialia 2017, 52, 159-170. 
[22] C. K.N., Basic Concept of Biotechnology, Ashok Yakkaldevi, 2015. 
[23] M. E. Tayler, K. Drickamer, Introduction to Glycobiology, Oxford University Press Inc., New 

York, United States, 2011. 
[24] Essentials of Glycobiology, 3rd. Aufl. (Hrsg.: A. Varki, R. D. Cummings, J. D. Esko, P. Stanley, G. 

W. Hart, M. Aebi, A. G. Darvill, T. Kinoshita, N. H. Packer, J. H. Prestegard, R. L. Schnaar, P. H. 
Seeberger), Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY, 2015-2017. 

[25] Transforming Glycoscience: A Roadmap for the Future, National Academies Press, 
Washington, D.C., 2012. 

[26] T. K. Lindhorst, Essentials of Carbohydrate Chemistry and Biochemistry, second, revised and 
updated edition, Wiley-VCH, Weinheim, 2003. 

[27] R. Apweiler, H. Hermjakob, N. Sharon, Biochimica Et Biophysica Acta-General Subjects 1999, 
1473, 4-8. 

[28] G. A. Khoury, R. C. Baliban, C. A. Floudas, Scientific Reports 2011, 1. 

https://coronavirus.jhu.edu/map.html


 146 Bibliography 

[29] D. Aminoff, W. F. V. Bruegge, W. C. Bell, K. Sarpolis, R. Williams, Proceedings of the National 
Academy of Sciences of the United States of America 1977, 74, 1521-1524. 

[30] G. Ashwell, J. Harford, Annual Review of Biochemistry 1982, 51, 531-554. 
[31] L. Ellgaard, A. Helenius, Current Opinion in Cell Biology 2001, 13, 431-437. 
[32] T. Kiuchi, M. Izumi, Y. Mukogawa, A. Shimada, R. Okamoto, A. Seko, M. Sakono, Y. Takeda, Y. 

Ito, Y. Kajihara, Journal of the American Chemical Society 2018, 140, 17499-17507. 
[33] P. M. Rudd, H. C. Joao, E. Coghill, P. Fiten, M. R. Saunders, G. Opdenakker, R. A. Dwek, 

Biochemistry 1994, 33, 17-22. 
[34] C. N. Scanlan, J. Offer, N. Zitzmann, R. A. Dwek, Nature 2007, 446, 1038-1045. 
[35] H. J. P. Ryser, R. Fluckiger, Drug Discovery Today 2005, 10, 1085-1094. 
[36] E. Maverakis, K. Kim, M. Shimoda, M. E. Gershwin, F. Patel, R. Wilken, S. Raychaudhuri, L. R. 

Ruhaak, C. B. Lebrilla, Journal of Autoimmunity 2015, 57, 1-13. 
[37] N. K. Banda, M. Takahashi, K. Takahashi, G. L. Stahl, S. Hyatt, M. Glogowska, T. A. Wiles, Y. 

Endo, T. Fujita, V. M. Holers, W. P. Arend, Molecular Immunology 2011, 49, 281-289. 
[38] B. J. Appelmelk, C. M. J. E. Vandenbroucke-Grauls, Gut 2000, 47, 10-11. 
[39] M. Dalziel, M. Crispin, C. N. Scanlan, N. Zitzmann, R. A. Dwek, Science 2014, 343, 37-+. 
[40] R. B. Parekh, R. A. Dwek, B. J. Sutton, D. L. Fernandes, A. Leung, D. Stanworth, T. W. 

Rademacher, T. Mizuochi, T. Taniguchi, K. Matsuta, F. Takeuchi, Y. Nagano, T. Miyamoto, A. 
Kobata, Nature 1985, 316, 452-457. 

[41] H. Nakagawa, M. Hato, Y. Takegawa, K. Deguchi, H. Ito, M. Takahata, N. Iwasaki, A. Minami, 
S. I. Nishimura, Journal of Chromatography B-Analytical Technologies in the Biomedical and 
Life Sciences 2007, 853, 133-137. 

[42] M. Sperandio, C. A. Gleissner, K. Ley, Immunological Reviews 2009, 230, 97-113. 
[43] S. Hakomori, Proceedings of the National Academy of Sciences of the United States of 

America 2002, 99, 10231-10233. 
[44] M. J. Schultz, A. F. Swindall, S. L. Bellis, Cancer and Metastasis Reviews 2012, 31, 501-518. 
[45] A. F. F. R. Nardy, L. Freire-de-Lima, C. G. Freire-De-Lima, A. Morrot, Frontiers in Oncology 

2016, 6. 
[46] accessed 2021-06-24, Consortium for Functional Glycomics, 

http://www.functionalglycomics.org/. 
[47] R. Schauer, Current Opinion in Structural Biology 2009, 19, 507-514. 
[48] J. Du, M. A. Meledeo, Z. Y. Wang, H. S. Khanna, V. D. P. Paruchuri, K. J. Yarema, Glycobiology 

2009, 19, 1382-1401. 
[49] O. T. Keppler, S. Hinderlich, J. Langner, R. Schwartz-Albiez, W. Reutter, M. Pawlita, 

Glycobiology 1999, 9, 1132-1133. 
[50] F. Schwarz, M. Aebi, Current Opinion in Structural Biology 2011, 21, 576-582. 
[51] J. H. Lee, T. J. Baker, L. K. Mahal, J. Zabner, C. R. Bertozzi, D. F. Wiemer, M. J. Welsh, J. Biol. 

Chem. 1999, 274, 21878-21884. 
[52] B. E. Collins, T. J. Fralich, S. Itonori, Y. Ichikawa, R. L. Schnaar, Glycobiology 2000, 10, 11-20. 
[53] M. Boyce, I. S. Carrico, A. S. Ganguli, S.-H. Yu, M. J. Hangauer, S. C. Hubbard, J. J. Kohler, C. R. 

Bertozzi, Proc. Natl. Acad. Sci. U. S. A. 2011, 108, 3141-3146. 
[54] M. Sawa, T. L. Hsu, T. Itoh, M. Sugiyama, S. R. Hanson, P. K. Vogt, C. H. Wong, Proceedings of 

the National Academy of Sciences of the United States of America 2006, 103, 12371-12376. 
[55] D. Rabuka, S. C. Hubbard, S. T. Laughlin, S. P. Argade, C. R. Bertozzi, J. Am. Chem. Soc. 2006, 

128, 12078-12079. 
[56] K. J. Yarema, L. K. Mahal, R. E. Bruehl, E. C. Rodriguez, C. R. Bertozzi, J. Biol. Chem. 1998, 273, 

31168-31179. 
[57] C. L. Jacobs, S. Goon, K. J. Yarema, S. Hinderlich, H. C. Hang, D. H. Chai, C. R. Bertozzi, 

Biochemistry 2001, 40, 12864-12874. 
[58] P. V. Chang, J. A. Prescher, M. J. Hangauer, C. R. Bertozzi, J. Am. Chem. Soc. 2007, 129, 8400-

8401. 
[59] E. Saxon, C. R. Bertozzi, Science 2000, 287, 2007-2010. 

http://www.functionalglycomics.org/


 

 

147 Bibliography 

[60] F. L. Lin, H. M. Hoyt, H. Van Halbeek, R. G. Bergman, C. R. Bertozzi, J. Am. Chem. Soc. 2005, 
127, 2686-2695. 

[61] D. H. Dube, J. A. Prescher, C. N. Quang, C. R. Bertozzi, Proc. Natl. Acad. Sci. U. S. A. 2006, 103, 
4819-4824. 

[62] H. C. Hang, C. Yu, D. L. Kato, C. R. Bertozzi, Proc. Natl. Acad. Sci. U. S. A. 2003, 100, 14846-
14851. 

[63] R. Huisgen, Angew. Chem. 1963, 75, 604-637. 
[64] V. V. Rostovtsev, L. G. Green, V. V. Fokin, K. B. Sharpless, Angew. Chem., Int. Ed. 2002, 41, 

2596-2599. 
[65] C. W. Tornøe, C. Christensen, M. Meldal, J. Org. Chem. 2002, 67, 3057-3064. 
[66] T. R. Chan, R. Hilgraf, K. B. Sharpless, V. V. Fokin, Org. Lett. 2004, 6, 2853-2855. 
[67] V. Hong, N. F. Steinmetz, M. Manchester, M. G. Finn, Bioconjugate Chem. 2010, 21, 1912-

1916. 
[68] D. Soriano del Amo, W. Wang, H. Jiang, C. Besanceney, A. C. Yan, M. Levy, Y. Liu, F. L. Marlow, 

P. Wu, J. Am. Chem. Soc. 2010, 132, 16893-16899. 
[69] N. J. Agard, J. A. Prescher, C. R. Bertozzi, J. Am. Chem. Soc. 2004, 126, 15046-15047. 
[70] J. A. Codelli, J. M. Baskin, N. J. Agard, C. R. Bertozzi, J. Am. Chem. Soc. 2008, 130, 11486-

11493. 
[71] X. Ning, J. Guo, M A. Wolfert, G.-J. Boons, Angew. Chem. 2008, 120, 2285-2287. 
[72] J. Dommerholt, S. Schmidt, R. Temming, L. J. A. Hendriks, F. P. J. T. Rutjes, J. C. M. van Hest, 

D. J. Lefeber, P. Friedl, F. L. van Delft, Angewandte Chemie-International Edition 2010, 49, 
9422-9425. 

[73] G. de Almeida, E. M. Sletten, H. Nakamura, K. K. Palaniappan, C. R. Bertozzi, Angew. Chem., 
Int. Ed. 2012, 51, 2443-2447. 

[74] B. Amgarten, R. Rajan, N. Martinez-Saez, B. L. Oliveira, I. S. Albuquerque, R. A. Brooks, D. G. 
Reid, M. J. Duer, G. J. L. Bernardes, Chemical Communications 2015, 51, 5250-5252. 

[75] K. Yamagishi, K. Sawaki, A. Murata, S. Takeoka, Chem. Commun. 2015, 51, 7879-7882. 
[76] P. Shieh, M. J. Hangauer, C. R. Bertozzi, J. Am. Chem. Soc. 2012, 134, 17428-17431. 
[77] P. Shieh, M. S. Siegrist, A. J. Cullen, C. R. Bertozzi, Proc. Natl. Acad. Sci. U. S. A. 2014, 111, 

5456-5461. 
[78] M. L. Blackman, M. Royzen, J. M. Fox, J. Am. Chem. Soc. 2008, 130, 13518-13519. 
[79] K. Braun, M. Wiessler, V. Ehemann, R. Pipkorn, H. Spring, J. Debus, B. Didinger, M. Koch, G. 

Muller, W. Waldeck, Drug Des. Dev. Ther. 2008, 2, 289-301. 
[80] N. K. Devaraj, R. Weissleder, S. A. Hilderbrand, Bioconjugate Chem. 2008, 19, 2297-2299. 
[81] R. A. Carboni, R. V. Lindsey, Jr., J. Am. Chem. Soc. 1959, 81, 4342-4346. 
[82] J. Sauer, H. Wiest, Angew. Chem. 1962, 74, 353. 
[83] F. Thalhammer, U. Wallfahrer, J. Sauer, Tetrahedron Lett. 1990, 31, 6851-6854. 
[84] J. W. Wijnen, S. Zavarise, J. B. F. N. Engberts, J. Org. Chem. 1996, 61, 2001-2005. 
[85] J. Sauer, D. K. Heldmann, J. Hetzenegger, J. Krauthan, H. Sichert, J. Schuster, Eur. J. Org. 

Chem. 1998, 2885-2896. 
[86] A.-C. Knall, C. Slugovc, Chem. Soc. Rev. 2013. 
[87] R. A. A. Foster, M. C. Willis, Chem. Soc. Rev. 2013, 42, 63-76. 
[88] F. Liu, R. S. Paton, S. Kim, Y. Liang, K. N. Houk, J. Am. Chem. Soc. 2013, 135, 15642-15649. 
[89] N. K. Devaraj, S. Hilderbrand, R. Upadhyay, R. Mazitschek, R. Weissleder, Angew. Chem. 

2010, 122, 2931-2934. 
[90] J. C. T. Carlson, L. G. Meimetis, S. A. Hilderbrand, R. Weissleder, Angew. Chem., Int. Ed. 2013, 

52, 6917-6920. 
[91] H. Wu, J. Yang, J. Seckute, N. K. Devaraj, Angew. Chem., Int. Ed. 2014, 53, 5805-5809. 
[92] S. Hauke, A. von Appen, T. Quidwai, J. Ries, R. Wombacher, Chemical Science 2017, 8, 559-

566. 
[93] P. Agarwal, B. J. Beahm, P. Shieh, C. R. Bertozzi, Angew. Chem., Int. Ed. 2015, 54, 11504-

11510. 



 148 Bibliography 

[94] K. Lang, L. Davis, S. Wallace, M. Mahesh, D. J. Cox, M. L. Blackman, J. M. Fox, J. W. Chin, J. 
Am. Chem. Soc. 2012, 134, 10317-10320. 

[95] T. Plass, S. Milles, C. Koehler, J. Szymański, R. Mueller, M. Wießler, C. Schultz, E. A. Lemke, 
Angew. Chem., Int. Ed. 2012, 51, 4166-4170. 

[96] Y. Liang, J. L. Mackey, S. A. Lopez, F. Liu, K. N. Houk, J. Am. Chem. Soc. 2012, 134, 17904-
17907. 

[97] D. M. Patterson, L. A. Nazarova, B. Xie, D. N. Kamber, J. A. Prescher, J. Am. Chem. Soc. 2012, 
134, 18638-18643. 

[98] A. Niederwieser, Späte, A.-K.,Nguyen, L.D., Jüngst, C., Reutter, W., Wittmann, V., Angew. 
Chem., Int. Ed. 2013, 52, 4265-4268. 

[99] Y. J. Lee, Y. Kurra, Y. Y. Yang, J. Torres-Kolbus, A. Deiters, W. S. R. Liu, Chemical 
Communications 2014, 50, 13085-13088. 

[100] J. Yang, J. Šečkutė, C. M. Cole, N. K. Devaraj, Angew. Chem., Int. Ed. 2012, 51, 7476-7479. 
[101] C. M. Cole, J. Yang, J. Šečkutė, N. K. Devaraj, ChemBioChem 2013, 14, 205-208. 
[102] A.-K. Späte, H. Busskamp, A. Niederwieser, V. F. Schart, A. Marx, V. Wittmann, Bioconjugate 

Chem. 2014, 25, 147-154. 
[103] D. M. Patterson, K. A. Jones, J. A. Prescher, Mol. BioSyst. 2014. 
[104] D.-C. Xiong, J. Zhu, M.-J. Han, H.-X. Luo, C. Wang, Y. Yu, Y. Ye, G. Tai, X.-S. Ye, Org. Biomol. 

Chem. 2015, 13, 3911-3917. 
[105] J. Hassenruck, V. Wittmann, Beilstein Journal of Organic Chemistry 2019, 15, 584-601. 
[106] J. S. Clovis, A. Eckell, R. Huisgen, R. Sustmann, Chemische Berichte 1967, 100, 60-70. 
[107] W. Song, Y. Wang, J. Qu, M. M. Madden, Q. Lin, Angewandte Chemie International Edition 

2008, 47, 2832-2835. 
[108] W. Song, Y. Wang, J. Qu, M. M. Madden, Q. Lin, Angewandte Chemie 2008, 120, 2874-2877. 
[109] Z. Yu, T. Y. Ohulchanskyy, P. An, P. N. Prasad, Q. Lin, Journal of the American Chemical Society 

2013, 135, 16766-16769. 
[110] N. H. Toubro, A. Holm, Journal of the American Chemical Society 1980, 102, 2093-2094. 
[111] K. N. Houk, J. Sims, C. R. Watts, L. J. Luskus, Journal of the American Chemical Society 1973, 

95, 7301-7315. 
[112] Y. Kurra, K. A. Odoi, Y. J. Lee, Y. Y. Yang, T. X. Lu, S. E. Wheeler, J. Torres-Kolbus, A. Deiters, W. 

S. R. Liu, Bioconjugate Chemistry 2014, 25, 1730-1738. 
[113] Z. Yu, Y. Pan, Z. Wang, J. Wang, Q. Lin, Angewandte Chemie International Edition 2012, 51, 

10600-10604. 
[114] D. N. Kamber, L. A. Nazarova, Y. Liang, S. A. Lopez, D. M. Patterson, H. W. Shih, K. N. Houk, J. 

A. Prescher, Journal of the American Chemical Society 2013, 135, 13680-13683. 
[115] K. N. Houk, J. Sims, C. R. Watts, L. J. Luskus, J. Amer. Chem. Soc. 1973, 95, 7301-7315. 
[116] Y. Z. Wang, C. I. R. Vera, Q. Lin, Organic Letters 2007, 9, 4155-4158. 
[117] R. K. V. Lim, Q. Lin, Accounts of Chemical Research 2011, 44, 828-839. 
[118] R. Huisgen, M. Seidel, G. Wallbillich, H. Knupfer, Tetrahedron 1962, 17, 3-29. 
[119] R. Huisgen, Angew. Chem., Int. Ed. 1963, 2, 565-532. 
[120] J. S. Clovis, A. Eckell, R. Huisgen, R. Sustmann, Chem. Ber. 1967, 100, 60-70. 
[121] C. P. Ramil, Q. Lin, Curr. Opin. Chem. Biol. 2014, 21, 89-95. 
[122] Y. Wang, W. Song, W. J. Hu, Q. Lin, Angewandte Chemie 2009, 121, 5434-5437. 
[123] A. F. Hegarty, M. P. Cashman, F. L. Scott, Journal of the Chemical Society, Perkin Transactions 

2 1972, 44-52. 
[124] X. S. Wang, Y.-J. Lee, W. R. Liu, Chem. Commun. 2014, 50, 3176-3179. 
[125] Y. Zhang, W. Liu, Z. K. Zhao, Molecules 2014, 19, 306-315. 
[126] W. Siti, A. K. Khan, H.-P. M. de Hoog, B. Liedberg, M. Nallani, Org. Biomol. Chem. 2015, 13, 

3202-3206. 
[127] P. An, Z. P. Yu, Q. Lin, Organic Letters 2013, 15, 5496-5499. 
[128] P. An, Z. P. Yu, Q. Lin, Chemical Communications 2013, 49, 9920-9922. 
[129] Z. P. Yu, L. Y. Ho, Z. Y. Wang, Q. Lin, Bioorganic & Medicinal Chemistry Letters 2011, 21, 5033-

5036. 



 

 

149 Bibliography 

[130] W. Song, Y. Wang, Z. Yu, C. I. R. Vera, J. Qu, Q. Lin, ACS Chem. Biol. 2010, 5, 875-885. 
[131] Z. Yu, Y. Pan, Z. Wang, J. Wang, Q. Lin, Angew. Chem., Int. Ed. 2012, 51, 10600-10604. 
[132] P. An, Z. Yu, Q. Lin, Org. Lett. 2013, 15, 5496-5499. 
[133] Z. Yu, T. Y. Ohulchanskyy, P. An, P. N. Prasad, Q. Lin, J. Am. Chem. Soc. 2013, 135, 16766-

16769. 
[134] H. C. Hang, C. R. Bertozzi, J. Am. Chem. Soc. 2001, 123, 1242-1243. 
[135] L. A. Bateman, B. W. Zaro, K. N. Chuh, M. R. Pratt, Chem. Commun. 2013, 49, 4328-4330. 
[136] A.-K. Späte, V. F. Schart, J. Häfner, A. Niederwieser, T. U. Mayer, V. Wittmann, Beilstein J. 

Org. Chem. 2014, 10, 2235-2242. 
[137] P. V. Chang, X. Chen, C. Smyrniotis, A. Xenakis, T. Hu, C. R. Bertozzi, P. Wu, Angew. Chem. 

2009, 121, 4090-4093. 
[138] S. Stairs, A. A. Neves, H. Stöckmann, Y. A. Wainman, H. Ireland-Zecchini, K. M. Brindle, F. J. 

Leeper, ChemBioChem 2013, 14, 1063-1067. 
[139] K. A. Andersen, M. R. Aronoff, N. A. McGrath, R. T. Raines, Journal of the American Chemical 

Society 2015, 137, 2412-2415. 
[140] J. M. Baskin, J. A. Prescher, S. T. Laughlin, N. J. Agard, P. V. Chang, I. A. Miller, A. Lo, J. A. 

Codelli, C. R. Bertozzi, Proc. Natl. Acad. Sci. U. S. A. 2007, 104, 16793-16797. 
[141] E. Saxon, S. J. Luchansky, H. C. Hang, C. Yu, S. C. Lee, C. R. Bertozzi, J. Am. Chem. Soc. 2002, 

124, 14893-14902. 
[142] J. A. Prescher, D. H. Dube, C. R. Bertozzi, Nature 2004, 430, 873-877. 
[143] P. V. Chang, J. A. Prescher, E. M. Sletten, J. M. Baskin, I. A. Miller, N. J. Agard, A. Lo, C. R. 

Bertozzi, Proc. Natl. Acad. Sci. U. S. A. 2010, 107, 1821-1826. 
[144] K. W. Dehnert, J. M. Baskin, S. T. Laughlin, B. J. Beahm, N. N. Naidu, S. L. Amacher, C. R. 

Bertozzi, ChemBioChem 2012, 13, 353-357. 
[145] X. Zhao, L. Cai, E. A. Adogla, H. Guan, Y. Lin, Q. Wang, Bioconjugate Chem. 2015, 26, 1868-

1872. 
[146] B. Belardi, A. de la Zerda, D. R. Spiciarich, S. L. Maund, D. M. Peehl, C. R. Bertozzi, Angew. 

Chem., Int. Ed. 2013, 52, 14045-14049. 
[147] Y. Haga, K. Ishii, K. Hibino, Y. Sako, Y. Ito, N. Taniguchi, T. Suzuki, Nature Communications 

2012, 3, 907. 
[148] L. Feng, S. Hong, J. Rong, Q. You, P. Dai, R. Huang, Y. Tan, W. Hong, C. Xie, J. Zhao, X. Chen, J. 

Am. Chem. Soc. 2013, 135, 9244–9247. 
[149] C. Buell, T. Heise, D. M. H. Beurskens, M. Riemersma, A. Ashikov, F. P. J. T. Rutjes, T. H. van 

Kuppevelt, D. J. Lefeber, M. H. den Brok, G. J. Adema, T. J. Boltje, ACS Chem. Biol. 2015, 10, 
2353–2363. 

[150] N. E. Mbua, X. R. Li, H. R. Flanagan-Steet, L. Meng, K. Aoki, K. W. Moremen, M. A. Wolfert, R. 
Steet, G. J. Boons, Angewandte Chemie-International Edition 2013, 52, 13012-13015. 

[151] Y. Tanaka, J. J. Kohler, J. Am. Chem. Soc. 2008, 130, 3278-3279. 
[152] B. W. Zaro, Y. Y. Yang, H. C. Hang, M. R. Pratt, Proc. Natl. Acad. Sci. U. S. A. 2011, 108, 8146-

8151. 
[153] K. N. Chuh, B. W. Zaro, F. Piller, V. Piller, M. R. Pratt, J. Am. Chem. Soc. 2014, 136, 12283-

12295. 
[154] M. R. Karver, R. Weissleder, S. A. Hilderbrand, Angew. Chem., Int. Ed. 2012, 51, 920-922. 
[155] L. I. Willems, N. Li, B. I. Florea, M. Ruben, G. A. van der Marel, H. S. Overkleeft, Angewandte 

Chemie International Edition 2012, 51, 4431-4434. 
[156] J. E. G. A. Dold, V. Wittmann, Chembiochem 2020, n/a. 
[157] Cell Biology of Extracellular Matrix, 2nd. Aufl. (Hrsg.: E. D. Hay), Springer US, 1991. 
[158] J. Y. Zhou, D. M. Oswald, K. D. Oliva, L. S. C. Kreisman, B. A. Cobb, Trends in Immunology 

2018, 39, 523-535. 
[159] M. Nieberler, U. Reuning, F. Reichart, J. Notni, H. J. Wester, M. Schwaiger, M. Weinmuller, A. 

Rader, K. Steiger, H. Kessler, Cancers 2017, 9. 
[160] S. L. Bellis, Biomaterials 2011, 32, 4205-4210. 



 150 Bibliography 

[161] L. G. Yu, N. Andrews, Q. Zhao, D. McKean, J. F. Williams, L. J. Connor, O. V. Gerasimenko, J. 
Hilkens, J. Hirabayashi, K. Kasai, J. M. Rhodes, Journal of Biological Chemistry 2007, 282, 773-
781. 

[162] W. Huan, B. Anvari, J. H. Torres, R. G. LeBaron, K. A. Athanasiou, Journal of Orthopaedic 
Research 2003, 21, 88-95. 

[163] S. V. Madihally, H. W. T. Matthew, Biomaterials 1999, 20, 1133-1142. 
[164] J. K. F. Suh, H. W. T. Matthew, Biomaterials 2000, 21, 2589-2598. 
[165] J. M. Dang, K. W. Leong, Advanced Drug Delivery Reviews 2006, 58, 487-499. 
[166] J. B. Leach, K. A. Bivens, C. W. Patrick, C. E. Schmidt, Biotechnology and Bioengineering 2003, 

82, 578-589. 
[167] A. K. Azad, N. Sermsintham, S. Chandrkrachang, W. F. Stevens, Journal of Biomedical 

Materials Research Part B-Applied Biomaterials 2004, 69b, 216-222. 
[168] T. Masuko, N. Iwasaki, S. Yamane, T. Funakoshi, T. Majima, A. Minami, N. Ohsuga, T. Ohta, S. 

I. Nishimura, Biomaterials 2005, 26, 5339-5347. 
[169] J. M. Chupa, A. M. Foster, S. R. Sumner, S. V. Madihally, H. W. T. Matthew, Biomaterials 2000, 

21, 2315-2322. 
[170] M. Y. Cheng, J. U. Deng, F. Yang, Y. D. Gong, N. M. Zhao, X. F. Zhang, Biomaterials 2003, 24, 

2871-2880. 
[171] T. W. Chung, J. Yang, T. Akaike, K. Y. Cho, J. W. Nah, S. I. Kim, C. S. Cho, Biomaterials 2002, 23, 

2827-2834. 
[172] C. S. Cho, S. J. Seo, I. K. Park, S. H. Kim, T. H. Kim, T. Hoshiba, I. Harada, T. Akaike, 

Biomaterials 2006, 27, 576-585. 
[173] X. F. Hu, K. G. Neoh, Z. L. Shi, E. T. Kang, C. Poh, W. Wang, Biomaterials 2010, 31, 8854-8863. 
[174] V. Guneta, Q. L. Loh, C. Choong, Journal of Biomedical Materials Research Part A 2016, 104, 

1090-1101. 
[175] M. Thaysen-Andersen, N. H. Packer, Biochimica Et Biophysica Acta-Proteins and Proteomics 

2014, 1844, 1437-1452. 
[176] L. R. Ruhaak, G. G. Xu, Q. Y. Li, E. Goonatilleke, C. B. Lebrilla, Chemical Reviews 2018, 118, 

7886-7930. 
[177] Z. Q. Zhang, H. Pan, X. Y. Chen, Mass Spectrometry Reviews 2009, 28, 147-176. 
[178] L. Zhang, S. Luo, B. L. Zhang, Mabs 2016, 8, 205-215. 
[179] T. Merry, S. Astrautsova, in Capillary Electrophoresis of Carbohydrates (Hrsg.: P. Thibault, S. 

Honda), Humana Press, Totowa, NJ, 2003, S. 27-40. 
[180] T. Merry, S. Astrautsova, Methods Mol Biol 2003, 213, 27-40. 
[181] K. Marino, J. Bones, J. J. Kattla, P. M. Rudd, Nature Chemical Biology 2010, 6, 713-723. 
[182] P. H. Jensen, N. G. Karlsson, D. Kolarich, N. H. Packer, Nature Protocols 2012, 7, 1299-1310. 
[183] S. Sekiya, Y. Wada, K. Tanaka, Analytical Chemistry 2005, 77, 4962-4968. 
[184] A. Dell, Methods in Enzymology 1990, 193, 647-660. 
[185] I. Sanchez-De Melo, P. Grassi, F. Ochoa, J. Bolivar, F. J. Garcia-Cozara, M. C. Duran-Ruiz, 

Journal of Proteomics 2015, 127, 225-233. 
[186] M. Melmer, T. Stangler, M. Schiefermeier, W. Brunner, H. Toll, A. Rupprechter, W. Lindner, A. 

Premstaller, Analytical and Bioanalytical Chemistry 2010, 398, 905-914. 
[187] T. Q. Shang, A. Saati, K. N. Toler, J. M. Mo, H. Y. Li, T. Matlosz, X. Lin, J. Schenk, C. K. Ng, T. 

Duffy, T. J. Porter, J. C. Rouse, Journal of Pharmaceutical Sciences 2014, 103, 1967-1978. 
[188] A. Guttman, Nature 1996, 380, 461-462. 
[189] T. P. Patel, R. B. Parekh, Guide to Techniques in Glycobiology 1994, 230, 57-66. 
[190] D. L. Evers, R. L. Hung, V. H. Thomas, K. G. Rice, Analytical Biochemistry 1998, 265, 313-316. 
[191] T. Mizuochi, K. Yonemasu, K. Yamashita, A. Kobata, Journal of Biological Chemistry 1978, 253, 

7404-7409. 
[192] S. Takasaki, T. Mizuochi, A. Kobata, Methods in Enzymology 1982, 83, 263-268. 
[193] T. Patel, J. Bruce, A. Merry, C. Bigge, M. Wormald, A. Jaques, R. Parekh, Biochemistry 1993, 

32, 679-693. 



 

 

151 Bibliography 

[194] S. I. Nakakita, W. Sumiyoshi, N. Miyanishi, J. Hirabayashi, Biochemical and Biophysical 
Research Communications 2007, 362, 639-645. 

[195] M. Fukuda, Current Protocols in Molecular Biology 1995, 31, 17.15.14-17.15.19. 
[196] D. M. Carlson, Journal of Biological Chemistry 1968, 243, 616-+. 
[197] M. Kotsias, R. P. Kozak, R. A. Gardner, M. Wuhrer, D. I. R. Spencer, PLOS ONE 2019, 14, 

e0210759. 
[198] Y. Huang, T. Konse, Y. Mechref, M. V. Novotny, Rapid Communications in Mass Spectrometry 

2002, 16, 1199-1204. 
[199] H. H. Freeze, C. Kranz, Current Protocols in Molecular Biology 2010, 89, 17.13A.11-17.13A.25. 
[200] A. Triguero, G. Cabrera, L. Royle, D. J. Harvey, P. M. Rudd, R. A. Dwek, M. Bardor, P. Lerouge, 

J. A. Cremata, Analytical Biochemistry 2010, 400, 173-183. 
[201] S. Yang, N. Hoti, W. M. Yang, Y. Liu, L. J. Chen, S. W. Li, H. Zhang, Clinical Proteomics 2017, 14. 
[202] T. H. Plummer, Jr., J. H. Elder, S. Alexander, A. W. Phelan, A. L. Tarentino, J Biol Chem 1984, 

259, 10700-10704. 
[203] M. A. Lauber, Y. Q. Yu, D. W. Brousmiche, Z. M. Hua, S. M. Koza, P. Magnelli, E. Guthrie, C. H. 

Taron, K. J. Fountain, Analytical Chemistry 2015, 87, 5401-5409. 
[204] B. Gong, E. Hoyt, H. Lynaugh, I. Burnina, R. Moore, A. Thompson, H. J. Li, Analytical and 

Bioanalytical Chemistry 2013, 405, 5825-5831. 
[205] P. H. Seeberger, Accounts of Chemical Research 2015, 48, 1450-1463. 
[206] Z. Zhang, I. R. Ollmann, X.-S. Ye, R. Wischnat, T. Baasov, C.-H. Wong, Journal of the American 

Chemical Society 1999, 121, 734-753. 
[207] A. M. Downey, M. Hocek, Beilstein Journal of Organic Chemistry 2017, 13, 1239-1279. 
[208] M. C. Bryan, F. Fazio, H. K. Lee, C. Y. Huang, A. Chang, M. D. Best, D. A. Calarese, C. Blixt, J. C. 

Paulson, D. Burton, I. A. Wilson, C. H. Wong, Journal of the American Chemical Society 2004, 
126, 8640-8641. 

[209] C. Y. Huang, D. A. Thayer, A. Y. Chang, M. D. Best, J. Hoffmann, S. Head, C. H. Wong, 
Proceedings of the National Academy of Sciences of the United States of America 2006, 103, 
15-20. 

[210] B. L. Wilkinson, L. F. Bornaghi, S. A. Poulsen, T. A. Houston, Tetrahedron 2006, 62, 8115-8125. 
[211] S. A. Nepogodiev, S. Dedola, L. Marmuse, M. T. de Oliveira, R. A. Field, Carbohydrate 

Research 2007, 342, 529-540. 
[212] K. J. Doores, Y. Mimura, R. A. Dwek, P. M. Rudd, T. Elliott, B. G. Davis, Chemical 

Communications 2006, 1401-1403. 
[213] T. Tanaka, H. Nagai, M. Noguchi, A. Kobayashi, S. Shoda, Chemical Communications 2009, 

3378-3379. 
[214] G. Li, M. Noguchi, H. Kashiwagura, Y. Tanaka, K. Serizawa, S. I. Shoda, Tetrahedron Letters 

2016, 57, 3529-3531. 
[215] N. Yoshida, M. Noguchi, T. Tanaka, T. Matsumoto, N. Aida, M. Ishihara, A. Kobayashi, S. 

Shoda, Chemistry-an Asian Journal 2011, 6, 1876-1885. 
[216] T. Tanaka, T. Matsumoto, M. Noguchi, A. Kobayashi, S. Shoda, Chemistry Letters 2009, 38, 

458-459. 
[217] D. Lim, M. A. Brimble, R. Kowalczyk, A. J. A. Watson, A. J. Fairbanks, Angewandte Chemie-

International Edition 2014, 53, 11907-11911. 
[218] A. Novoa, S. Barluenga, C. Serba, N. Winssinger, Chemical Communications 2013, 49, 7608-

7610. 
[219] H. Tanaka, Y. Yoshimura, M. R. Jørgensen, J. A. Cuesta-Seijo, O. Hindsgaul, Angewandte 

Chemie International Edition 2012, 51, 11531-11534. 
[220] D. E. Wieland, Dissertation, Mathematisch-Naturwissenschaftliche Sektion, Fachbreich 

Chemie 2017, Universität Konstanz. 
[221] T. Machida, K. Lang, L. Xue, J. W. Chin, N. Winssinger, Bioconjugate Chemistry 2015, 26, 802-

806. 
[222] T. Isobe, T. Ishikawa, Journal of Organic Chemistry 1999, 64, 6989-6992. 



 152 Bibliography 

[223] N. Borlinghaus, Master Thesis, Mathematisch-Naturwissenschaftliche Sektion, Fachbreich 
Chemie 2018, University of Konstanz  

[224] Z. G. Wang, J. D. Warren, V. Y. Dudkin, X. F. Zhang, U. Iserloh, M. Visser, M. Eckhardt, P. H. 
Seeberger, S. J. Danishefsky, Tetrahedron 2006, 62, 4954-4978. 

[225] M. A. Brun, M. D. Disney, P. H. Seeberger, Chembiochem 2006, 7, 421-424. 
[226] H. S. Isbell, H. L. Frush, The Journal of Organic Chemistry 1958, 23, 1309-1319. 
[227] L. M. Likhosherstov, O. S. Novikova, V. A. Derevitskaja, N. K. Kochetkov, Carbohydrate 

Research 1986, 146, C1-C5. 
[228] S. J. Danishefsky, S. Hu, P. F. Cirillo, M. Eckhardt, P. H. Seeberger, Chemistry-a European 

Journal 1997, 3, 1617-1628. 
[229] J. C. Irvine, R. F. Thomson, C. S. Garrett, Journal of the Chemical Society, Transactions 1913, 

103, 238-249. 
[230] L. M. Likhosherstov, O. S. Novikova, V. N. Shibaev, Doklady Chemistry 2002, 383, 89-92. 
[231] M. Bejugam, S. L. Flitsch, Organic Letters 2004, 6, 4001-4004. 
[232] L. M. Likhosherstov, O. S. Novikova, A. O. Zheltova, V. N. Shibaev, Russian Chemical Bulletin 

2004, 53, 709-713. 
[233] C. P. R. Hackenberger, M. K. O'Reill, B. Imperiali, The Journal of Organic Chemistry 2005, 70, 

3574-3578. 
[234] S. Wen, Z. Guo, Organic Letters 2001, 3, 3773-3776. 
[235] C. Unverzagt, Carbohydrate Research 1997, 305, 423-431. 
[236] H. S. G. Beckmann, V. Wittmann, in Organic Azides: Syntheses and Applications (Hrsg.: S. 

Bräse, K. Banert), John Wiley & Sons, Chichester, 2010, S. 469-490. 
[237] L. R. Ruhaak, E. Steenvoorden, C. A. M. Koeleman, A. M. Deelder, M. Wuhrer, Proteomics 

2010, 10, 2330-2336. 
[238] S. Hase, T. Ibuki, T. Ikenaka, Journal of Biochemistry 1984, 95, 197-203. 
[239] A. Kon, K. Takagaki, H. Kawasaki, T. Nakamura, M. Endo, Journal of Biochemistry 1991, 110, 

132-135. 
[240] J. C. Bigge, T. P. Patel, J. A. Bruce, P. N. Goulding, S. M. Charles, R. B. Parekh, Analytical 

Biochemistry 1995, 230, 229-238. 
[241] K. R. Anumula, Analytical Biochemistry 2014, 457, 31-37. 
[242] M. A. Fomin, J. Seikowski, V. N. Belov, S. W. Hell, Analytical Chemistry 2020, 92, 5329-5336. 
[243] F. Y. Che, J. F. Song, R. Zeng, K. Y. Wang, Q. C. Xia, Journal of Chromatography A 1999, 858, 

229-238. 
[244] L. R. Ruhaak, C. Huhn, W. J. Waterreus, A. R. de Boer, C. Neusüss, C. H. Hokke, A. M. Deelder, 

M. Wuhrer, Anal Chem 2008, 80, 6119-6126. 
[245] L. R. Ruhaak, G. Zauner, C. Huhn, C. Bruggink, A. M. Deelder, M. Wuhrer, Analytical and 

Bioanalytical Chemistry 2010, 397, 3457-3481. 
[246] R. Roy, E. Katzenellenbogen, H. J. Jennings, Canadian Journal of Biochemistry and Cell Biology 

1984, 62, 270-275. 
[247] J. C. Gildersleeve, O. Oyelaran, J. T. Simpson, B. Allred, Bioconjugate Chemistry 2008, 19, 

1485-1490. 
[248] B. Y. Xia, Z. S. Kawar, T. Z. Ju, R. A. Alvarez, G. P. Sachdev, R. D. Cummings, Nature Methods 

2005, 2, 845-850. 
[249] X. Z. Song, B. Y. Xia, S. R. Stowell, Y. Lasanajak, D. F. Smith, R. D. Cummings, Chemistry & 

Biology 2009, 16, 36-47. 
[250] Y. Liu, T. Feizi, M. A. Carnpanero-Rhodes, R. A. Childs, Y. N. Zhang, B. Muiioy, P. G. Evans, H. 

M. I. Osborn, D. Otto, P. R. Crocker, W. C. Chai, Chemistry & Biology 2007, 14, 847-859. 
[251] B. Bendiak, Carbohydrate Research 1997, 304, 85-90. 
[252] K. Godula, C. R. Bertozzi, Journal of the American Chemical Society 2010, 132, 9963-9965. 
[253] N. J. Fina, J. O. Edwards, International Journal of Chemical Kinetics 1973, 5, 1-26. 
[254] Y. Ren, H. Yamataka, Chemistry-a European Journal 2007, 13, 677-682. 
[255] J. Kalia, R. T. Raines, Angewandte Chemie-International Edition 2008, 47, 7523-7526. 
[256] M. Lee, I. Shin, Organic Letters 2005, 7, 4269-4272. 



 

 

153 Bibliography 

[257] S. Park, M. R. Lee, I. Shin, Bioconjugate Chemistry 2009, 20, 155-162. 
[258] G. C. Gil, Y. G. Kim, B. G. Kim, Anal Biochem 2008, 379, 45-59. 
[259] Y. Shinohara, H. Sota, M. Gotoh, M. Hasebe, M. Tosu, J. Nakao, Y. Hasegawa, M. Shiga, Anal 

Chem 1996, 68, 2573-2579. 
[260] S. Peluso, M. D. Ufret, M. K. O'Reilly, B. Imperiali, Chemistry & Biology 2002, 9, 1323-1328. 
[261] R. J. Williams, C. E. Paul, M. Nitz, Carbohydrate Research 2014, 386, 73-77. 
[262] V. Meyer, A. Janny, Berichte der deutschen chemischen Gesellschaft 1882, 15, 1164-1167. 
[263] V. Meyer, A. Janny, Berichte der deutschen chemischen Gesellschaft 1882, 15, 1324-1326. 
[264] V. Meyer, A. Janny, Berichte der deutschen chemischen Gesellschaft 1882, 15, 1525-1529. 
[265] A. Janny, Berichte der deutschen chemischen Gesellschaft 1882, 15, 2778-2783. 
[266] K. Rose, Journal of the American Chemical Society 1994, 116, 30-33. 
[267] S. E. Cervigni, P. Dumy, M. Mutter, Angewandte Chemie International Edition in English 1996, 

35, 1230-1232. 
[268] L. L. Kiessling, R. A. Splain, Annual Review of Biochemistry 2010, 79, 619-653. 
[269] N. Matsubara, K. Oiwa, T. Hohsaka, R. Sadamoto, K. Niikura, N. Fukuhara, A. Takimoto, H. 

Kondo, S. Nishimurar, Chemistry-a European Journal 2005, 11, 6974-6981. 
[270] F. Peri, P. Dumy, M. Mutter, Tetrahedron 1998, 54, 12269-12278. 
[271] J. M. Langenhan, N. R. Peters, I. A. Guzei, F. M. Hoffmann, J. S. Thorson, Proc Natl Acad Sci U 

S A 2005, 102, 12305-12310. 
[272] J. M. Langenhan, M. M. Endo, J. M. Engle, L. L. Fukumoto, D. R. Rogalsky, L. K. Slevin, L. R. 

Fay, R. W. Lucker, J. R. Rohlfing, K. R. Smith, A. E. Tjaden, H. M. Werner, Carbohydrate 
Research 2011, 346, 2663-2676. 

[273] Y. Zeng, T. N. C. Ramya, A. Dirksen, P. E. Dawson, J. C. Paulson, Nature Methods 2009, 6, 207-
209. 

[274] M. Kurogochi, M. Amano, M. Fumoto, A. Takimoto, H. Kondo, S. Nishimura, Angewandte 
Chemie-International Edition 2007, 46, 8808-8813. 

[275] S.-I. Nishimura, K. Niikura, M. Kurogochi, T. Matsushita, M. Fumoto, H. Hinou, R. Kamitani, H. 
Nakagawa, K. Deguchi, N. Miura, K. Monde, H. Kondo, Angewandte Chemie International 
Edition 2005, 44, 91-96. 

[276] N. N. Maolanon, M. Blaise, K. K. Sorensen, M. B. Thygesen, E. Clo, J. T. Sullivan, C. W. Ronson, 
J. Stougaard, O. Blixt, K. J. Jensen, Chembiochem 2014, 15, 425-434. 

[277] X. C. Zhou, J. H. Zhou, Biosensors & Bioelectronics 2006, 21, 1451-1458. 
[278] E. Clo, O. Blixt, K. J. Jensen, European Journal of Organic Chemistry 2010, 540-554. 
[279] M. B. Thygesen, K. K. Sorensen, E. Clo, K. J. Jensen, Chemical Communications 2009, 6367-

6369. 
[280] M. B. Thygesen, J. Sauer, K. J. Jensen, Chemistry-a European Journal 2009, 15, 1649-1660. 
[281] D. Bini, L. Russo, C. Battocchio, A. Natalello, G. Polzonetti, S. M. Doglia, F. Nicotra, L. Cipolla, 

Organic Letters 2014, 16, 1298-1301. 
[282] C. Jiménez-Castells, R. Stanton, S. Yan, P. Kosma, I. B. Wilson, Glycobiology 2016, 26, 1297-

1307. 
[283] J. Rohrling, A. Potthast, T. Rosenau, T. Lange, A. Borgards, H. Sixta, P. Kosma, Synlett 2001, 

682-684. 
[284] X. P. He, Y. L. Zeng, X. Y. Tang, N. Li, D. M. Zhou, G. R. Chen, H. Tian, Angewandte Chemie-

International Edition 2016, 55, 13995-13999. 
[285] Y. Koshi, E. Nakata, H. Yamane, I. Hamachi, Journal of the American Chemical Society 2006, 

128, 10413-10422. 
[286] S. Frau, S. Dall’Angelo, G. L. Baillie, R. A. Ross, M. Pira, C.-C. Tseng, P. Lazzari, M. Zanda, 

Journal of Fluorine Chemistry 2013, 152, 166-172. 
[287] S. Dall'Angelo, Q. Zhang, I. N. Fleming, M. Piras, L. F. Schweiger, D. O'Hagan, M. Zanda, 

Organic & Biomolecular Chemistry 2013, 11, 4551-4558. 
[288] Y. Hatanaka, U. Kempin, P. Jong-Jip, Journal of Organic Chemistry 2000, 65, 5639-5643. 
[289] O. R. Baudendistel, D. E. Wieland, M. S. Schmidt, V. Wittmann, Chemistry-a European Journal 

2016, 22, 17359-17365. 



 154 Bibliography 

[290] C. Jimenez-Castells, B. Torre, D. Andreu, R. Gutierrez-Gallego, Glycoconjugate Journal 2008, 
25, 879-887. 

[291] A. Richard, A. Barras, A. Ben Younes, N. Monfilliette-Dupont, P. Melnyk, Bioconjugate 
Chemistry 2008, 19, 1491-1495. 

[292] Y. Ruff, J. M. Lehn, Biopolymers 2008, 89, 486-496. 
[293] B. E. Benediktsdottir, K. K. Sorensen, M. B. Thygesen, K. J. Jensen, T. Gudjonsson, O. 

Baldursson, M. Masson, Carbohydrate Polymers 2012, 90, 1273-1280. 
[294] P. Finch, Z. Merchant, Journal of the Chemical Society-Perkin Transactions 1 1975, 1682-1686. 
[295] K. Villadsen, M. C. Martos-Maldonado, K. J. Jensen, M. B. Thygesen, Chembiochem 2017, 18, 

574-612. 
[296] W. P. Jencks, Journal of the American Chemical Society 1959, 81, 475-481. 
[297] A. V. Gudmundsdottir, C. E. Paul, M. Nitz, Carbohydrate Research 2009, 344, 278-284. 
[298] S. Munneke, J. R. C. Prevost, G. F. Painter, B. L. Stocker, M. S. M. Timmer, Organic Letters 

2015, 17, 624-627. 
[299] O. Bohorov, H. Andersson-Sand, J. Hoffmann, O. Blixt, Glycobiology 2006, 16, 21c-27c. 
[300] J. Ishida, H. Hinou, K. Naruchi, S. I. Nishimura, Bioorganic & Medicinal Chemistry Letters 2014, 

24, 1197-1200. 
[301] D. Teze, M. Dion, F. Daligault, V. Tran, C. Andre-Miral, C. Tellier, Bioorganic & Medicinal 

Chemistry Letters 2013, 23, 448-451. 
[302] E. H. Cordes, W. P. Jencks, Journal of the American Chemical Society 1962, 84, 826-&. 
[303] M. B. Thygesen, H. Munch, J. Sauer, E. Clo, M. R. Jorgensen, O. Hindsgaul, K. J. Jensen, Journal 

of Organic Chemistry 2010, 75, 1752-1755. 
[304] J. W. Haas, R. E. Kadunce, Journal of the American Chemical Society 1962, 84, 4910-&. 
[305] N. Bridiau, M. Benmansour, M. D. Legoy, T. Maugard, Tetrahedron 2007, 63, 4178-4183. 
[306] W. P. Jencks, 1st. Aufl., McGraw-Hill, New York, 1969, S. 72-74. 
[307] G. C. Levy, J. D. Cargioli, W. Racela, Journal of the American Chemical Society 1970, 92, 6238-

6246. 
[308] S. J. Wang, D. Gurav, O. P. Oommen, O. P. Varghese, Chemistry-a European Journal 2015, 21, 

5980-5985. 
[309] T. C. Bissot, R. W. Parry, D. H. Campbell, Journal of the American Chemical Society 1957, 79, 

796-800. 
[310] E. H. Cordes, W. P. Jencks, Journal of the American Chemical Society 1962, 84, 832-&. 
[311] A. Dirksen, T. M. Hackeng, P. E. Dawson, Angewandte Chemie-International Edition 2006, 45, 

7581-7584. 
[312] M. Ostergaard, N. J. Christensen, C. T. Hjuler, K. J. Jensen, M. B. Thygesen, Bioconjugate 

Chemistry 2018, 29, 1219-1230. 
[313] P. Crisalli, E. T. Kool, Journal of Organic Chemistry 2013, 78, 1184-1189. 
[314] M. Wendeler, L. Grinberg, X. Y. Wang, P. E. Dawson, M. Baca, Bioconjugate Chemistry 2014, 

25, 93-101. 
[315] D. K. Kolmel, E. T. Kool, Chemical Reviews 2017, 117, 10358-10376. 
[316] S. M. Agten, P. E. Dawson, T. M. Hackeng, Journal of Peptide Science 2016, 22, 271-279. 
[317] M. M. Mahmoodi, M. Rashidian, Y. Zhang, M. D. Distefano, Current Protocols in Protein 

Science 2015, 79, 15.14.11-15.14.28. 
[318] L. H. Yuen, N. S. Saxena, H. S. Park, K. Weinberg, E. T. Kool, Acs Chemical Biology 2016, 11, 

2312-2319. 
[319] P. Crisalli, E. T. Kool, Organic Letters 2013, 15, 1646-1649. 
[320] D. Larsen, A. M. Kietrys, S. A. Clark, H. S. Park, A. Ekebergh, E. T. Kool, Chemical Science 2018, 

9, 5252-5259. 
[321] D. Larsen, M. Pittelkow, S. Karmakar, E. T. Kool, Organic Letters 2015, 17, 274-277. 
[322] S. Park, I. Shin, Angewandte Chemie International Edition 2002, 41, 3180-3182. 
[323] D. Wang, S. Liu, B. J. Trummer, C. Deng, A. Wang, Nature Biotechnology 2002, 20, 275-281. 
[324] S. Fukui, T. Feizi, C. Galustian, A. M. Lawson, W. Chai, Nat Biotechnol 2002, 20, 1011-1017. 



 

 

155 Bibliography 

[325] W. G. T. Willats, S. E. Rasmussen, T. Kristensen, J. D. Mikkelsen, J. P. Knox, Proteomics 2002, 
2, 1666-1671. 

[326] S. Park, J. C. Gildersleeve, O. Blixt, I. Shin, Chemical Society Reviews 2013, 42, 4310-4326. 
[327] D. M. Ratner, E. W. Adams, J. Su, B. R. O'Keefe, M. Mrksich, P. H. Seeberger, Chembiochem 

2004, 5, 379-382. 
[328] M. B. Biskup, J. U. Muller, R. Weingart, R. R. Schmidt, Chembiochem 2005, 6, 1007-1015. 
[329] B. T. Houseman, M. Mrksich, Chemistry & Biology 2002, 9, 443-454. 
[330] K. R. Love, P. H. Seeberger, Angewandte Chemie-International Edition 2002, 41, 3583-3586. 
[331] V. G. Cheung, M. Morley, F. Aguilar, A. Massimi, R. Kucherlapati, G. Childs, Nature Genetics 

1999, 21, 15-19. 
[332] O. R. Baudendistel, Dissertation, Mathematisch-Naturwissenschaftliche Sektion, Fachbreich 

Chemie 2019, Universität Konstanz. 
[333] J. Pai, J. Y. Hyun, J. Jeong, S. Loh, E.-H. Cho, Y.-S. Kang, I. Shin, Chemical science 2016, 7, 2084-

2093. 
[334] S. Serna, J. Etxebarria, N. Ruiz, M. Martin-Lomas, N. C. Reichardt, Chemistry-a European 

Journal 2010, 16, 13163-13175. 
[335] S. Serna, S. Yan, M. Martin-Lomas, I. B. H. Wilson, N. C. Reichardt, Journal of the American 

Chemical Society 2011, 133, 16495-16502. 
[336] S. Serna, C. H. Hokke, M. Weissenborn, S. Flitsch, M. Martin-Lomas, N.-C. Reichardt, 

ChemBioChem 2013, 14, 862-869. 
[337] T. M. Puvirajesinghe, J. E. Turnbull, Microarrays 2016, 5, 3. 
[338] C. D. Rillahan, J. C. Paulson, Annual review of biochemistry 2011, 80, 797-823. 
[339] J. G. Greener, S. M. Kandathil, D. T. Jones, Nature Communications 2019, 10, 3977. 
[340] E. L. Shipp, L. C. Hsieh-Wilson, Chemistry & Biology 2007, 14, 195-208. 
[341] Y. Chevolot, C. Bouillon, S. Vidal, F. Morvan, A. Meyer, J. P. Cloarec, A. Jochum, J. P. Praly, J. J. 

Vasseur, E. Souteyrand, Angewandte Chemie-International Edition 2007, 46, 2398-2402. 
[342] T. Feizi, W. G. Chai, Nature Reviews Molecular Cell Biology 2004, 5, 582-588. 
[343] K.-S. Ko, F. A. Jaipuri, N. L. Pohl, Journal of the American Chemical Society 2005, 127, 13162-

13163. 
[344] S. K. Mamidyala, K.-S. Ko, F. A. Jaipuri, G. Park, N. L. Pohl, Journal of Fluorine Chemistry 2006, 

127, 571-579. 
[345] O. E. Galanina, M. Mecklenburg, N. E. Nifantiev, G. V. Pazynina, N. V. Bovin, Lab on a Chip 

2003, 3, 260-265. 
[346] Y. Guo, H. Feinberg, E. Conroy, D. A. Mitchell, R. Alvarez, O. Blixt, M. E. Taylor, W. I. Weis, K. 

Drickamer, Nature Structural & Molecular Biology 2004, 11, 591-598. 
[347] B. S. Bochner, R. A. Alvarez, P. Mehta, N. V. Bovin, O. Blixt, J. R. White, R. L. Schnaar, Journal 

of Biological Chemistry 2005, 280, 4307-4312. 
[348] S. Angeloni, J. L. Ridet, N. Kusy, H. Gao, F. Crevoisier, S. Guinchard, S. Kochhar, H. Sigrist, N. 

Sprenger, Glycobiology 2004, 15, 31-41. 
[349] G. T. Carroll, D. Wang, N. J. Turro, J. T. Koberstein, Langmuir 2006, 22, 2899-2905. 
[350] D. Wang, G. T. Carroll, N. J. Turro, J. T. Koberstein, P. Kováč, R. Saksena, R. Adamo, L. A. 

Herzenberg, L. A. Herzenberg, L. Steinman, PROTEOMICS 2007, 7, 180-184. 
[351] H.-Y. Hsiao, M.-L. Chen, H.-T. Wu, L.-D. Huang, W.-T. Chien, C.-C. Yu, F.-D. Jan, S. Sahabuddin, 

T.-C. Chang, C.-C. Lin, Chemical Communications 2011, 47, 1187-1189. 
[352] S. Park, M.-r. Lee, S.-J. Pyo, I. Shin, Journal of the American Chemical Society 2004, 126, 4812-

4819. 
[353] B. T. Houseman, E. S. Gawalt, M. Mrksich, Langmuir 2003, 19, 1522-1531. 
[354] M. Schwarz, L. Spector, A. Gargir, A. Shtevi, M. Gortler, R. T. Altstock, A. A. Dukler, N. Dotan, 

Glycobiology 2003, 13, 749-754. 
[355] L. Nimrichter, A. Gargir, M. Gortler, R. T. Altstock, A. Shtevi, O. Weisshaus, E. Fire, N. Dotan, 

R. L. Schnaar, Glycobiology 2004, 14, 197-203. 
[356] M. D. Disney, P. H. Seeberger, Chemistry & Biology 2004, 11, 1701-1707. 



 156 Bibliography 

[357] O. Oyelaran, Q. Li, D. Farnsworth, J. C. Gildersleeve, Journal of Proteome Research 2009, 8, 
3529-3538. 

[358] O. Oyelaran, L. M. McShane, L. Dodd, J. C. Gildersleeve, Journal of Proteome Research 2009, 
8, 4301-4310. 

[359] Y. Zhang, C. Campbell, Q. Li, J. C. Gildersleeve, Molecular BioSystems 2010, 6, 1583-1591. 
[360] H. S. G. Beckmann, A. Niederwieser, M. Wiessler, V. Wittmann, Chemistry-a European Journal 

2012, 18, 6548-6554. 
[361] X. L. Sun, C. L. Stabler, C. S. Cazalis, E. L. Chaikof, Bioconjugate Chemistry 2006, 17, 52-57. 
[362] O. J. Barrett, A. Pushechnikov, M. L. Wu, M. D. Disney, Carbohydrate Research 2008, 343, 

2924-2931. 
[363] K. Godula, M. L. Umbel, D. Rabuka, Z. Botyanszki, C. R. Bertozzi, R. Parthasarathy, Journal of 

the American Chemical Society 2009, 131, 10263-10268. 
[364] S. E. Tully, M. Rawat, L. C. Hsieh-Wilson, Journal of the American Chemical Society 2006, 128, 

7740-7741. 
[365] C. I. Gama, S. E. Tully, N. Sotogaku, P. M. Clark, M. Rawat, N. Vaidehi, W. A. Goddard, A. Nishi, 

L. C. Hsieh-Wilson, Nature Chemical Biology 2006, 2, 467-473. 
[366] Y. Fei, Y.-S. Sun, Y. Li, K. Lau, H. Yu, H. A. Chokhawala, S. Huang, J. P. Landry, X. Chen, X. Zhu, 

Molecular BioSystems 2011, 7, 3343-3352. 
[367] L. Ban, N. Pettit, L. Li, A. D. Stuparu, L. Cai, W. Chen, W. Guan, W. Han, P. G. Wang, M. 

Mrksich, Nature Chemical Biology 2012, 8, 769-773. 
[368] A. Sanchez-Ruiz, S. Serna, N. Ruiz, M. Martin-Lomas, N.-C. Reichardt, Angewandte Chemie 

International Edition 2011, 50, 1801-1804. 
[369] A. R. de Boer, C. H. Hokke, A. M. Deelder, M. Wuhrer, Glycoconjugate Journal 2008, 25, 75-

84. 
[370] M. Fais, R. Karamanska, S. Allman, S. A. Fairhurst, P. Innocenti, A. J. Fairbanks, T. J. Donohoe, 

B. G. Davis, D. A. Russell, R. A. Field, Chemical Science 2011, 2, 1952-1959. 
[371] M. Shipp, R. Nadella, H. Gao, V. Farkas, H. Sigrist, A. Faik, Glycoconjugate Journal 2008, 25, 

49-58. 
[372] H. L. Pedersen, J. U. Fangel, B. McCleary, C. Ruzanski, M. G. Rydahl, M. C. Ralet, V. Farkas, L. 

von Schantz, S. E. Marcus, M. C. F. Andersen, R. Field, M. Ohlin, J. P. Knox, M. H. Clausen, W. 
G. T. Willats, Journal of Biological Chemistry 2012, 287. 

[373] E. Han, L. Ding, S. Jin, H. Ju, Biosensors and Bioelectronics 2011, 26, 2500-2505. 
[374] C. R. D. Varki A., Esko J.D., Freeze H.H., Stanley P., Bertozzi C.R., Hart G.W., Etzler M.E., 

Essentials of Glycobiology. 2nd ed, Cold Spring Harbor Laboratory Press, Cold Spring Harbor, 
NY, USA, 2009. 

[375] B. T. Houseman, M. Mrksich, Chem Biol 2002, 9, 443-454. 
[376] J. C. Manimala, T. A. Roach, Z. Li, J. C. Gildersleeve, Angewandte Chemie International Edition 

2006, 45, 3607-3610. 
[377] H. Tang, P. Hsueh, D. Kletter, M. Bern, B. Haab, Adv Cancer Res 2015, 126, 167-202. 
[378] P.-Y. Lozach, L. Burleigh, I. Staropoli, A. Amara, in Glycovirology Protocols (Hrsg.: R. J. Sugrue), 

Humana Press, Totowa, NJ, 2007, S. 51-68. 
[379] U. Svajger, M. Anderluh, M. Jeras, N. Obermajer, Cell Signal 2010, 22, 1397-1405. 
[380] T. Schallus, C. Jaeckh, K. Fehér, A. S. Palma, Y. Liu, J. C. Simpson, M. Mackeen, G. Stier, T. J. 

Gibson, T. Feizi, T. Pieler, C. Muhle-Goll, Molecular Biology of the Cell 2008, 19, 3404-3414. 
[381] Y. Takeda, K. Totani, I. Matsuo, Y. Ito, Current Opinion in Chemical Biology 2009, 13, 582-591. 
[382] J. Heimburg-Molinaro, M. Tappert, X. Song, Y. Lasanajak, G. Air, D. F. Smith, R. D. Cummings, 

Methods Mol Biol 2012, 808, 251-267. 
[383] Y.-F. Wang, C.-F. Chang, C.-Y. Chi, H.-C. Wang, J.-R. Wang, I.-J. Su, Journal of Medical Virology 

2012, 84, 679-685. 
[384] L.-M. Chen, P. Rivailler, J. Hossain, P. Carney, A. Balish, I. Perry, C. T. Davis, R. Garten, B. Shu, 

X. Xu, A. Klimov, J. C. Paulson, N. J. Cox, S. Swenson, J. Stevens, A. Vincent, M. Gramer, R. O. 
Donis, Virology 2011, 412, 401-410. 



 

 

157 Bibliography 

[385] K. C. Bradley, C. A. Jones, S. M. Tompkins, R. A. Tripp, R. J. Russell, M. R. Gramer, J. Heimburg-
Molinaro, D. F. Smith, R. D. Cummings, D. A. Steinhauer, Virology 2011, 413, 169-182. 

[386] M. B. Pearce, A. Jayaraman, C. Pappas, J. A. Belser, H. Zeng, K. M. Gustin, T. R. Maines, X. Sun, 
R. Raman, N. J. Cox, R. Sasisekharan, J. M. Katz, T. M. Tumpey, Proceedings of the National 
Academy of Sciences 2012, 109, 3944-3949. 

[387] V. Wittmann, Antrag auf Forschungsförderung durch das Ministerium für Wissenschaft, 
Forschung und Kunst im Programm „Glykobiologie/Glykobiotechnologie“. 

[388] S. Ito, Y. Tanaka, A. Kakehi, Bull. Chem. Soc. Jpn. 1976, 49, 762-766. 
[389] S. Ito, Y. Tanaka, A. Kakehi, K. Kondo, Bull. Chem. Soc. Jpn. 1976, 49, 1920-1923. 
[390] W. J. Song, Y. Z. Wang, Z. P. Yu, C. I. R. Vera, J. Qu, Q. Lin, Acs Chemical Biology 2010, 5, 875-

885. 
[391] S. Liu, H. Su, L. Bu, J. Yan, G. Li, J. Huang, Analyst 2021. 
[392] K. Piradashvili, J. Simon, D. Paßlick, J. R. Höhner, V. Mailänder, F. R. Wurm, K. Landfester, 

Nanoscale Horizons 2017, 2, 297-302. 
[393] R. B. Mujumdar, L. A. Ernst, S. R. Mujumdar, C. J. Lewis, A. S. Waggoner, Bioconjugate 

Chemistry 1993, 4, 105-111. 
[394] S. M. Hacker, Dissertation, Mathematisch-Naturwissenschaftliche Sektion, Fachbreich Chemie 

2013, Universität Konstanz. 
[395] Y. J. Lee, B. Wu, J. E. Raymond, Y. Zeng, X. Q. Fang, K. L. Wooley, W. R. S. Liu, Acs Chemical 

Biology 2013, 8, 1664-1670. 
[396] A. F. Tominey, J. Liese, S. Wei, K. Kowski, T. Schrader, A. Kraft, Beilstein Journal of Organic 

Chemistry 2010, 6. 
[397] M. A. Rapp, Master Thesis, Mathematisch-Naturwissenschaftliche Sektion, Fachbreich Chemie 

2017, Universität Konstanz. 
[398] N. A. Maurer, Bachelor Thesis, Mathematisch-naturwissenschaftliche Sektion, Fachbereich 

Chemie 2020, Universität Konstanz. 
[399] C. Y. Zamora, M. d'Alarcao, K. Kumar, Bioorganic & Medicinal Chemistry Letters 2013, 23, 

3406-3410. 
[400] S. Dufresne, G. S. Hanan, W. G. Skene, Journal of Physical Chemistry B 2007, 111, 11407-

11418. 
[401] P. J. Stang, B. W. Surber, Z. C. Chen, K. A. Roberts, A. G. Anderson, Journal of the American 

Chemical Society 1987, 109, 228-235. 
[402] A. F. Hegarty, M. P. Cashman, F. L. Scott, Journal of the Chemical Society-Perkin Transactions 

2 1972, 1381-&. 
[403] X. S. Wang, Y. J. Lee, W. S. R. Liu, Chemical Communications 2014, 50, 3176-3179. 
[404] Y. X. Zhang, W. J. Liu, Z. B. K. Zhao, Molecules 2014, 19, 306-315. 
[405] W. Siti, A. K. Khan, H. P. M. de Hoog, B. Liedberg, M. Nallani, Organic & Biomolecular 

Chemistry 2015, 13, 3202-3206. 
[406] L. E. Flynn, Biomaterials 2010, 31, 4715-4724. 
[407] F. Pati, D. H. Ha, J. Jang, H. H. Han, J. W. Rhie, D. W. Cho, Biomaterials 2015, 62, 164-175. 
[408] J. K. Kular, S. Basu, R. I. Sharma, Journal of Tissue Engineering 2014, 5, 2041731414557112. 
[409] J. W. Park, Y. Kim, K. J. Lee, D. J. Kim, Bioconjugate Chemistry 2012, 23, 350-362. 
[410] E. Jiménez-Moreno, Z. Guo, B. L. Oliveira, I. S. Albuquerque, A. Kitowski, A. Guerreiro, O. 

Boutureira, T. Rodrigues, G. Jiménez-Osés, G. J. L. Bernardes, Angewandte Chemie 
International Edition 2017, 56, 243-247. 

[411] accessed 2021-06-17, Schott AG, https://www.schott.com/d/nexterion/a44d42ef40-45d10-
44add-b41fd-50d45b97f18d43/41.44/schott_nx_slide_h_2014.pdf. 

[412] R. Alon, E. A. Bayer, M. Wilchek, Biochemical and Biophysical Research Communications 
1990, 170, 1236-1241. 

[413] M. E. L. Lago, L. P. Da Silva, C. Henriques, A. F. Carvalho, R. L. Reis, A. P. Marques, 
Bioengineering 2018, 5, 52. 

[414] L. R. Stevens, K. J. Gilmore, G. G. Wallace, M. in het Panhuis, Biomaterials Science 2016, 4, 
1276-1290. 

https://www.schott.com/d/nexterion/a44d42ef40-45d10-44add-b41fd-50d45b97f18d43/41.44/schott_nx_slide_h_2014.pdf
https://www.schott.com/d/nexterion/a44d42ef40-45d10-44add-b41fd-50d45b97f18d43/41.44/schott_nx_slide_h_2014.pdf


 158 Bibliography 

[415] A. J. Engler, S. Sen, H. L. Sweeney, D. E. Discher, Cell 2006, 126, 677-689. 
[416] Y. Wu, Z. Yang, J. B. K. Law, A. Y. He, A. A. Abbas, V. Denslin, T. Kamarul, J. H. P. Hui, E. H. Lee, 

Tissue Engineering Part A 2016, 23, 43-54. 
[417] H. S. Isbell, H. L. Frush, Journal of Research of the National Bureau of Standards 1951, 46, 

132-144. 
[418] W. Huang, D. N. Wang, M. Yamada, L. X. Wang, Journal of the American Chemical Society 

2009, 131, 17963-17971. 
[419] R. J. Tomanek, K. Lotun, E. B. Clark, P. R. Suvarna, N. Hu, American Journal of Physiology-

Heart and Circulatory Physiology 1998, 274, H1620-H1626. 
[420] X. H. Song, Y. W. Li, X. Chen, G. L. Yin, Q. Huang, Y. Y. Chen, G. W. Xu, L. L. Wang, Genetics and 

Molecular Biology 2014, 37, 127-134. 
[421] G. S. Mcgee, J. M. Davidson, A. Buckley, A. Sommer, S. C. Woodward, A. M. Aquino, R. 

Barbour, A. A. Demetriou, Journal of Surgical Research 1988, 45, 145-153. 
[422] J. Hassenrück, Dissertation, Mathematisch-Naturwissenschaftliche Sektion, Fachbreich 

Chemie 2019, Universität Konstanz. 
[423] J. Dold, Dissertation, Mathematisch-Naturwissenschaftliche Sektion, Fachbreich Chemie 2019. 
[424] L. E. Comstock, D. L. Kasper, Cell 2006, 126, 847-850. 
[425] D. H. Dube, C. R. Bertozzi, Nature Reviews Drug Discovery 2005, 4, 477-488. 
[426] I. Jeon, D. Lee, I. J. Krauss, S. J. Danishefsky, Journal of the American Chemical Society 2009, 

131, 14337-14344. 
[427] Y. J. Lee, Y. Kurra, W. R. Liu, Chembiochem 2016, 17, 456-461. 
[428] O. R. Baudendistel, Bachelor Thesis, Mathematisch-naturwissenschaftliche Sektion, 

Fachbereich Chemie 2011. 
[429] A. Krezel, W. Bal, Journal of Inorganic Biochemistry 2004, 98, 161-166. 
[430] MATHEMATICA, Version 11.2, 2017, Wolfram Research, Inc.: Champaign, Ill. 

 

  



 

 

159 Appendix 

9. Appendix 

Part I - Metabolic Glycoengineering using the Photoclick Reaction 

 
1H NMR (400 MHz, CDCl3) of 12. 

  
13C NMR (100 MHz, CDCl3) of 12. 
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1H NMR (400 MHz, CDCl3) of 16. 

 
13C NMR (100 MHz, CDCl3) of 16. 
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1H NMR (400 MHz, D2O) of 15. 

 

13C NMR (100 MHz, D2O) of 15. 
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1H NMR (600 MHz, DMSO) of 18. 

 

13C NMR (150 MHz, DMSO) of 18. 
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Part II - Generation and Application of a Glyco-Functionalised Extracellular 

Matrix 

  

1H NMR (400 MHz, CDCl3) of /-Ac4GalNBeoc. 

13C NMR (100 MHz, CDCl3) of /-Ac4GalNBeoc.  
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1H NMR (400 MHz, CDCl3) of /-Ac4GalNPeoc. 

 

13C NMR (100 MHz, CDCl3) of /-Ac4GalNPeoc. 
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1H NMR (400 MHz, CDCl3) of /-Ac4GalNHeoc. 

 

13C NMR (100 MHz, CDCl3) of /-Ac4GalNHeoc. 
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1H NMR (400 MHz, CDCl3) of /-Ac4GalNPtl. 

 

13C NMR (100 MHz, CDCl3) of /-Ac4GalNPtl. 
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1H NMR (800 MHz, D2O) of 62. 

 
13C NMR (200 MHz, D2O) of 62. 
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1H NMR (400 MHz, CDCl3) of 57. 

 
13C NMR (100 MHz, CDCl3) of 57. 
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1H NMR (400 MHz, CDCl3) of 58. 

 
13C NMR (100 MHz, CDCl3) of 58. 
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1H NMR (800 MHz, DMSO) of 63 

 
13C NMR (200 MHz, DMSO) of 63. 
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1H NMR (600 MHz, DMSO) of 64. 

 

13C NMR (150 MHz, DMSO) of 64.  
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1H NMR (800 MHz, DMSO) of 67 

 
13C NMR (200 MHz, DMSO) of 67.  
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1H NMR (600 MHz, DMSO) of 68. 

13C NMR (150 MHz, DMSO) of 68.  
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Part III – Investigation of the Oxyamine Ligation 

Comparision hydrolysis rates in different buffered systems 

 

Figure 9.1.: Hydrolysis of GlcNAcNH2 at pH 5, in 200 mM ND4OC(O)CD3 and 200 mM NaOC(O)CD3. 

 

Figure 9.2.: Hydrolysis of GlcNAcNH2 at pH 6, in 200 mM ND4OC(O)CD3 and 200 mM NaOC(O)CD3. 
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Exemplary summating of all three ligation products: 

((E)- and (Z) oximes and N-glycosyloxyamine) 

  

Figure 9.3.: Oxyamine ligation reaction of 36 mM GlcNAc with 180 mM ethoxyamine in 500 mM 
ND4OC(O)CD3 at pH 5. 

   

Figure 9.4.: Oxyamine ligation reaction of 36 mM GlcNAcNH2 with 180 mM ethoxyamine in 500 mM 
KD2PO4 at pH8.  
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PDA Catalysis 

 

 

 

 

Figure 9.5.: Photographs of uncatalysed and catalysed oxyamine ligation reactions taken at different 
time points. A) uncatalysed oxyamine ligation in equilibrium, B) aniline-catalysed oxyamine ligation in 
equilibrium, C) PDA-catalysed oxyamine ligation in equilibrium, D) PDA-catalysed oxyamine ligation 
directly after start of the reaction, E) PDA-catalysed oxyamine ligation after 15 min of reaction time. 

  

      A                    B                     C 
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Kinetic Treatment of obtained kinetic data of oxyamine ligation reaction 

(all calculations were performed by U. Steiner) 

For a kinetic treatment of the amine ligation kinetics, the general reaction scheme (see 

Scheme 9.1.).  

 

Scheme 9.1.: Interrelationship of reaction pathways of the uncatalysed, the aniline catalysed and the 
glycosyl amine oxyamine ligation reactions and the enzymatic cleavage of N-glycans from N-
glycopeptides. Asp= asparagine. (as Scheme 4.30. in main text, except for horizontal arrangement) 
 

was reduced to the simplest form possible, comprising only the following three species (kinetic 

notation in parentheses): aminosugar 75 (A), GlcNAc 70 (B) and oxim product 71 + 72 (P). 

The processes connecting these species were assumed to be of pseudo first order kinetics 

with pertinent first order rate constants as given in the following scheme:   

 

1
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−

−

⎯⎯→⎯⎯
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⎯⎯→⎯⎯

 (S1a-c) 

Direct Ligation of GlcNAc 

Ligation of GlcNAc just represents a fraction of the general scheme in equation (S1): 

 
2

2

B     P
k

k−

⎯⎯→⎯⎯  (S1c) 

This is a simple equilibration kinetics and is decribed by the following time-dependence: 

 ( )2
2 2

2 2

( ) 1 exp[ ( ) ]
k

p t k k t
k k

−

−

= − − +
+

 (S2) 

The determination of k2 and k-2 by exponential fitting is straight forward 
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Ligation of GlcAcNH2 

There are six rate constants in this case. It should be noted, however, that, for thermodynamic 

consistence, these cannot be chosen independently because the three chemical equations 

represent a cyclic reaction system :  

A ⇄ P ⇄ B⇄ A and the equilibrium constant for one half cycle: A ⇄ P ⇄ B must be equal to 

the equilibrium constant for the other half cycle:  B⇄ A. This requirement leads to the following 

equation for 𝑘−ℎ 

 2 1
-h h

1 2

k k
k k

k k

−

−

=  (S3) 

The kinetic processes of eq. (S1) are represented by the following system of first order linear 

differential equations, wherein a, b and p denote the concentrations of the species A, B and P, 

respectiively: 

  
1 1( ) ( ) ( ) ( ) ( )h ha t k a t k a t k b t k p t− −= − − + +  (S4a) 

 2 2( ) ( ) ( ) ( ) ( )h hb t k a t k b t k b t k p t− −= − − +  (S4b) 

     
1 2 1 2( ) ( ) ( ) ( ) ( )p t k a t k b t k p t k p t− −= + − −           (S4c) 

The general solution of this system of linear differential equations can be represented as a 

sum of a constant and two exponential functions. If the rate constants of the two prcesses from 

A to P and from B to P are sufficiently different a diagram of the product concentration versus 

a log(t) shows a double step functions with a first plateau representing the product yield from 

A directly, while the hydrolysis product B is still unreacted. It is then followed by a step to a 

second plateau representing the total product yield. If k1 is not significantly greater than k2, an 

intermediate plateau will not be visible. In some cases, k2 may be so small that the reaction 

seems to stop on the first plateau. 

To solve the equations (S2) the software package Mathematica[430] was used. Finding the best 

fits of the rate constants was facilitated by using the graphical interactive Manipulate function. 

A working example is given in Figure 9.6.. 

First guesses of the rate constants are taken in descending order of the size. In Fig. Figure 

9.6.A, the value of k1 is set in such a way as to achieve best agreement in the beginning of the 

ascending part of the product curve. This leads to an overshooting in the later part and the 

plateau of the product curve. Adjusting the value of kh (Figure 9.6.B) can settle the second part 

of the rise of the product curve including its first plateau. There is a further increase of the 

product curve from the maximum to the final equilibrium value. Now, the value of k2 is adjusted 
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such that the time of the second inflection point of the product curve is met (Figure 9.6.C). 

However, this leads to a further increase in the product yield. The final adjustment is done 

using k-1 and k-2. Their absolute values cannot be fixed unambiguously. To achieve the correct 

final level Y of the product yield, the two rate constants must fulfill the following linear 

correlation: 

 2
2 2 1

1

1 kY
k k k

Y k
− −

−
= −  (S4) 
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Figure 9.6.: Stages of graphical determination of rate constants (case glycosyl amine in Figure 4.22.B) 
For explanation cf. text. Rate constants are given in units of h-1. 

 

f)e)

d)c)

b)a)
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Thus, one of them can be chosen rather freely. For the example given, the relation between        

k-2 and k-1 is shown as a diagram in Figure 9.6.d. If k-1 is chosen close to zero, the rise kinetics 

to the second plataeu remains determined by k2. If, however, k-1 reaches the order of k2, the 

second rise becomes faster (see. Figure 4.23B). Thus, we fixed k-1 to about 1/10 of the value 

of k2. The corresponding values of k-1 and k-2  are listed in Table 9.1./9.2. together with their 

boundaries defined by equation (S4). 

Ligation of GlcAcNH2 – Extended Reaction System 

In one case (reaction of 5 mM GlcNAcNH2, 10 equiv. ethoxyamine, pH 5) there is a third 

inflection point in the kinetic product curve. Such a behavior cannot be represented by a 

function with two exponentials only, but needs a third exponential. The minimum requirement 

of the kinetic scheme is a fourth species X. This species must be produced from the ligation 

product. Therefore, we extended the reaction scheme as follows 
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 (S5) 

with the pertinent system of differential equations: 

 
1 1( ) ( ) ( ) ( ) ( )h ha t k a t k a t k b t k p t− −= − − + +  (S6a)  

2 -2( ) ( ) ( ) ( ) ( )h hb t k a t k b t k b t k p t−= − − +  (S6b) 

PX XP( ) ( ) ( )x t k p t k x t= −   (S6c) 

1 2 -1 -2 XP( ) ( ) ( ) ( ) ( ) ( ) ( )PXp t k a t k b t k p t k p t k p t k x t= + − − − +  (S6d) 

A curve fit based on this mechanism is shown in Figure 9.7., given together with the values of 

the rate constants and the triexponential fit-function. There are three rate constants (time 

constants):  

(i) 10.5 h-1 (5.7 min), (ii) 0.60 h-1 (1.7 h), (iiI) 0.031 h-1 (32 h) corresponding (i) to the formation 

of the product P from A (GlcNAcNH2) and, simultaneously, of some amount of the hydrolysis 

product B (GlcNAc), (ii) to the formation of an equilibrium amount of X from P and (iii) to the 

formation of P, with an equilibrium concentration of X, from B.  

Regarding the rate parameters, we note that k-1 can be varied in a wide range without changing 

the product yield. However the final increase of the signal is shifted to shorter times (i.e. the 
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third time constant becomes shorter) as k-1 approaches the order of magnitude of k2. A value 

of k1 = 0.001 h-1 does not yet change the kinetics noticeably, but seems of plausible order of 

magnitude (as compared to k-2 and k-h) 

Speculating about the chemical nature of the form X, that is obviously not visible by a distinct 

NMR signal, we suggest an addition of the reagent oxyamine to form the aminal (see Scheme 

4.13.). 

 

Figure 9.7.: Fit of the product formation kinetics shown in Figure 4.22.A for the ligation reaction of 
GlcNAcNH2.The fit ist based on the mechanism (S5) with the system (S6) of kinetic equations. 
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Table 9.1.: Rate constants in units of h-1 for oxyamine ligation reactions with sugar concentrations of 
36 mM and 5 equiv of ethoxyamine to Figure 4.21. in Results and Disscussion Part III.  

 

 

entry pH sugar 
aniline  

(100 mM) 

36 mM sugar 

k1 k-1 k2 k-2 kh k-h 

1 5 GlcNAcNH2  25 0.03 0.30 0.045 6.2 0.05 

2 5 GlcNAc + -- -- 0.35 0.06 -- -- 

3 5 GlcNAc – -- -- 0.30 0.027 -- -- 

4 6 GlcNAcNH2 – 8.0 0.005 0.005 0.0045 1.6 0.0045 

5 6 GlcNAc + -- -- 0.080 0.017 -- -- 

6 6 GlcNAc – -- -- 0.050 0.012 -- -- 

7 7 GlcNAcNH2 – 1.5 0.013 0.13 0.052 0.50 0.011 

8 7 GlcNAc + -- -- 0.030 0.011 -- -- 

9 7 GlcNAc – -- -- 0.010 0.004 -- -- 

10 8 GlcNAcNH2 – 0.37 0.03 0.005 0.016 0.4 0.10 

11 8 GlcNAc + -- -- 0.006 0.004 -- -- 

12 8 GlcNAc – -- -- 0.005 0.003 -- -- 
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Table 9.2.: Rate constants in units of h-1 for oxyamine ligation reactions with sugar concentrations of 
5 mM and 10 equiv of ethoxyamine to Figure 4.22. in Results and Disscussion Part III. 
 

 

equiv. 

NH2OEt 
pH sugar 

catalyst  

(100 mM) 

5 mM sugar 

k1 k-1 k2 k-2 kh k-h 

10(1)  5 GlcNAcNH2  8 0.001 0.03 0.0025 2.5 0.0038 

10 5 GlcNAc aniline -- -- 0.25 0.035 -- -- 

10 5 GlcNAc PDA -- -- 0.30 0.040 -- -- 

10 5 GlcNAc -- -- -- 0.051  0.008 -- -- 

10 6 GlcNAcNH2  5.0 0.0007 0.007 0.0006 3.0 0.0022 

10 6 GlcNAc aniline -- -- 0.040 0.006 -- -- 

10 6 GlcNAc PDA -- -- 0.020 0.025 -- -- 

10 6 GlcNAc -- -- -- 0.012 0.002 -- -- 

20 6 GlcNAcNH2  8.0 0.0015 0.015 0.002 2.6 0.0037 

20 6 GlcNAc aniline -- -- 0.060 0.006 -- -- 

20 6 GlcNAc -- -- -- 0.015 0.003 -- -- 

20 6 GlcNAc PDA -- -- 0.230 0.015 -- -- 

50 6 GlcNAcNH2  12 0.002 0.02 0.001 1.5 0.005 

50 6 GlcNAc aniline -- -- 0.11 0.012 -- -- 

50 6 GlcNAc -- -- -- 0.06 0.004 -- -- 

50 6 GlcNAc PDA -- -- 0.28 0.007 -- -- 

10 7 GlcNAcNH2  0.55 0.001 0.015 0.004 0.3 0.003 

10 7 GlcNAc aniline -- -- 0.010 0.003 -- -- 

10 7 GlcNAc PDA -- -- 0.090 0.010 -- -- 

10 7 GlcNAc -- -- -- 0.002 0.0006 -- -- 

10 8 GlcNAcNH2  0.06 <0.0007 < 0.001 --  -- -- 

10 8 GlcNAc aniline -- -- 0 0 -- -- 

10 8 GlcNAc PDA -- -- 0.014 0.0018 -- -- 

10 8 GlcNAc -- -- -- 0.0007 0.001 -- -- 

 (1) In this case, kinetics shows an interme diate minimum (dip) that is incompatible with the simple reaction 
scheme. Data refer to fit with an extended kinetic model, involving a side-product X in equililbium with the 
products.  
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Kinetics of Hydrolysis 

 

Most of the kinetics at pH 5 – 7 are not monoexponential, indicating that the process is not a 

one-step reaction. During the first 10 – 30% of hydrolysis, the kinetics is much fast than for the 

rest.Thus, except for the case of pH5 biexponential fits were employed. The obtained fits and 

parameters are given in Figure 9.8. 

 

Figure 9.8.: Data and fit curves for GlucNAcNH2 hydrolysis at vaious pH. Except for pH5 the curve fits 
are biexponential. Beyond the given time limits the curves decay monoexponentially with the smaller of 
the two exponential decay constants. 
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