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1 Abstract 

The importance of carbohydrate structures is enormous due to their ubiquitousness in our lives. 

The development of so-called glycomaterials is the result of this tremendous significance. 

These are not exclusively used for research into fundamental biological processes, but also, 

among other things, as inhibitors of pathogens or as drug delivery systems. This work describes 

the development of glycomaterials involving the synthesis of glycoderivatives, -monomers and 

-polymers. Glycosylamines were synthesized as precursors in a single synthesis step under 

microwave irradiation to significantly shorten the usual reaction time. Derivatization at the 

anomeric position was carried out according to the methods developed by Kochetkov and 

Likhorshetov, which do not require the introduction of protecting groups. Aminated saccharide 

structures formed the basis for the synthesis of glycomonomers in β-configuration by 

methacrylation. In order to obtain α-Man-based monomers for interactions with certain α-Man-

binding lectins, a monomer synthesis by Staudinger ligation was developed in this work, which 

also does not require protective groups. Modification of the primary hydroxyl group of a 

saccharide was accomplished by enzyme-catalyzed synthesis. Ribose-containing cytidine was 

transesterified using the lipase Novozym 435 and microwave irradiation. The resulting 

monomer synthesis was optimized by varying the reaction partners. To create an amide bond 

instead of an ester bond, protected cytidine was modified by oxidation followed by amide 

coupling to form the monomer. This synthetic route was also used to isolate the monomer from 

its counterpart guanosine. After obtaining the nucleoside-based monomers, they were block 

copolymerized using the RAFT method. Pre-synthesized pHPMA served as macroCTA to yield 

cytidine- or guanosine-containing block copolymer. These isolated block copolymers were then 

investigated for their self-assembly behavior using UV-Vis, DLS and SEM to serve as a 

potential thermoresponsive drug delivery system. 
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1      Kurzfassung 

Die Bedeutung von Kohlenhydratstrukturen ist immens, da sie in unserem Leben 

allgegenwärtig sind. Die Entwicklung sogenannter Glykomaterialien ist das Ergebnis dieser 

großen Bedeutung. Diese werden nicht nur zur Erforschung grundlegender biologischer 

Prozesse eingesetzt, sondern unter anderem auch als Hemmstoffe für Krankheitserreger oder 

als Wirkstofftransportsysteme. Die vorliegende Arbeit beschreibt die Entwicklung von 

Glycomaterialien durch die Synthese von Glycoderivaten, -monomeren und -polymeren. 

Glycosylamine wurden als Vorstufen in einem einzigen Syntheseschritt unter 

Mikrowellenbestrahlung synthetisiert, um die übliche Reaktionszeit deutlich zu verkürzen. Die 

Derivatisierung an der anomeren Position wurde nach den von Kochetkov und Likhorshetov 

entwickelten Methoden durchgeführt, die keine Einführung von Schutzgruppen erfordern. Die 

aminierten Saccharidstrukturen bildeten die Grundlage für die Synthese von Glycomonomeren 

in β-Konfiguration durch Methacrylierung. Um α-Man-basierte Monomere für Interaktionen 

mit bestimmten α-Man-bindenden Lektinen zu erhalten, wurde in dieser Arbeit eine 

Monomersynthese durch Staudinger-Ligation entwickelt, die ebenfalls keine Schutzgruppen 

erfordert. Die Modifizierung der primären Hydroxylgruppe eines Saccharids wurde durch 

enzymkatalysierte Synthese erreicht. Ribosehaltiges Cytidin wurde mit Hilfe der Lipase 

Novozym 435 und Mikrowellenbestrahlung umgeestert. Die resultierende Monomersynthese 

wurde durch Variation der Reaktionspartner optimiert. Um eine Amidbindung anstelle einer 

Esterbindung zu erzeugen, wurde geschütztes Cytidin durch Oxidation und anschließende 

Amidkupplung modifiziert, um das Monomer zu bilden. Dieser Syntheseweg wurde auch zur 

Isolierung des Monomers aus seinem Gegenstück Guanosin verwendet. Nach der Gewinnung 

der nukleosidbasierten Monomere wurden diese mit Hilfe der RAFT-Methode 

blockcopolymerisiert. Vorsynthetisiertes pHPMA diente als MakroCTA, um Cytidin- oder 

Guanosin-haltige Blockcopolymere zu erhalten. Diese isolierten Blockcopolymere wurden 

dann mit UV-Vis, DLS und SEM auf ihr Selbstorganisationsverhalten untersucht, um als 

potenzielles thermoresponsives Drug-Delivery-System zu dienen. 
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2 Introduction 

Sugar structures, also called glycans, are found everywhere. This makes them the most 

abundant organic molecules on Earth with crucial functions; be it glucose (Glc) as an energy 

supplier, sucrose in sweets or cellulose as cotton for textile processing.[1,2,3] 

Today’s zeitgeist focuses in particular on sustainability. Developments in recent years 

regarding synthetic waste have greatly increased the market for sustainably labeled 

biodegradable artificial products.[4] Bioplastics already present on the market include polylactic 

acid (PLA)- based plastics. PLA is sourced from renewable sugar-based raw materials. Due to 

their ubiquity, carbohydrates in biomasses also play a major role in the field of renewable 

energy.[5,6] Research results indicate that carbohydrates from renewable biomass may be a 

suitable high-density hydrogen carrier for clean energy storage. So far, sugar structures from 

biomasses have in fact been used as a renewable energy source themselves.[7,8] Biomasses 

contain high energy content and are not as limited compared to fossil resources. Liquid fuels 

are already being added to gasoline blends to reduce the consumption of restricted fossil fuels. 

This is possible via a production of ethanol as biofuel by catalysis of sugar molecules.[9,10] Furan 

derivatives, which are also derived from lignocellulose in biomass, have a higher energy density 

than ethanol and are being discussed as an alternative to bioethanol. By suitable catalysis, a 

clean fuel with low pollution emissions can therefore be obtained.[6,11] The utilization of sugar 

in the energy sector was inspired by nature. As glycogen in bacteria and animals or starch in 

plants, sugars are of great importance as biological fuel stores and biosynthetic starting 

materials.[12,13,14] 

Pure Glc or breaking down starch into Glc from food is metabolized as an energy 

source.[15] As a nutrient, sugar is in nearly all foods, whether in natural or processed food. 

Besides the best-known table sugar sucrose, there is Glc or fructose, which is contained in 

honey, fruits and vegetables. The slight sweetness of milk is owed to the disaccharide lactose 

(Lac).[16,17] However, they are not only sources of energy and thus an indispensable part of our 

diet, but also contribute significantly to the formation of structure and protection, for example 

as cellulose in the cell walls of plants or as chitin in the exoskeleton of arthropods.[18,19] This 

stability-giving property was the basis for the development of protective encapsulation systems 

for drugs in the pharmaceutical industry.[20,21] For example, starch is often used as a vegan 

alternative to gelatin to contain active ingredients.[22,23] Sugar structures can not only serve as a 

protective capsule for the active compound, but can also be the drug itself. Heparin, for instance, 
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is prescribed as an anticoagulant drug for the prevention and treatment of thrombosis and 

occlusive diseases of the veins and arteries, while D-mannose (Man) is used as a competitive 

inhibitor to prevent and treat urinary tract infections caused by Escherichia coli (E. coli).[24,25]  

The polysaccharide hyaluronic acid has gained popularity as a lip filler or wrinkle 

smoothing agent in cosmetic surgery. The glycoprotein collagen is also used as an anti-aging 

agent for direct injection or as an admixture in creams, as it is a constituent of our skin.[26] The 

main function of collagen is to provide structure and is located in white inelastic fibers of 

tendons, ligaments, cartilage and bones, among others.[27] Glycoproteins and glycolipids are, as 

the name suggests, glycan structures attached to the respective biomolecules. Without this 

glycosylation, proteins and lipids cannot function properly in some cases. For example, glycans, 

as part of the glycocalyx, densely coat every living cell with glycosylated proteins and lipids or 

the cell wall in plants, which are needed for any kind of interaction, be it with other cells, active 

substances or organisms.[28] Carbohydrates are bound to most cellular and secreted proteins, 

which can affect protein function. Glycolipids are mainly participating in the process of immune 

response and cell-cell interactions.[29,30] Thus, they are responsible for blood group 

classification by communicating the interaction of the cell with its environment. This division 

into blood groups is based on the determination of the oligosaccharide bound to a specific 

glycolipid on the surface of the red blood cells.[31] Along with desoxyribonucleic acid (DNA) 

/ribonucleic acid (RNA) and proteins, glycans therefore belong to one of the main classes of 

biopolymers that even contain carbohydrate structures or whose activity is based on glycans. 

Incorporated into our RNA and DNA as the monosaccharide ribose or related desoxyribose 

forming the backbone, they are involved in transmitting and storing genetic information. They 

are also commonly found as important structures of coenzymes such as adenosine triphosphate 

(ATP), nicotinamide adenine dinucleotide (NAD) or flavin adenine dinucleotide (FAD), which 

have vital roles in our metabolism pathways.[32,33] Even though sugar is a crucial key to life, it 

may be involved in diseases. The common disease diabetes mellitus, for example, describes a 

metabolic disorder of carbohydrates. Due to the lack of the polypeptide hormone insulin, the 

patient suffers from hyperglycemia, an increase in blood sugar level. Congenital disorder of 

glycosylation (CDG) is characterized by dysfunction of a wide variety of organs and is the 

result of defects or a deficiency of glycosylation to tissue proteins or lipids.[34,35]  

It is thus evident that sugar structures are found in abundance and form the basis for our 

life in many ways.  
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3  State of the Art  

3.1 Glycoscience 

The science of carbohydrates is one of the oldest fields of research and has long been 

underrated. Emil Fischer’s impressive findings on the stereochemistry of Glc were recognized 

with a Nobel Prize, thus laying the first building block for further research with and on sugars, 

focused on their role as energy storage and supplier.[36] In recent years, however, glycoscience 

has become one of the most valuable disciplines in the field of life science and material science 

due to its diversity mentioned above. The omnipresence of carbohydrates leads to applications 

from medical/ pharmaceutical matters as drugs or drug vehicle, for use in the energy sector as 

fuel to biofunctional materials like biocompatible implantable medical devices.[37,38,39,40,41]  

Due to their high complexity, codes and symbols were assigned to monosaccharides for 

simplification. The term glycan refers to any sugar or assembly of sugars, whether in free form 

or attached to another molecule. Carbohydrate or saccharide is a more general term, which 

includes monosaccharides, oligosaccharides, polysaccharides and their derivatives. Covalently 

attached glycan units to a non-carbohydrate moiety like protein or lipid are described as 

glycoconjugates. 

 

Figure 1. Major monosaccharides in vertebrates: Glc, N-acetylglucosamine (GlcNAc), galactose (Gal), 

N-acetylgalactosamine (GalNAc), Man, xylose (Xyl), glucuronic acid (GlcA), fucose (Fuc), N-

acetylneuraminic acid (NeuAc). 

Nine major monosaccharides were identified as building blocks for most abundant 

glycans in vertebrates (Figure 1). These monosaccharides are linked through glycosidic bond 
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to form complex glycans, found on the surface of every living cell, among other places. They 

are involved in important biological processes such as immune response, cellular and pathogen 

recognition, as well as fertilization.[29,42,43]  

 

3.1.1 Glycochemistry 

 

Figure 2. From monosaccharide to polysaccharide. 

In terms of a molecular context, sugars are defined as (poly)hydroxylated carbon chains 

with aldehyde, ketone or their hydrolyzed functional groups and are classified in three major 

groups depending on the degree of polymerization: sugars, oligosaccharides and 

polysaccharides. Short structures such as monosaccharides and disaccharides belong to the 

group of sugars. Structures increased to three to nine units, linked by glycosidic bonds, are 

categorized as oligosaccharides and above that the term polysaccharides is used (Figure 2).[44]  

 

Figure 3. Examples of O-glycosidic bond (Lac), N-glycosidic bond (adenosine) and S-glycosidic bond 

(glucosinolate). 

The glycosidic linkage is a result of a dehydration reaction after losing a hydroxyl group 

from one monosaccharide and a hydrogen atom from the other carbohydrate or another 

molecule. Depending on the atom found between the two linked species, the bond is referred 

as an O-, N- or S-glycosidic bond with different lability towards hydrolysis (Figure 3). The most 

common naturally present polysaccharides are linked by an O, while nucleosides in our genetic 

information have an N-glycosidic linkage. The anomeric center leads to either an α- or β-

glycosidic binding.[45]  
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Figure 4. D- and L- configuration of Glc in a) Fischer projection and b) chair conformation. 

The asymmetry of carbohydrates leads to two possible configurations, D and L, 

depending on the orientation of asymmetric carbon atom farthest from the carbonyl group in 

the standard Fischer projection (Figure 4a). The preferred conformation is usually the more 

stable five- or six-ring in chair conformation, called furanose or pyranose, respectively (Figure 

4b).  

 

Scheme 1. Mutarotation of Man from α- to β- configuration. 

Among other things, they can be classified into sugar alcohols, sugar acids, amino 

sugars, deoxy sugars and more. They are exhibiting an isomerism in which the aldehyde or 

ketone group of the open monosaccharide chain reacts with a hydroxyl group of another carbon 

atom. This formation of a hemiacetal or hemiketal leads to a heterocyclic ring with an oxygen 

atom between two carbon atoms. This is a reversible equilibrium reaction and results in two 

anomers due to the anomeric carbon as the stereogenic center. The α anomer refers to hydroxyl 

groups in axial position, whereas β anomers implies the opposite, hydroxyl groups in equatorial 

position (Scheme 1).[46,47]  

 

3.1.2 Glycobiology 

Glycobiology research focuses on the investigation of sugar-mediated biological 

interactions combined with the design of inhibitors. As so-called glycoconjugates, glycosylated 

biomolecules are involved in essential biological functions including cell-cell interaction and 
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the recognition of viruses, bacteria and other pathogens as foreign bodies. Insights into these 

functions are the basis for the development of glyco-drugs that can influence targeted biological 

processes.[29,42,43]  

 

Figure 5. Complex biantennary glycan structure of human endogenous immunoglobulin (IgG). 

Besides nucleic acids, proteins and lipids, glycans play an enormously important role in 

storage of information due to their high complexity. Such complex information stores are 

conceivable considering the large variety of regio- and stereoisomers that arise in highly 

branched biopolymers starting from monosaccharides. Glycans cover every living cell as dense 

and complex layers to control biological processes by interacting with proteins. This wide 

variety of monosaccharide structures leads to a lining up resulting in an individual “glycocode” 

to store necessary information with a high capacity. For example, compared to peptide 

dendrimers, their glycosylated forms can store more information related to complexity, 

biological activity or structural variability. Unlike peptide bonds, which are in a linear structure 

due to their defined sequence, glycans achieve higher diversity by anomeric configuration, 

glycosidic linkage position, sugar ring size and branching of the oligomers (Figure 5). Decoding 

of this glycocode was performed much later compared to those of peptides and nucleotides due 

to the more challenging and time-consuming structure determination of glycans. However, this 

diversity and thus complexity ensures that glycans have a higher information potential than 

nucleic acids and proteins.[48]  
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Figure 6. Crystallographic structure of a tetramer of the lectin concavalin A (ConA).[49] 

The protein class lectins plays a key role in this process, as they are capable of reading 

the information code by interacting with carbohydrate structures through high specificity 

(Figure 6). They mostly include at least two binding sites, referred to as either di- or polyvalent, 

which can detect free sugar molecules, as well as glycoconjugates. These proteins are vital for 

many biological processes and are therefore found in all biological systems. Processes like cell 

adhesion, cell agglutination or cell recognition via lock-key-principle are attributed to lectins. 

The recognition takes place through reversible binding by a combination of hydrophobic 

stacking, van der Waals interactions and hydrogen bond interactions of the numerous hydroxyl 

groups of the sugar units with the amino acids of lectins. In addition, high specificity via metal 

coordination of divalent ions like Ca2+ or Mn2+ is common. The presence of these ions leads to 

the coordination of specific amino acid residues in the carbohydrate recognition domain (CRD) 

to specifically bind the hydroxyl groups of the carbohydrate structures.[50,51]  
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Figure 7. Multivalency mechanisms divided into a) chelation, b) rebinding, c) clustering and 

d) aggregation. 

The binding affinities are enhanced by the multivalency or cluster glycoside effect[52] as 

the highly specific interaction of lectins and carbohydrates are usually weak. The term 

multivalency describes a reversible, non-covalent attachment of multiple receptors of one type 

(e.g. lectins) to multiple ligands of another species (e.g. sugar ligands). One prominent, visible 

example is the burdock with its several small hooks, which can adhere to fleece surface. Lectins 

are inherently multivalent receptors, as they feature more than one binding site and interact with 

copies of a monovalent ligand simultaneously. The glycocalyx, for example, the glycan coating 

of cellular surfaces, shows this behavior of carbohydrates and their multiple interactions. A 

higher complexity of the interactions can be achieved by using additional binding partners in 

this recognition process. Influencing the avidity, i.e. the final affinity in a multivalent system, 

by a mechanism can be inter- or intramolecular or a combination of both at the same time. These 

mechanisms of the multivalent effect involve receptor chelating, statistical rebinding, clustering 

and aggregation (Figure 7).[53,54] These lectin-glycan interactions are of central importance, as 

they are involved in fundamental processes, such as signal transduction, host-pathogen 

recognition, infection, fertilization and tissue adhesion. The multiple involvement in biological 

events leads to the design of glyco-related drugs that intervene in the process. Thus, 

carbohydrate research requires the basic understanding of lectins in their function and 

specificity.[29,30,42,43] 
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3.2 Glycomaterials 

The ubiquity of glyco-structures and especially the recognition of lectins to trigger 

biological interactions led to a great interest in carbohydrate-containing materials. Methods to 

isolate synthetic polysaccharides are plentiful, but they are associated with drawbacks. On 

account of the similar chemical composition of the respective monosaccharides due to the many 

hydroxyl groups, the synthesis of polysaccharides from them requires a time-consuming 

introduction of protecting group chemistry. Advanced techniques, such as automated solid 

phase synthesis, allow isolation of short oligosaccharides in low yield, while more easily 

synthesized glycoclusters show insufficient valency towards lectins.[55,56,57] The application of 

glycopolymers instead as mimics of natural glycoconjugates can overcome these limitations. 

These can be synthesized in a defined manner with high molecular weight and simultaneously 

high yield. Furthermore, they show increased binding affinity to lectins as receptors on cell 

surfaces, since they offer a larger number of ligands and therefore trigger the effect of 

multivalency.[58,59]  

 

3.2.1 Synthesis of Synthetic Glycoconjugates 

3.2.1.1 Glycopolymers 

Natural glycoconjugates can be mimicked by glycopolymers as multivalent ligands, 

which bear repeating units of monosaccharides and/or oligosaccharides as pendant groups. This 

imitation allows us the development of new materials or to gain insights into recognition 

processes in which naturally occurring lectins are involved. The larger the monovalent 

polysaccharide, the more problematic its solubility, as can be observed in the example of 

cellulose. The use of glycopolymers as multivalent ligands can circumvent this, as their 

solubility is often enhanced. The individual saccharides are held in place by a synthetic 

backbone to form glycopolymers, unlike polysaccharides in which glycosidic bonds between 

the single saccharide take over this task. The similarity of the many alcohol groups to each other 

poses a challenge for the synthesis of polysaccharides, glycoproteins and -lipids. In addition, 

these hydroxyl groups are relatively unreactive and thus derivatization is only possible after 

activation. Synthesized polysaccharides, glycoproteins and -lipids can be obtained by chemical 

or enzymatic reactions. Suitable polymerization techniques of glycostructures, however, allow 

the isolation of materials with controlled sugar amount and polymer length in different 
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architectures. These include linear glycopolymers, glycodendrimers and spherical 

glycopolymers like vesicles, micro- and nanoparticles, as well as micelles. Not only the 

glycopolymer morphology influences the lectin-glycopolymer-interaction, but also properties 

including molecular weight, polymer rigidity or the density of carbohydrate structures.[60,61] The 

potential application of glycopolymers allows for broad development in areas, such as protein 

and bacterial detection, viral inhibition, tissue engineering or surface modification. [62,63,64,65] 

 

Scheme 2. Synthesis of glycopolymers via a) post-polymerization modification or b) direct 

polymerization of glycomonomers. 

Glycopolymers can be synthesized either by addition of carbohydrate structures to 

existing polymers via post-polymerization modification or by direct polymerization techniques 

of glycomonomers previously synthesized (Scheme 2).  

 

3.2.1.1.1 Post-Polymerization Modification 

Existing or previously synthesized polymers can be derivatized with sugar structures 

via conjugation of the reactive functional groups. This method is suitable to isolate 

glycopolymers, which cannot be prepared from direct polymerization of monomers due to low 

tolerance to functional groups during polymerization. In addition, this method is applicable for 

glycomonomers, which tend to self-polymerize during purification attempts. This approach 

enables the attachment of sugar structures without tedious protection and deprotection steps. 
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Scheme 3. Synthesis of Man-based glycopolymer via azide-alkyne Huisgen cycloaddition. 

Click chemistry is due to its advantages one of the most common and valuable methods 

for post-glycosylation of polymers. Included chemical reactions are stable towards most 

functional groups and water, are stereospecific, as well as generating low byproducts, while 

having a high efficiency. The classical click reaction, known as copper-catalyzed azide-alkyne 

cycloaddition (CuAAC), allows the linkage of azide-functionalized sugars to a polymer 

backbone containing alkyne functional groups or, inversely, the coupling of alkyne sugars to 

azide-bearing polymers. This 1,3-dipolar cycloaddition occurs via the formation of a 5-

membered heteroatom ring. Double hydrophilic block glycopolymer for self-assembly studies 

via coordination and hydrogen bonds was synthesized this way. Therefore, the polyethylene 

glycol (PEG)-based, propargyl-containing parent blockcopolymer was isolated using the 

reversible addition-fragmentation chain-transfer (RAFT) polymerization technique. For the 

counterpart, Man or Gal were converted to the azide derivative without the need of protection 

and deprotection steps. The resulting Man or Gal azide were coupled to the propargyl 

functionality using a Cu(II) catalyst with the addition of the reducing agent sodium ascorbate 

by producing Cu(I) in situ (Scheme 3).[66,67] Alternatively, a Cu(I) species can be used directly 

to connect azide functionalized sugars with a propargyl containing polymer, which was isolated 

after the removal of the prior introduced trimethylsilyl protection group.[68,69] Unlike CuAAC, 

thiol click reactions do not require metal catalysts, while they also have high efficiency and no 

sensitivity to water and oxygen.  
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Scheme 4. Synthesis of glycopolymers via amidation. 

Aminosaccharides can be directly attached to a parent polymer without the use of 

protecting groups due to the increased nucleophilicity of the amine group relative to the alcohol 

functional groups. Instead of natural amino sugars, such as glucosamine, galactosamine or 

mannosamine, amine-functionalized saccharides synthesized via chemical reactions can be 

used. Post-modification via an amide linkage is only feasible with polymers having active 

carbonyl functionalities, such as N-hydroxysuccinimide (NHS) esters, anhydrides, p-

nitrophenyl carbonate or carboxylic acids (Scheme 4).[70,71,72,73] Conversely, the amine 

functionality may be pendant to the polymer, which then attacks the sugar molecule via 

reductive amination.[74,75]  

 

3.2.1.1.2 Polymerization of Glycomonomers 

A wide variety of polymerization techniques allows the isolation of glycopolymers from 

monomers with carbohydrate moieties. These can be categorized into two principal groups of 

radical polymerizations, free radical polymerization (FRP) and reversible-deactivation 

polymerization (RDRP). In addition, synthesis of glycopolymers is also possible via living 

anionic polymerization, photopolymerization, ring-opening polymerization (ROP) or ring-

opening metathesis polymerization (ROMP), among others.[76,77,78,79,80,81] 

The most commonly used approach for glycopolymerization is conventional FRP due 

to the advantages of scalability, low tolerance to impurities, commercial availability of 
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initiators, low costs, as no deactivators or catalysts are necessary, and a wide range of reaction 

temperatures and solvents. The use of highly polar solvents, such as water, dimethyl sulfoxide 

(DMSO) or methanol, are recommended due to the solubility of the polar glycomonomers and 

the resulting polymers. Unprotected, as well as with protecting groups modified 

glycomonomers, were polymerized in this polymerization way.[82,83,84]  

The disadvantages in terms of controlling the molecular weight and thus the molecular 

weight distribution can be reduced by using RDRP techniques, including atom transfer radical 

polymerization (ATRP), RAFT and nitroxide-mediated polymerization (NMP). They all 

represent an outstanding method to isolate glycopolymers with functional terminals, polymer 

architecture, a controlled targeted molecular weight and a narrow molecular weight distribution, 

therefore a lower polydispersity can be achieved. ATRP enables the polymerization at low 

temperatures, which is beneficial for glycomonomers and the resulting polymers with lability 

towards high temperatures. Due to its high tolerance to functional groups, the application of 

ATRP is particularly popular in the polymerization of unprotected carbohydrate monomers. It 

requires an initiator in the form of an alkyl halide and a transition metal complex as a 

catalyst.[85,86] The use of toxic copper ions or other transition metal complexes, as catalysts is 

necessary for ATRP and therefore not suitable in the development of biomedical applications, 

as purification must be done with the highest degree of care. Furthermore, surfaces can be 

modified accordingly by surface-initiated ATRP. For instance, glycopolymer brushes have 

been placed on surfaces to develop biointerfaces.[87,88]  
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Scheme 5. Proposed mechanism of RAFT polymerization: a) radical formation, b) initiation, 

c) equilibrium between active and dormant species, d) re-initiation by formation of Pm•, e) equilibrium 

between active and dormant species and f) termination reaction. 

RAFT polymerization is economical in its handling and thus a popular method for the 

synthesis of glycopolymers. This technique has similar advantages to ATRP, except that instead 

of using metal catalysts for polymerization mediation, RAFT also requires a chain transfer agent 

(CTA), also called a RAFT agent. It consists of an R- and a Z-functional end group, which must 

be selected carefully in advance. Its control is based on reversible chain transfer reactions in 

which growing radical chains are added to the RAFT agents. The resulting radical intermediate 

fragments to different sides due to the agent structure, so that in turn an agent and a radical for 

propagation are formed back. Thus, the probability of propagation is evenly distributed among 

all chains. The average chain length of the polymer formed is proportional to the RAFT agent 

concentration, as well as the reaction conversion. Common initiators, such as 

azobisisobutyronitrile (AIBN) or 4,4-azobis(4-cyanovaleric acid) (ACVA), are used for 

initiation and thus initial chain growth (Scheme 5). Decomposition into two fragments (I•) 

results in reaction with the monomer resulting in propagating radical polymer (Pn
•). CTAs, 

typically dithiocarbamate-, trithiocarbonate- or dithioester-based molecules drive the formation 

of adduct radical through the actively growing chain Pn
•. Pre-equilibrium is set by the cleavage 

of R•, which forms another active polymer chain Pm
• from M again as an actively propagating 
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radical. Subsequently, Pm
• attaches to the functional chain end-group, which leads to 

equilibrium between active and dormant species. Since these are conventional free radical 

reactions, the occurrence of termination reactions cannot be prevented. The reaction of two 

radically reactive forms leads to a dead polymer. 

This polymerization method enabled the synthesis of numerous glycopolymers, such as 

GlcNAc- and N-acetylmannosamine-containing polymers, that equip tumor cells and elicit an 

increased immune response.[89] Furthermore, this technique was used to polymerize a fructose-

based glycopolymer, which enhanced the potential of multiwalled carbon nanotubes in cancer 

therapy.[90] 

NMP is not as common in the synthesis of glycopolymers compared to ATRP and 

RAFT, as the latter modern polymerization techniques are more convenient to perform. High 

reaction temperatures and a polymerization initiation by a homolytic cleavage of alkoxyamine 

are the reason for the lower reports of NMP-mediated glycopolymers. 

 

3.2.1.2 Glycomonomers 

 

Scheme 6. Transition metal-catalyzed synthesis of glycomonomers. 
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Polymerizations require the prior synthesis of glycomonomers. Transition metal-

catalyzed synthesis is a common method to introduce polymerizable groups into carbohydrate 

molecules at the anomeric position. Au(III) ions activate anomeric alkynes, which resulted in 

the formation of Gal-, Man- and Glc-based acrylamides (Scheme 6a).[83,91] Pre-synthesized 

glycosyl halides can be derivatized with a polymerizable functional group via the Koenigs-

Knorr glycosylation mechanism using Ag(I) salts as the catalyst (Scheme 6b).[87,92] In addition, 

the most famous representative in click-chemistry, CuAAC, enables the synthesis of 

glycomonomers by combining an azide functionality with alkynes (Scheme 6c).[93,94] However, 

due to the presence of transition metals, metal-catalyzed glycosylation can only be used for 

subsequent biomedical materials after these have been thoroughly removed.  

 

Scheme 7. Synthesis of glycomonomer via anomeric activation. 

Moreover, activation of the sugar anomeric position with trichloroacetimidate leads to 

the isolation of glycomonomers (Scheme 7).[95,96] Both methods of glycosylation, metal-

catalyzed and anomeric activation, require the introduction of protecting groups, which 

prolongs the synthetic route of glycomonomers. 

 

Scheme 8. Synthesis of Gal-bearing glycomonomer via esterification. 

A simple synthesis route to isolate a glycomonomer is the etherification or esterification. 

These methods allow a selective modification on different C positions of the saccharide, 

depending on the hydroxyl group protecting strategies and saccharides. By leaving one 

hydroxyl group unprotected, this targeted hydroxyl group can be etherified or esterified, which 

can react with a halogenated acceptor molecule under basic conditions (Scheme 8).[97,98,99,100] 
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Scheme 9. Synthesis of glycomonomers via enzyme catalysis. 

The employment of hydrolases, such as glycosidases, proteases and lipases, enable 

esterification without the use of protecting groups, which is why interest in biocatalysis related 

to glycomonomer syntheses has increased in recent years. Hydrolases (EC 3) belong to the class 

of enzymes, which promotes the bond cleavage of for example esters, peptides or glycosides 

by hydrolysis. Glycosidases, proteases and lipases can not only catalyze hydrolysis reactions, 

but also the formation of ester-, amide- and glycosidic bonds.[101] The particular advantage of 

biocatalysis is that the enzymes are non-toxic, as well as biodegradable, and operate even under 

mild reaction conditions. These environmentally friendly properties need to be considered in 

terms of green chemistry. Nevertheless, reaction conditions with enzymes must be precisely 

adjusted in pH and temperature, which makes the use of biocatalyst challenging to achieve high 

yields.  

Glycosidases are used to introduce a polymerizable group to the sugar in its anomeric 

C1 position by forming a glycosyl-enzyme intermediate (Scheme 9a). Pure anomeric products 

in α- or β-configuration depend on the enzyme type. As glycosidase hydrolyzes 

oligosaccharides in the presence of water, this method is only applicable for the isolation of 

glycomonomers with a monosaccharide moiety. Small amounts of water are necessary to 

increase the solubility of the carbohydrate and to preserve the enzyme activity.[102,103,104]  
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Proteases were used to generate glycomonomers via a transesterification mechanism with 

divinyl esters. The regioselectivity of this chemoenzymatic transesterification depends on the 

saccharide type. Compared to the utilization of glycosidase with usual reaction times of 24 h, 

protease-catalyzed synthesis has a longer reaction time up to several days.[105,106] Lipases are 

enzymes, which play a significant physiological role by converting triglycerides into free fatty 

acids and glycerol. Most of them possess a lid domain to shield the active site from the 

environment. They act at the interface between hydrophilic and hydrophobic domains, whereby 

the water content influences the enantioselectivity. Lipases catalyzes mainly hydrolysis, 

transesterification and esterification reactions, depending on the reaction equilibrium. The 

equilibrium can be affected by using organic solvents, water concentration and soluble 

substrates. Immobilization on suitable insoluble, hydrophobic polymer supports, improves the 

stability and activity of lipases.[107] In addition, using hydrophobic supporting materials, such 

as acrylic resin beads, is a common method for shifting the preferred catalyzed reaction towards 

esterification. Novozym 435 is a commercially available isoform B of Candida antarctica 

(Cal B) lipase with a microporous acrylic polymer resin, which comes with a spherical pearl 

morphology. Its active site consists of a Ser-His-Asp triad. High efficiency allows the 

conversion with less by-products. Like proteases, lipases can perform in organic solvents like 

dimethylformamide (DMF), acetonitrile or butanone. Lipase-catalyzed glycomonomer 

syntheses are highly regioselective, as the esterification of primary alcohols is favored. This 

leads to a functionalization of pyranoses in the C6 position and of furanoses in the C5 position 

(Scheme 9c).[102,108] 



State of the Art

 

21 

 

 

Scheme 10. Synthesis of glycomonomer via amidation. 

However, since ester compounds tend to hydrolyze in the presence of water, isolation 

of glycomonomers via amide bond formation is preferred. This can also be accomplished 

without the use of protection groups by amidation, which belongs to the nucleophilic acyl 

substitution reactions. This reaction requires on one hand a nucleophile, in this case an amine, 

and on the other hand an electrophile with a good leaving group of an acyl derivative, such as 

acid halides, anhydrides or esters. The resulting product is the substitution of the leaving group 

by the nucleophile (Scheme 10a). An acceleration of this amidation reaction can be achieved 

by performing the reaction under acidic or basic conditions, which makes the carbonyl 

derivative more electrophilic or the amine more nucleophilic, respectively. A drug delivery 

system for hepatocellular carcinoma therapy was prepared by collaborative assembly of the 

active agent doxorubicin and Gal-bearing diblock glycopolymer.[109] The needed galactosyl 

monomer was prepared in a two-step synthesis without the introduction of protecting groups. 

For this purpose, galactose was derivatized via the Likhorshertov amination reaction and 

subsequently with acryloyl chloride via a substitution mechanism. 

The use of commercially available amino-saccharides like glucosamine hydrochloride 

enables the synthesis of 2-deoxy-2-methacrylamido-D-glucose by coupling with methacryloyl 

chloride in the presence of Et3N for future bone tissue engineering (Scheme 10b).[110]  

The saccharide derivative can not only act as the nucleophile, but also as the electrophile 

in an acyl substitution reaction. The C1 position of the sugar can be modified by oxidation to a 

lactone, which results in a formation of an electrophilic carbonyl position, followed by a 
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nucleophilic attack of a polymerizable amine (Scheme 10c). The use of protecting groups in 

this method is not necessary as well.[111,112] 

 

3.2.2 Application 

3.2.2.1 Principal Investigation of Carbohydrate-Lectin Interactions 

A big research field in glycobiology is the evaluation of reversible interactions of lectins 

with carbohydrates. Glycopolymers are most commonly used as synthetic polymers with sugar 

pendant groups to investigate carbohydrate-lectin interactions. By mimicking natural 

glycoconjugates, glycopolymers can interact with lectins in biological recognition processes 

due to their high binding affinity and specificity to sugar molecules. Using the RAFT 

polymerization technique, Gal-based copolymers were synthesized with a biotin pendant 

moiety leading to the preparation of subsequent gold nanoparticles due to biocompatibility, low 

cytotoxicity and simple functionalization reasons.[113] Recognition investigations were 

performed with the lectins Jacalin from Artocarpus intergrifolia and Ricinus communis 

agglutinin (RCA120) from castor bean. RCA120 interacts with Gal, and therefore also Lac 

residues. GlcNAc and LacNAc functionalized PEG-based microgels were prepared by applying 

a radical polymerization mechanism.[114] Prepared microgel networks showed colloidal 

behavior and contain a swollen molecular structure in the presence of water. Multivalent 

binding interactions were indicated after evaluating the high binding affinities to the 

corresponding lectins Griffonia simplicifolia II (GSII) and Erythrina cristagalli (ECL). Binding 

activities with ConA were studied by isolating SiO2 nanoparticles with Man moieties using the 

RAFT polymerization technique.[96] This required the synthesis of a suitable monomer from 

Man, which was achieved by the introduction and removal of acetylic protecting groups. These 

results contribute, among others, to the development of biomaterials from glyco-bearing 

polymers with increased efficiency for biomedical engineering or application in general. 

 

3.2.2.2 Pathogen Inhibition 

Based on carbohydrate-lectin interaction studies, multivalent glycopolymers have great 

potential as inhibitors to prevent infections of host cells caused by pathogens. The multivalency 

of these materials leads to a cluster glycoside effect, resulting in an enhancement of the 

molecular interactions with lectins, cells, bacteria and viruses. Cell infection with pathogens is 
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triggered by their interaction with sugar structures found on the surface of potential host cells. 

Pathogens achieve adhesion through their own lectins. By competing with these sugar-

recognition domains, synthetic derivatives including sugar moieties can act as inhibitors to 

prevent cell infection. Sialyllactose-based polystyrene was prepared by amination of 

sialyllactose and subsequent substitution to styrene, followed by polymerization.[115] The 

synthesized glycopolymer showed inhibition of hemagglutination of Influenza A viruses (IAV) 

with significantly increased activity compared to the oligosaccharide itself. In addition, 

different viruses can be trapped by the glycopolymer that is adsorbed on a polystyrene surface. 

Gal- and Man-bearing glycopolymers were isolated using RAFT polymerization technique and 

were tested as competitive inhibitors for viruses with various glycan functionalities like Herpes 

Simplex Virus (HSV), Merkel Cell Polyomavirus (MCPyV) and IAV.[116] Copolymerization 

with poly(N-isopropylacrylamide) (PNiPAm) lead to a glycopolymer with lower critical 

solution temperature (LCST) behavior.[117] Binding activities to E. coli and ConA depends on 

the LCST due to coil-to-globule transition of the glycopolymer. At temperatures above LCST, 

binding to ConA is weaker. In addition, steric shielding is accomplished by the formation of 

microphases of the temperature-dependent copolymer, resulting in enhanced inhibition of 

E. coli. 

 

3.2.2.3 Drug Delivery 

For controlled drug delivery in terms of time, location and concentration, numerous 

obstacles must be overcome. Low solubility, non-specific toxicity, enzymatic and 

environmental degradation, rapid clearance rates from the body and other biological barriers 

require the development of suitable drug carrier systems. The interactions between 

carbohydrates and lectins can be exploited to target the drug to the desired location in the body. 

High uptake to specific cell lines and the low cytotoxicity render glycopolymers excellent 

candidates for drug delivery. Hydrophobic drugs, like doxorubicin for tumor therapy, can be 

easily encapsulated by glyco-containing block copolymers with a hydrophobic part resulting in 

self-assembly to nanoparticles. A fluorescence active polymeric nanogel from glucosamine was 

used to load doxorubicin by adding the drug molecule to a redox responsive cross-linker.[118] 

The glycopolymer was isolated after using RAFT polymerization technique, followed by a post-

modification with the carbohydrate via click chemistry. Biological experiments revealed that 

the obtained nanogel was not cytotoxic, while it showed anticancer activities over various cell 
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lines. As the previously mentioned example, the property of the glycopolymer can be changed 

by using suitable copolymers making it, for example, thermoresponsive and thus 

programmable. A pH- and temperature-sensitive block copolymer of PNiPAm and 

poly(acryloyl glucosamine) was synthesized and evaluated a for potential drug targeting and 

drug delivery applications.[119] The fully dissolved polymer changed to a micellar structure 

above the LCST of PNiPAm, which degraded at an acidic pH of 2. To achieve sustained drug 

release, a double hydrophilic and at the same time thermoresponsive glycopolymer of Gal was 

developed.[120] The glycopolymer was synthesized using a chemo-enzymatic procedure and free 

radical copolymerization. After varying the molar fraction of the Gal monomer in the 

polymerization process, a LCST of 32 to 40 °C was obtained. The desired nanofibers were 

developed using electrospinning, which showed appropriate cytocompatibility towards HeLa 

cells and recognition of peanut agglutinin (PNA). These results indicate targeted and 

temperature regulated drug release.
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4 Methods 

4.1 Microwave (MW) Irradiation 

MWs are electromagnetic waves with frequencies of 300 MHz to 300 GHz and thus 

have a wavelength between 1 m and 1 mm. The electromagnetic energy has been increasingly 

used in synthetic settings over the last 30 years. It found application in organic, organometallic, 

inorganic and peptide synthesis, as well as in catalysis, materials science, nanotechnology and 

polymer chemistry.[121,122,123,124,125,126,127,128,129]  

 

Figure 8. Differences in the inverse temperature gradients when heating with MW irradiation (left) and 

in an oil bath (right).[127] 

Due to the steady heat distribution, the reaction yield can be increased in shorter time, 

especially for organic syntheses when compared to conventional heating with an oil bath. Heat 

compensation by conventional heating produces a temperature gradient from the outside to the 

inside resulting in a longer temperature transfer starting on the surface of the glassware. In 

comparison, using MW irradiation enables a contact-free internal heat supply due to rotational 

and vibrational motions of the molecules, which leads to a safer, more precise and more efficient 

way of heating (Figure 8). This phenomenon is referred to as dielectric heating by MW and has 

the effect of inducing the absorption of MW energy by substances, such as solvents or reagents, 

and converting it into heat. MWs interact with molecules in two ways, dipolar polarization and 

ionic conduction. In the presence of MW frequencies, the ions or dipoles of the sample align in 

the applied oscillating field. The ionic or dipole field tries to realign with the altering electric 

field, causing energy loss in the form of heat due to molecular friction and dielectricity. Ionic 

conduction describes the collision of ions in the sample with neighboring molecules or atoms 

in a similar way during oscillation.[122,126,130,131]  
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Before the advantages of MW effects become beneficial, the reactions often have to be 

optimized in a time-consuming process. Another point is that MW heating is associated with 

numerous properties of compounds due to dipolar polarization and ionic conduction. For 

example, the permittivity and thus the dielectric constant and the magnetic loss tangent matter, 

limiting the choice of solvent to be used to polar solvents. Hence, already improved synthesis 

reactions must be redesigned and optimized when they are carried out in the MW reactor, which 

is initially very time-consuming. In addition, the penetration depth decreases with larger 

volume, making upscaling of a reaction non-transferable and thus requiring optimization 

experiments to be carried out again.[132,133]  

 

4.2 Liquid Chromatography (LC) 

Chromatography describes the process of separating a mixture of substances by 

different distribution of its individual components. In this process, various substances are 

transported in the mobile phase on a stationary phase. Interactions between the sample, the 

mobile phase and the stationary phase lead to different onward transport speeds, so that 

individual substances are separated from each other. The stationary phase is the phase that 

interacts with the individual substances of a sample mixture and does not move, i.e., as the 

name implies, it remains stationary. In the LC method, this stationary phase is usually solid. 

The mobile phase is the moving phase into which the crude substance mixture is introduced at 

the beginning of the separation system. Mobile phases in LC are also called eluents and differ 

in their elution capacity, which leads to different retention times and selectivity.[134,135,136,137]  

 

Figure 9. Elutropic series of solvents for normal-phase chromatography with silica gel. 
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Solvents as eluents are sorted into an elutropic series according to increasing elution 

strength (Figure 9). This represents the solvent's ability to transport a compound. The retention 

time refers to the total time required for a substance to pass through the stationary phase. 

Interactions with the stationary phase lead to a delayed flow of individual analytes of the sample 

mixture into the mobile phase and thus to an influence on the retention time.[138,139]  

 

4.2.1 (Preparative) High-Performance Liquid Chromatography (HPLC)  

Besides manual column chromatography for the purification of crude products, 

preparative HPLC is also an established separation method. This has the benefits in terms of 

reproducibility and automation. In this method, the compound mixture to be separated is 

pumped in the mobile phase through a separation column containing the stationary phase. The 

detection is usually realized with a UV detector. Since the amount of sample which can be 

separated into its individual substances depends on the column volume, manual column 

chromatography is recommended when the amount to be purified is high. The greater the 

sample quantity required to be separated into its individual substances, the larger the column 

volume must be. This leads to high acquisition costs, therefore manual column chromatography 

is recommended for quantities in the gram range.[140,141,142]  

The reversed-phase (RP) HPLC method is the most common technique and is applied 

in sugar chemistry for the isolation of polar carbohydrate-containing derivatives. A non-polar 

stationary phase, e.g. a modified C18 silica gel column, is used so that the elution strength of 

the mobile phase decreases with increasing polarity. Mixtures of water and acetonitrile are often 

used as eluents. In this manner, polar compounds, in this case glyco derivatives are obtained 

with lower retention times as compared to manual column chromatography.[143,144,145]  

 

4.2.2 Size Exclusion Chromatography (SEC) 

Compared to the LC methods mentioned above, SEC separates sample mixtures based 

on their size, caused by different diffusion volumes for molecules of different sizes. The 

stationary phase usually consists of porous polymers into which smaller molecules can enter. 

This leads to an increase in the diffusion volume available for them and a prolongation of the 

retention time. Accordingly, small molecules are more strongly retained than large ones. 
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Consequentially, large molecules flow faster through the chromatography column while smaller 

molecules elute later. Refractive index (RI) and UV are often used for detection. With the help 

of standard substances, the molecular masses can be determined after suitable calibration. In 

polymer chemistry, SEC is a popular method for calculating the various weighted average 

molecular masses, such as Mn and Mw, as well as polydispersity. However, the results are 

relative, as they depend on standard substances that have only a rough similarity to the analyzed 

substance.[146,147]  

 

4.3 Nuclear Magnetic Resonance (NMR) Spectroscopy 

 

Figure 10. Arrangement of the nucleons without (left) and with applied magnetic field (right). 

NMR spectroscopy is indispensable in organic synthesis chemistry to determine the 

chemical structure of a substance. This method is used to investigate the electronic environment 

of the individual atoms and their interactions with neighboring atoms. It is therefore based on 

the behavior of magnetically active atomic nuclei under the influence of a strong external 

magnetic field. The nuclear components (protons and neutrons) of atoms have both a spin 

(intrinsic angular momentum) and a magnetic moment μ of their own since they generate a 

magnetic field through their electrical and rotating charges.[148,149,150]  
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Figure 11. Zeeman splitting. 

In the ground state nuclear magnetic moments are aligned randomly. When an external 

magnetic field (B0) is applied, the magnetic moments arrange as shown in Figure 10. This leads 

to a cancellation of the degeneration of the nuclei and the magnetic moment takes on two 

different orientations and thus splits to two different energies with an energy difference called 

Zeeman splitting (Figure 11). If a high frequency electromagnetic alternating field corresponds 

exactly to the energy difference ΔE, resonance occurs between the irradiated alternating field 

and the nuclei. The nuclei are shielded from the external magnetic field to various degrees by 

the electron shell of the atoms, as the electron density has an influence on the effective field 

strength. An example is neighboring atoms which affect the splitting of nuclear energy levels 

through inductive or mesomeric effects. By changing the chemical environment and thus the 

structure of a molecule, there is a shift in the resonance frequency of the nucleus under 

consideration. This chemical shift allows conclusions to be drawn about the molecular structure. 

Thus, the number of NMR-active nuclei and the bonding states can be determined in order to 

identify functional groups, single and multiple bonds, as well as the number and type of bonding 

partners. However, the analysis of large, non-symmetrical molecules is limited by overlapping 

peaks.[151,152,153]  

 

4.4 Electrospray Ionization Mass Spectrometry (ESI-MS) 

MS is a suitable method for determining the mass of molecules and thus contributes to 

structural elucidation. However, it is not able to separate optical and geometric isomers. 

Furthermore, hydrocarbons that form similar ions cannot be identified. In MS, the molecule 
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under investigation is transferred to the gas phase in the so-called desorption and is 

subsequently ionized. Ionization is the process of removing electrons from an atom or molecule, 

usually creating a positively charged ion (cation). For the herein described projects, the 

electrospray method was used to generate ions. In electrospray ionization, the sample solution 

is passed through a metal capillary and a voltage is applied at the capillary tip. This leads to the 

formation of an electric field between the capillary and a counter electrode, which enters the 

sample solution. The electrons of the sample move electrophoretically to the counter electrode 

and an excess of similarly charged ions forms at the tip of the capillary. These repel each other 

and are released from the capillary as a fine aerosol.[154,155]  

 

Figure 12. Ionized particles between plate capacitors. 

The resulting ions are then accelerated by an electric field and passed to the analyzer, 

which arranges them according to their mass-to-charge ratio (m/z). The analyzer, which consists 

of a plate capacitor and a magnetic field, ensures that the ions have the same direction and 

speed. For the particles to fly straight through, the Lorentz force (𝐹𝐿
⃗⃗  ⃗) and the electrical force 

(𝐹𝑒𝑙
⃗⃗⃗⃗  ⃗) acting upwards and downwards respectively, must equalize each other (Figure 12). 

Consequentially, the mass of a particle can be calculated by knowing its charge 𝑞.[156,157]  
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4.5 Ultraviolet-Visible (UV-Vis) Spectroscopy 

 

Figure 13. Molecule orbital (MO) diagram. 

Samples that absorb in the UV-vis range, such as chromophores, can be analyzed with 

UV-Vis spectroscopy. It is based on measuring the absorption of visible and UV light by 

unsaturated organic sample where valence electrons of σ and π bonds become excited. 

According to the diagram of MO, the orbitals divide into a binding and an antibinding orbital 

when they overlap (Figure 13). Usually, the electrons fill the binding σ and π orbitals, while the 

antibinding σ* and π* orbital remains empty. In the case of an excitation, these electrons rise 

to the antibinding orbital. The necessary energy difference to excite an electron from the highest 

occupied molecular orbital (HOMO) into the lowest unoccupied molecular orbital (LUMO) is 

the excitation energy. Therefore, the molecule can only be excited with a certain wavelength as 

the absorption only takes place when the irradiated wavelength corresponds to excitation 

energy. In the case of UV as radiation source, the π → π* transitions are in range compared to 

the σ  → σ* transitions which would require more energy due to the larger splitting of binding 

and antibinding orbitals. The presence of an electron in an antibinding orbital has consequences 

on the molecule and leads to a relaxation of the chemical bond affected. Normally, the electron 

immediately returns to the ground state, but further relaxation processes can be triggered that 

lead to bond breaks. The transmission or extinction spectrum thus enables the identification and 

quantitative determination of analytes. The wavelength-dependent information is obtained, 

among other things, by selecting and scanning the wavelength of the incident light in front of 

the sample with a double-beam spectrometer. The transmission spectrum results from the ratio 

of the spectral intensity of the transmitted and incident light, while the extinction spectrum is 

the logarithmic reciprocal of the transmission. The basis for photometry is Lambert-Beer law, 
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which describes the attenuation of the radiation intensity in relation to the initial intensity when 

passing through a medium with an absorbing substance as a function of the concentration of the 

absorbing substance and the layer thickness.[158,159,160]  

 

4.6 Dynamic Light Scattering (DLS) 

The hydrodynamic radius (rh) of macromolecules can be determined using the DLS 

analysis method. In this method, the scattered light of a laser is detected on a dissolved or 

suspended sample. In the presence of particles, light is scattered in all directions according to 

the principle of Rayleigh scattering, which then interferes with each other via different 

scattering centers. Rayleigh scattering states the elastic scattering of electromagnetic waves by 

small molecules. Coherent and monochromatic laser light ensures small fluctuations in the 

scattering intensity of this generated interference, since the distances between the scattering 

centers constantly change due to Brownian molecular motion. A closer examination of the time 

scale of the fluctuations allows the determination of the velocity of the particles in the solution. 

Through an automated non-linear adjustment of the autocorrelation function according to the 

method of least squares, the translational diffusion coefficient (D) can be determined.  

 

Figure 14. Typical correlation curve of a monodisperse sample. 

The autocorrelation function specifies the observed time-dependent fluctuations of the 

light scattering intensity (Figure 14). The typical correlation curve of a monodisperse sample is 

linear and almost constant at the beginning. Since the correlation curve describes how long a 

particle remains in the same place, this linearity means that the particle is in the same place as 

before. Later, an exponential decrease of the function can be observed, which is due to the 
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movement of the particle. If there is no similarity with the initial location of the particle, the 

correlation function again shows a linear behaviour, which is referred to as the baseline in the 

curve. After determining D, rh can be calculated using the Stokes-Einstein relation (eq. 1), 

which describes the correlation between the particle size and the velocity of the particles. kb 

describes the Boltzmann’s constant, T the temperature in K and η the viscosity of the 

solvent.[161,162,163]  

                                                                         𝑟𝐻 = 
𝑘𝐵𝑇

6𝜋𝜂𝐷
                                                                           (1)
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5 Motivation and Outline 

From the previous subchapters, the importance of sugar structures in our lives and in 

our environment is evident. These natural glycoconjugates, which cover every living cell, are 

involved in essential biological functions like cell-cell interactions or the recognition of viruses, 

bacteria and other pathogens. The mimicking of these difficult-to-synthesise glycoconjugates 

by glycopolymers enables the development and design of novel biofunctional and biomedical 

materials. Not only can carbohydrate-containing structures be utilized to investigate and 

regulate biological processes, but they can also be used as polymeric coatings or materials 

themselves for functional tasks, such as drug delivery, tissue engineering or medication. 

However, the development of these glycomaterials is challenging due to the high polarity and 

diversity of sugar structures. For this reason, this work focuses on the development of synthetic 

pathways for glycostructures. 

More specifically, the work focused on the synthesis of glycomonomers, the precursors 

for carbohydrate-based materials. The focus was on a simple implementation and the 

employment of as few synthesis steps as possible. This was mainly accomplished by refraining 

from the introduction of protection groups. The syntheses were partly supported by microwave 

irradiation and/or enzyme catalysis. Selected synthesized monomers were then polymerized 

using the radical polymerization technique for lectin-sugar binding studies or to generate a 

thermoresponsive material for potential drug delivery.  

The synthesis of glycopolymers for lectin-sugar binding studies only allows 

derivatization of the anomeric position to ensure recognition by the lectins. Also, depending on 

the lectin being used, control of stereoselectivity is relevant. For this purpose, two different 

synthetic routes for the preparation of glycomonomers are discussed. The first synthetic 

pathway presented led to the formation of β-glycomonomers, which is completed in two 

reaction steps. The first reaction step is a microwave-assisted amination according to the 

mechanism of Kochetkov and Likhorshetov (Chapter 7). The advantage of these ammonium 

salt-based method is the derivatization of the carbohydrates without protection groups. The 

synthesis of glycomonomers and resulting glycopolymers as inhibitors of pathogens is 

subsequently reported in detail (Chapter 8). The alternative synthetic route for the preparation 

of an alpha-glycomonomer is described in Chapter 9. For this purpose, Staudinger ligation was 

used, which requires the synthesis of a suitable triphenylphosphine derivative. To develop a 

potential drug delivery system, Chapter 10 discusses the syntheses of nucleoside-containing 
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monomers. The combination of MW irradiation and immobilized lipase enables the synthesis 

of cytidine-based monomers without the introduction of protection groups. Alternatively, a 

synthetic route for the isolation of cytidine- and complementary guanosine-containing 

monomers by oxidation and subsequent amide coupling is presented, which is only viable with 

acetonide protecting groups (Chapter 11). After polymerization of these nucleoside monomers 

using the RAFT method, the self-assembly behavior of the respective block copolymers was 

investigated. The closing discussion refers to the entirety of all individual manuscripts 

(Chapter 12). It places the individual results in an overall context that fit into the current state 

of knowledge on the topic. This work therefore investigates synthetic routes of glycoderivatives 

to glycopolymers that can potentially function as biofunctional materials.
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7 Optimization of the Microwave Assisted Glycosylamines 

Synthesis Based on a Statistical Design of Experiments 

Approach  

7.1 Abstract 

Glycans carry a vast range of functions in nature. Utilizing their properties and functions 

in form of polymers, coatings or glycan derivatives for various applications makes the synthesis 

of modified glycans crucial. Since amines are easy to modify for subsequent reactions, we 

investigated regioselective amination conditions of different saccharides. Amination reactions 

were performed according to Kochetkov and Likhoshertov and accelerated by microwave 

irradiation. We optimized the synthesis of glycosylamines for N-acetyl- D-galactosamine, D-

lactose, D-glucuronic acid and L-fucose using the design of experiments (DoE) approach. DoE 

enables efficient optimization with limited number of experimental data. A DoE software 

generated a set of experiments where reaction temperature, concentration of carbohydrate, 

nature of aminating agent and solvent were investigated. We found that the synthesis of 

glycosylamines significantly depends on the nature of the carbohydrate and on the reaction 

temperature. There is strong indication that high temperatures are favored for the amination 

reaction.  

 

7.2 Introduction 

Glycosylation is a crucial modification of biomolecules involved in almost all biological 

processes.[167,169,170,171,172] Glycans may act as scaffolds for mechanical stabilization, as cell-

surface coating, enabling cellular crosstalk and have various functions including in 

diseases.[173,174,175,176,177,178] Especially for the latter, potent inhibitors of glycan-binding proteins 

(lectins) are sought after, as well as glycan scaffolds for trapping pathogens.[179,180,181] For all 

examples, the glycans may be chemically modified and presented in polymers,[182,183,184] on 

surfaces,[185,186,187,188] on nanoparticles[189,190,191] or as (multivalent) glycan 

derivatives[192,193,194,195] with increased binding affinity.[52,196,197] Prerequisites for this are 

straight forward chemical processes that yield regioselective modifications of glycans without 

hampering the natural recognition processes. For this, very diverse chemical routes have been 

employed which can be roughly distinguished between protecting group dependent and 
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protecting group free or even enzymatic routes.[103,198,199,200] Protecting group free routes in 

general require less synthesis steps, but the reaction conditions and purification must be 

elaborated carefully. However, we utilized a protecting group free process to regioselectively 

insert an amino group into saccharides at the C1 position which was subsequently modified into 

a methacrylamide to generate glycopolymers.[165,201] From literature and our work, amination 

seems a rather robust process, but it turned out that chosen reaction conditions influence the 

yield substantially. Interestingly, this effect was diverse for different carbohydrates. This 

amination was introduced by Kochetkov and later modified by Likhoshertov.[202,203,204,205] The 

Kochetkov reaction is performed with ammonium carbonate whereas the amination according 

to Likhoshertov employs ammonium carbamate as the aminating agent. Significant advantages 

of these methods are enabling of protecting group free synthesis routes, the regioselectivity and 

the applicability on various oligosaccharides with only few and cost-efficient reagents. 

Essentially, a saccharide is stirred in solvent with an excess amount of amination agent. It is a 

straightforward approach to regioselectively insert a single functional group into various 

glycans and enables subsequent coupling to generate glycoconjugates. The Kochetkov 

amination is further facilitated by employing the advantageous features of microwave assisted 

synthesis. The reaction can be tremendously accelerated by microwave irradiation, shortening 

the initial reaction time of 5 d to 90 min.[185,206] Moreover, the use of microwave irradiation 

allows the tenfold reduction of the amount of ammonium salt, facilitating homogeneous 

suspending of starting material and purification.[206] To the best of our knowledge, the 

amination according to Likhoshertov has not been performed under microwave irradiation yet. 

Here, we investigate this synthesis using microwave irradiation as well. As the syntheses have 

a broad substrate scope and are only a one-step procedure, they seem a very worthwhile 

approach to yield glycan derivatives for follow-up functionalization to achieve glycomonomers, 

biosensor coatings and others. We chose a statistical approach to efficiently determine the 

optimal amination conditions of saccharides and to study the use of design of experiment (DoE) 

for optimization of glycochemistry reactions.  

Design of experiments is a valuable tool to limit the amount of data needed to find 

optimal experimental conditions. Any method to optimize a synthesis of interest starts by 

identifying the parameters of the reaction, namely, temperature, concentration or reaction time. 

In a classical optimization setting, all but one parameter are kept constant at a time, and the 

result of the experiment, such as yield or purity, is improved. This strategy, referred to as “one-

variable-at-a-time” (OVAT), can be unnecessarily labor-intensive and fails to capture 
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correlations between the input parameters. If these input factors influence each other strongly, 

OVAT might not find the true optimum of the experimental conditions and the result depends 

on the initial reaction conditions selected.[207] To circumvent this obstacle, we use a statistical 

design of experiments approach as an alternative to the OVAT method. DoE aims to evenly 

sample all possible values for the input parameters and find a mathematical relationship 

between them and the outcome of the experiment. Although it has been known since the early 

1900s, it has only recently found wide-spread application.[208,209,210,211,212,213,214] DoE was 

previously employed to optimize synthetic procedures with a small number of 

experiments.[213,214,215,216,217,218] A successful application of DoE guides the selection of further 

experiments and allows the localization of most promising sets of features. It has become 

increasingly accessible to researchers through the advent of user-friendly software options such 

as MODDE or JMP. 

Contrary to former studies, where amination was mostly optimized for one specific 

carbohydrate,[185,206,219] we show the significance of and possible interactions between selected 

parameters for each respective saccharide, as the yield and optimal reaction conditions are 

strongly determined by the nature of chosen saccharide.[185,203,206,219,220,221] For instance, 

Likhoshertov et al. yielded 81 % aminated D-glucuronic acid, while the amination of L-fucose 

resulted in a yield of 52 % with the same reaction conditions.[203] By utilizing the DoE software 

MODDE, we optimized the reaction conditions for four selected saccharides: N-acetyl-D-

galactosamine (GalNAc), D-lactose (Lac), D-glucuronic acid (GlcA) and L-fucose (Fuc). These 

saccharides are important for biomolecular interactions on the one hand and, on the other, they 

resemble an overview of the most common chemical properties of non-modified glycans, such 

as N-acetyl glycans, disaccharides, uronic acids and desoxy-glycans.  
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7.3 Results and Discussion 

7.3.1 Optimizing the Amination of Oligosaccharides 

We optimized the synthesis of glycosylamines using a statistical DoE approach. As our 

synthesis route, we chose the amination methods of Kochetkov and Likhoshertov assisted by 

microwave irradiation (Scheme 11).  

 

Scheme 11. Protecting group free and microwave-assisted synthesis route for amination of free 

saccharides according to Kochetkov and Likhoshertov in methanol or water with a 5-fold excess of 

ammonium salt. 

To promote an equal distribution of microwave irradiation for all experiments, the 

volume of solvent was kept constant. We chose to vary reaction temperature, concentration of 

starting material, solvent and ammonium salt as our quantitative and qualitative parameters 

(Table 1). Ranges of temperature and concentration were set to 30 – 60 °C and 10 – 100 mg/mL, 

respectively, as the conditions of previous studies mostly lie within these ranges. Former studies 

showed successful amination of saccharides in water, dimethyl sulfoxide and 

methanol.[185,202,206,219,221,222,223,224] We tested water and methanol as solvent, since they are more 

readily removed by evaporation than dimethyl sulfoxide. In addition, ammonium salts and 

unmodified oligosaccharides generally dissolve better in water than in organic solvents, which 

might be beneficial for reaction and yield. The other qualitative parameters are the aminating 

agents ammonium carbonate and ammonium carbamate.  
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Table 1. Reaction conditions and yields of amination. Highest yields are indicated by underscores. 

Exp 

No 

T 

(°C) 
(mg/mL) Salt Solvent Yield (%) 

     
Am-I 

GalNAcNH2 
Am-II 

LacNH2 
Am-III 

GlcANH2 
Am-IV 

FucNH2 

01 60 10 (NH4)2CO3 MeOH 64.2 83.6 7 60.5 
02 30 100 (NH4)2CO3 MeOH 53.7 33 0.9 12.4 
03 60 100 (NH4)2CO3 MeOH 42.2 68 33.6 21.8 
04 30 40 (NH4)2CO3 MeOH 43.1 46.4 2.1 45 
05 40 10 (NH4)2CO3 MeOH 30.9 20.8 1.6 25 
06 30 10 H2NCOONH4 MeOH 33.6 11.8 3.3 42.6 
07 60 10 H2NCOONH4 MeOH 51.6 81.4 12 69.8 
08 30 100 H2NCOONH4 MeOH 44.9 27.4 3 32.4 
09 60 100 H2NCOONH4 MeOH 41.9 79.2 23.6 38.8 
10 45 55 H2NCOONH4 MeOH 57.4 79.7 53.1 26 
11 30 10 (NH4)2CO3 H2O 39.1 16.7 16.8 16.2 
12 60 10 (NH4)2CO3 H2O 27.3 26.2 35.7 18.2 
13 30 100 (NH4)2CO3 H2O 26.5 11.5 37.3 9 
14 60 70 (NH4)2CO3 H2O 37.8 42.4 54.6 10.3 
15 50 100 (NH4)2CO3 H2O 20.4 44.3 51.9 8.4 
16 30 10 H2NCOONH4 H2O 41.2 8.8 18.3 6.9 
17 60 100 H2NCOONH4 H2O 50.5 30.2 46.8 12.4 
18 30 70 H2NCOONH4 H2O 29.4 13.5 47.8 8.7 
19 60 40 H2NCOONH4 H2O 44.2 21.5 44.4 17.1 
20 50 10 H2NCOONH4 H2O 30 20.1 46.1 11.1 
21 40 100 H2NCOONH4 H2O 34.4 24.7 40.3 8.7 
22a 45 55 H2NCOONH4 H2O 17 32.5 77.7 33.3 
22b 45 55 H2NCOONH4 H2O 20.4 74.1 77 41.8 
22c 45 55 H2NCOONH4 H2O 18 62.5 81.6 31.2 

 

We tested the optimization conditions on four chosen saccharides: (I) N-acetyl-D-

galactosamine (GalNAc), (II) D-lactose (Lac), (III) D-glucuronic acid (GlcA) and (IV) L-fucose 

(Fuc) (Figure 15).  

 

Figure 15. Mono- and disaccharides chosen for the optimization of amination reactions. 

The products were not isolated but solvents were fully and ammonium salts were 

partially or mostly removed under high vacuum. We determined the yields by 1H NMR 

spectroscopy in deuterium oxide. Here, the peak of the anomeric proton of glycosylamine was 
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analyzed in relation to a known peak that both starting material and glycosylamine share, for 

example, the methyl moiety of GalNAc/GalNAcNH2. NMR spectroscopy offers fast and easy 

analysis without requiring the isolation of products and is sufficient for the optimization 

process. However, it is known that glycosylamines can hydrolyze in D2O which could distort 

the actual yield. The hydrolysis rate is decreased with higher pH value.[222] Experiments 

performed with high amounts of aminating agents can lead to residuals of them after drying and 

therefore to higher pH values. Due to the basic conditions, less hydrolysis might occur which 

does not distort the yield as much as experiments performed with low amounts of ammonium 

salts. 

We used the DoE software MODDE to design a set of experiments with varied reaction 

parameters for optimization. MODDE provides a summary of fit with four values which 

estimate how well the respective model works. R2 indicates how well the model fits the data 

and should be of large value for a good model. An R2 of 0.5 presents a model with rather low 

significance. The prediction value Q2 estimates the predictive power of the model and is the 

most sensitive indication. Here, a value above 0.1 represents a significant model whereas a 

value above 0.5 expresses a good model. However, Q2 should not deviate from R2 by more than 

0.3. A model validity of 1.0 represents a perfect model. If the model validity is below 0.25, 

there are indications of statistically significant problems with the model. Values above 0.25 

show that the model error is in the same range as the pure experimental error. The 

reproducibility value represents the experimental error according to the deviation of responses 

of repeated experiments and should be above 0.25. MODDE displays a coefficient plot where 

the significance of chosen factors and their interactions is shown (Supporting Information). We 

removed non-significant terms from the model.  

 

7.3.2 Design of Experiment Approach 

The amination of GalNAc was investigated, as this saccharide is not only a model 

compound for 2-N-acetylated sugars, but also an important saccharide in mucin-like O-

glycosylation. In the experimental set for GalNAc, we recognized the data of the experiments 

Am-I-06 and Am-I-10 (Table 1) as outliers and removed them from the model. The summary 

of fits of GalNAc (Figure 16a) presents an R2 value of 0.80 and a Q2 value of 0.50, which 

indicates a good model. The model validity of 0.27 is rather low; the reproducibility displays a 

very good value of 0.98. The model validity might be low due to the great reproducibility value. 
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Overall, this model of GalNAc is significant. Significant terms according to MODDE are 

temperature, concentration, both aminating agents ammonium carbonate and carbamate, the 

solvents methanol and water and the quadratic term of temperature × temperature, concentration 

× concentration, ammonium carbonate × water, ammonium carbamate × methanol and 

ammonium carbamate × water (Figure 16b). The 4D contour plot represents predicted response 

values as a function of chosen (and significant) factors. Figure 16c shows the yield as a function 

of concentration (Y-axis) and temperature (X-axis) for both ammonium salts and both solvents, 

respectively. According to this, temperature and concentration greatly influence the yield. 

Ammonium carbonate affects the yield only when different solvents are compared. Amination 

with ammonium carbamate is similar in both water and methanol. We found that the highest 

yield (64.2 %) is achieved at the highest chosen temperature (60 °C) and at the lowest tested 

concentration (10 mg/mL) with ammonium carbonate and methanol. MODDE calculated 

optimized conditions with exactly the same reaction conditions and a predicted yield of 54.7 %. 

The predicted yield differs from the achieved one by more than the error deviation; additionally, 

the calculated optimized yield is lower than the highest yield achieved. This indicates statistical 

problems of this model. Considering the quantity of varied parameters, a rather small set of 

experiments has been conducted. A larger number of experiments can improve the model. Since 

the experimental conditions with methanol and ammonium carbonate proved to be superior, we 

suggest the collecting of additional data for mentioned condition to further improve the model 

and optimize the amination conditions for GalNAc.  
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(a) (b) 

 

(c) 

Figure 16. Plots of the model for GalNAc generated by MODDE: (a) Summary of fit shows a rather 

low significance of the model; (b) plot of coefficient values for scaled and centered factors shows 

significant factors according to the model; (c) the 4D response contour plot of yield predicts yields 

of amination in dependence on qualitative and quantitative factors. 

Next, we investigated the reaction of Lac, which is our model compound for 

disaccharides and also an important ligand for lectins, mostly due to the terminal Gal residue. 

The summary of fits of the model for Lac shows good values with R2 = 0.75 and Q2 = 0.59 

(Figure 17a). It has an excellent model validity of 0.97 and a low reproducibility of 0.29. Thus, 

we understand the model for Lac has high significance. Significant terms are temperature, 

concentration, the solvents methanol and water, the quadratic term of concentration × 

concentration, temperature × methanol and temperature × water (Figure 17b). Hence, the 
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amination of Lac is less dependent on the nature of ammonium salt than on the other factors. 

The 4D response contour plot for Lac shows that the yield increases with rising temperature 

and with a concentration converging at 58.3 mg/mL (Figure 17c). We can clearly observe a 

strong dependence of the yield on temperature and less on concentration. Furthermore, the plot 

indicates that temperatures above 60 °C may lead to even better yields. Surprisingly, the solvent 

methanol is by far superior to water even though the solubility of Lac is poor in methanol. We 

conclude that the solubility of a saccharide is not a determining factor for the amination 

according to Kochetkov and Likhoshertov. As well as for GalNAc, we obtained the highest 

yield for Lac (83.6 %) at the highest temperature (60 °C) and the lowest concentration 

(10 mg/mL) with ammonium carbonate and methanol. Calculated optimized conditions for Lac 

are a temperature of 60 °C and a concentration of 58 mg/mL with ammonium carbonate and 

methanol. After conducting the optimized experiment, we could indeed increase the yield to 

91.1 %. The deviation from the predicted yield of 100.4 % lies within the experimental error. 

The prediction lies above 100 %, as solely the target was set to 100 % and not the maximum 

(the maximum cannot equal the target in MODDE). Overall, the DoE approach successfully 

improved the yield of aminated Lac.  
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(a) (b) 

 

(c) 

Figure 17. Plots of the model for Lac generated by MODDE: (a) Summary of fit represents a good 

model; (b) plot of coefficient values for scaled and centered factors shows significant factors 

according to the model; (c) the 4D response contour plot of yield predicts yields of amination in 

dependence on qualitative and quantitative factors. 

GlcA is a uronic acid and therefore our model compound for this class of saccharides. 

After amination a zwitter-ionic compound is produced. In humans, GlcA is mostly found in 

glucosaminoglycans. The summary of fits for GlcA displays excellent values of R2 = 0.94 and 

Q2 = 0.84 (Figure 18a). In comparison, the model validity is rather low (0.39) which may be 

due to the high reproducibility value of 0.99 and not due to a real lack of fit. Significant terms 

for GlcA are temperature, concentration, both aminating agents ammonium carbonate and 
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ammonium carbamate, the solvents methanol and water, the quadratic term of temperature × 

temperature, concentration × concentration, temperature × methanol, temperature × water, 

concentration × ammonium carbonate and concentration × ammonium carbamate (Figure 18b). 

The amination of GlcA seems strongly dependent on temperature, concentration and choice of 

solvent. Interestingly, for GlcA further factors are significant including the nature of ammonium 

salt and its dependency on the concentration. From the 4D contour plot (Figure 18c), it is 

evident that water works better than methanol for the amination of GlcA. Regarding the 

aminating agent, ammonium carbamate appears to be the preferred choice. In experiments, the 

highest yield (81.6 %) was achieved at 45 °C, 55 mg/mL with ammonium carbamate in water. 

Optimized reactions conditions are 47 °C, 59 mg/mL, ammonium carbamate and water with a 

predicted yield of 73.8 %. The optimized experimental conditions resulted in a yield of 60.3 %. 

The predicted yield is lower than the highest yield found in previous experiments and, 

furthermore, does not correlate to the yield found. This hints at statistical problems of the model 

even though the prediction value Q2 was very good. Moreover, in this model yields above 

73.8 % are not achievable although Ghadban et al. did attain yields of up to 89 %.[219] We 

suggest a larger set of experiments and a wider range of reaction parameters for the reaction 

conditions with water and ammonium carbamate to improve the model.  

Our model compound for desoxy-sugars is 6-desoxy galactose, better known as Fuc. 

Fuc-based derivatives could, for example, be important for inhibiting the formation of 

Pseudomonas aeruginosa biofilms. Additionally, it is a very abundant sugar in human milk 

oligosaccharides. The summary of fits for Fuc presents a good R2 value of 0.67 and a Q2 value 

of 0.40 (Figure 19a). The model validity is 0.57 and the reproducibility has a high value of 0.90. 

Thus, this is a model of lower significance. Although the histogram of the Fuc experiments 

exhibits positive skewness (Supplementary Materials), no transformation was performed, as the 

model for Fuc produced better values than without transformation. MODDE displays the 

significant terms temperature, concentration, both salts ammonium carbonate and carbamate, 

the solvents methanol and water, the square term of temperature × concentration, temperature 

× methanol, temperature × water, concentration × methanol and concentration × water (Figure 

19b). Thus, the amination of Fuc greatly depends on temperature, concentration and nature of 

solvent. Furthermore, the choice of ammonium salt and the influence of temperature and 

concentration on the solvents affect the yield, too. In the 4D contour plot of yield (Figure 19c), 

when comparing the solvents, we see that overall methanol leads to higher yields. Water seems 

to work poorly for the amination of Fuc. Regarding the aminating agent, the highest yield is 
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obtained with ammonium carbamate. Yield increases with rising temperature and decreasing 

concentration. Hence, a further increase of the temperature and decrease of the concentration 

might improve the yield. We obtained the highest yield of 69.8 % at 60 °C and 10 mg/mL with 

ammonium carbamate and methanol. Optimized amination conditions for Fuc are the exact 

reaction conditions with a predicted yield of 63.4 %. The predicted yield is lower than the 

already obtained yield but lies within the experimental error. This still indicates a flawed model, 

which correlates to the rather low prediction value Q2. However, the optimized reaction 

conditions coincide with the performed conditions with the best result. To further optimize the 

amination of Fuc, the model should be improved by producing more data of experiments where 

methanol is used as the solvent.  
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(a) (b) 

 

(c) 

Figure 18. Plots of the model for GlcA generated by MODDE: (a) Summary of fit represents a good 

model; (b) plot of coefficient values for scaled and centered factors show significant factors according 

to the model; (c) the 4D response contour plot of yield predicts yields of amination in dependence on 

qualitative and quantitative factors. 
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(a) (b) 

 

(c) 

Figure 19. Plots of the model for Fuc generated by MODDE: (a) Summary of fit shows a lower 

significance of the model; (b) plot of coefficient values for scaled and centered factors show significant 

factors according to the model; (c) the 4D response contour plot of yield predicts yields of amination in 

dependence on qualitative and quantitative factors. 

Overall, for the amination of carbohydrates according to the Kochetkov and 

Likhoshertov method, the reaction temperature has the most significant influence on the yield. 

The contour plots of MODDE indicate that higher yields are achievable at temperatures above 

60 °C. In contrast, according to Bejugam et al. higher temperatures generally lead to an 

increased formation of side products and, therefore, lower yields.[206] Side products, such as 

dimers, were not analyzed but as such would usually not disturb subsequent reactions like, for 

example, (meth-)acrylations.[165,201] Though colorations of yellow and reddish brown were 
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observed after reaction at temperatures above 50 °C, this did not seem to diminish the yield of 

glycosylamines. Concentration of saccharide does affect the yield but not strongly. 

Surprisingly, suspension of highly concentrated reactions did not necessarily decrease the yield 

even though thorough stirring was not always possible; microwave irradiation and excess 

amount of ammonium salt was enough to aminate the saccharides in the suspension. Choice of 

solvent also influences the yield and depends on the nature of saccharide. Contrary to our 

expectation, methanol seems to be the superior solvent for amination of saccharides except for 

GlcA. The poor solubility of saccharides and aminating agents in methanol shows no negative 

influence on the yield. In conclusion, the solubility of starting material does not seem to affect 

the amination. A possible explanation is that the temperature and microwave irradiation are 

enough to dissolve, aminate, or both, the saccharides in methanol. Moreover, water can lead to 

hydrolysis and hence decrease the actual yield during purification or analysis. Regarding the 

first-time use of microwave assisted amination according to Likhoshertov, good yields of up to 

81.6 % could be obtained within 90 min as opposed to the 4 – 48 h from the traditional 

procedure.[203] Thus, microwave irradiation allows a great reduction of reaction time for the 

amination according to Likhoshertov, too. Generally, the nature of aminating agent can have an 

influence depending on selected saccharide, solvent, or both. This shows that both microwave-

assisted syntheses work equally well as amination reaction for oligosaccharides and is not 

surprising since both ammonium salts are volatile and generate ammonia. Furthermore, we 

repeated experiment Am-I-01 (Table 1) with a 33-fold batch size in a 1 L PTFE vessel, as its 

reaction conditions lead to the highest yield achieved. In this way we investigated the scalability 

of the process in principle. The initial yield of 64 % dropped significantly even if the reaction 

time was doubled. No amine was found in NMR spectrum and only little amine was found by 

TLC. This may be due to different distribution of microwave irradiation in the larger volume, 

which could be another parameter for future investigations. However, we can also conclude that 

alterations of microwave distribution can be one of the reasons why yields from different 

publications and our yields may differ.  

The DoE approach enabled a reduced number of experiments; however, if the model is 

insufficient, more experiments have to be conducted to improve the model. Predictions of the 

software support the direction of future experiments, namely, which solvent or aminating agent 

to use. We suggest additional experiments with higher reaction temperatures to further optimize 

the amination of saccharides. We consider investigating the reaction time to be worthwhile as 

well.  
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7.4 Materials and Methods 

7.4.1 Materials 

All chemicals were purchased from commercial sources. Water was double deionized 

by a Milli-Q purification system (18.2 M·cm, Millipore Quantum TEX, Darmstadt, 

Germany). N-Acetyl-D-galactosamine (GalNAc; ≥ 9 9%, Carbosynth, Comptun, UK), D-lactose 

monohydrate (Lac; ≥ 96 %, Carbosynth), D-glucuronic acid (GlcA; ≥98%, Carbosynth), L-

fucose (Fuc; ≥ 98 %, Carbosynth), ammonium carbamate (H2NCOONH4; 99 %, Aldrich, 

Steinheim, Germany), ammonium carbonate ((NH4)2CO3; ≥ 30.5 % NH3, extra pure, Carl Roth, 

Karlsruhe, Germany), methanol (MeOH; ≥ 98.8 %, VWR, Darmstadt, Germany), deuterium 

oxide (D2O; 99.9 %, Deutero, Kastellaun, Germany) were used as received.  

 

7.4.2 Methods 

7.4.2.1 Design of Experiments (DoE) 

The software MODDE version 12.1 (Sartorius Stedim Data Analytics AB, Malmö, 

Sweden) for generation and evaluation of statistical experimental designs was used to optimize 

synthesis conditions. We selected concentration of saccharide (Conc) and reaction temperature 

(T) as quantitative factors. The aminating agents (Salt) and solvents (Solv) represented our 

qualitative factors. We investigated the yield of the respective glycosylamine as response and 

set 100 % yield as target. We chose the D-optimal design (with highest G-efficiency) and 

quadratic model to generate a set of experiments for optimization. This set includes two 

replicates for testing reproducibility. The models were fitted with multiple linear regression 

(MLR) analysis.  

 

7.4.2.2 Nuclear Magnetic Resonance (NMR) 

1H NMR spectra were recorded on a Bruker Neo Avance 400 MHz spectrometer 

(Bruker, Ettlingen, Germany) to identify the glycosylamines and determine their yields. We 

measured all spectra in D2O. Yields of the respective glycosylamines were determined by 

evaluating the ratio between the integral of proton signals, that both starting material and 

glycosylamine share, and the integral that is solely specific to the respective glycosylamine. In 
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case of GalNAcNH2, we examined the ratio between the integral of the methyl group proton 

signal of GalNAc/GalNAcNH2 (H-7; 3 H) and the integral of the anomeric proton signal of the 

GalNAcNH2 (n H; yield of glycosylamine = n × 100%). For LacNH2, the ratio between the 

integral of the proton peak H-7 (1 H) and the integral of the anomeric proton signal of LacNH2 

(n H). As peaks of the anomeric proton of GlcA and its amination product overlap, we 

performed global spectral deconvolution (GSD) for analysis. The integral of the peaks of the 

protons H-2 to H-5 (4 H) were compared with the integral of the anomeric proton signal of 

GlcANH2 (n H). The yield of FucNH2 was determined by analyzing the ratio between the 

integral of the methyl group proton signal H-6 (3 H) and the integral of the anomeric proton 

peak of FucNH2 (n H). 

 

7.4.2.3 Electrospray Ionization Mass Spectrometry (ESI-MS) 

ESI-MS spectra were recorded on a PerkinElmer Flexar SQ 300 MS (Rodgau, 

Germany). We dissolved samples in acetonitrile/water mixture (50:50) with 0.1 % formic acid. 

The measurements were performed at 300 °C with a flow rate of 15 μL min−1. 

 

7.4.2.4 Synthesis of Glycosylamines 

Amination of saccharides were performed in a START 1500 rotaPREP microwave 

reactor (MLS GmbH, Leutrich, Germany). The respective saccharide is charged in a 50 mL-

glass vessel and stirred with solvent. Afterwards, the ammonium salt is added under stirring 

and the reaction vessel is transferred to the microwave reactor. We set the reaction time to 

90 min. The heating phase to our desired reaction temperature was set to 5 min. Volume of 

solvent was constantly 8 mL to ensure equal distribution of microwave irradiation for every 

experiment. We varied reaction temperature, concentration of saccharide, solvent and 

aminating agent according to Table 1. The last experiment is repeated three times in total for 

testing reproducibility. After reaction, samples prepared in MeOH were first concentrated by 

rotary evaporation at 40 °C and 300 mbar, followed by complete drying under high vacuum 

over several days or until most of the ammonium salt is removed. Aqueous reaction mixtures 

were lyophilized after reaction for several days or until most of the ammonium salt is removed. 

We yielded (hygroscopic) β-glycosylamines and stored them in nitrogen atmosphere at 4 °C. 
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The numbering of experiments starts with “Am” for amination, followed by the 

designated roman numeral of saccharide, GalNAc (I), Lac (II), GlcA (III)and Fuc (IV), and 

ends with the number of experiment. For example, Am-IV-03 refers to the amination of Fuc 

with the reaction conditions of experiment number 03. Experiments with optimized reaction 

conditions generated by MODDE carry the experiment number 0 (Table 2).  

Table 2. Optimized reaction conditions and yields generated by MODDE. 

Exp No 
T (°C) (mg/mL) Salt Solvent 

Predicted Yield 
(%) 

Found Yield 
(%) 

Am-I-0/-01 60 10 (NH4)2CO3 MeOH 54.7 64.2 
Am-II-0 60 58 (NH4)2CO3 MeOH 100.4 91.1 
Am-III-0 47 59 H2NCOONH4 H2O 73.8 60.3 

Am-IV-0/-07 60 50 H2NCOONH4 MeOH 63.4 69.8 

 

7.5 Conclusions 

We optimized amination conditions for N-acetyl-D-galactosamine, D-lactose, D-

glucuronic acid and L-(−)-fucose using DoE approach. Additionally, we showed that the 

acceleration of the amination according to Likhoshertov is possible by microwave irradiation. 

It is very apparent that optimized reaction conditions for one saccharide do not apply in the 

same way for other saccharides. Due to the relatively small number of experiments most models 

were lacking to some extent. However, the DoE approach supported the direction of which 

reaction parameters are worth further testing, including their quantitative and qualitative ranges 

or properties, respectively. The model for the amination of Lac provided a great improvement 

of yield. We observed strong indication that high temperatures are preferable for the amination. 

For future experiments, we suggest additional data of experiments with our found, most 

beneficial conditions to improve the models, testing of reaction time and of elevated 

temperatures.  
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8 Functional Glyco-Nanogels for Multivalent Interaction 

with Lectins 

8.1 Abstract 

Interactions between glycans and proteins have tremendous impact in biomolecular 

interactions. They are important for cell–cell interactions, proliferation and much more. Here, 

we emphasize the glycan-mediated interactions between pathogens and host cells. 

Pseudomonas aeruginosa, responsible for a huge number of nosocomial infections, is 

especially the focus when it comes to glycan-derivatives as pathoblockers. We present a 

microwave assisted protecting group free synthesis of glycomonomers based on lactose, 

melibiose and fucose. The monomers were polymerized in a precipitation polymerization in the 

presence of NiPAm to form crosslinked glyco-nanogels. The influence of reaction parameters 

like crosslinker type or stabilizer amount was investigated. The gels were characterized in lectin 

binding studies using model lectins and showed size and composition-dependent inhibition of 

lectin binding. Due to multivalent presentation of glycans in the gel, the inhibition was clearly 

stronger than with unmodified saccharides, which was compared after determination of the 

glycan loading. First studies with Pseudomonas aeruginosa revealed a surprising influence on 

the secretion of virulence factors. Functional glycogels may be in the future potent alternatives 

or adjuvants for antibiotic treatment of infections based on glycan interactions between host 

and pathogen.  

 

8.2 Introduction 

A vast number of pathogens utilize glycan-mediated interactions for cell invasion and 

their actual pathogenicity.[225,226] Well known examples are enterohemorrhagic E. coli (EHEC) 

with its shiga-like toxin,[227] Clostridium difficile with its glycan binding Toxin A,[228,229] Vibrio 

cholera [230] and others. Several small molecules based on sugars, as well as larger glycoclusters 

have been synthesized as patho-blocking agents for fighting these microbes or their 

toxins.[231,232,233] 

A key point for strong glycan-mediated interactions is the multivalent presentation of 

glycan ligands inducing the ‘cluster glycoside effect’.[196,234, 235] Good choices for multivalent 

glycostructures are so called glycopolymers.[52,236,237,238] These are polymers with pendent 
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glycan groups attached to a polymeric backbone. Glycopolymers have been shown to enable 

very high binding avidities with lectins resulting in KD values in the nanomolar range.[239] 

Multivalency is crucial for good interactions between glycans and lectins and may increase 

binding strength in orders of magnitude. Examples of the usage of glycopolymers are biosensor 

surfaces for lectin binding studies or as mannose-based scavenging material for E. 

coli.[239,240,241,242,243] 

Recently, polymeric gels containing glycans were synthesized[244] via a microfluidic set-

up to yield lactose containing gels with good binding to appropriate lectins.[245] Micro-, nano- 

or hydrogels in general can be considered as very promising systems for lectin binding. This is 

mainly due to their swollen “waterlike” state, their biocompatibility, the large internal volume 

and their potential multivalent presentation mode with incorporated glycans.[246,247] A very 

often used monomer for nanogel synthesis is NiPAm (N-isopropylacrylamide), which yields 

thermoresponsive polymers and enables precipitation polymerization of uniform gel 

particles.[248,249] PNiPAm (Poly(N-isopropylacrylamide)) shows a lower critical solution 

temperature (LCST) of about 32 °C. Below this temperature, gel particles are considered 

swollen and rather fuzzy, whereas above the LCST the particles become more defined, smaller 

and more rigid due to denser packaging. While NiPAm itself is considered cytotoxic, PNiPAm 

is reported to be biocompatible and non-toxic to cells.[250,251,252] The thermoresponsive 

properties of PNiPAm enable the batch synthesis of gels via precipitation polymerization 

preventing the usage of organic solvents compared to, e.g., emulsion polymerization. 

Pseudomonas aeruginosa (PA) is an opportunistic pathogen rated as critical by the 

WHO list indicating for which strain new antibiotics are urgently needed.[253,254] Interestingly, 

PA utilizes two lectins (LecA and LecB) as virulence factors.[255,256] Many glycan derivatives 

were synthesized as patho-blocking agents.[257,258] However, the number of reports on 

glycopolymeric multivalent structures for lectin inhibition is rather limited. Potent 

glycomaterials must comprise a sufficient multivalent mode of ligand presentation. For PA, it 

was shown that multivalent ligands based on glycooligomers, dendrimers or as peptide 

derivatives are superior to the monovalent species.[259,260,261,262,263] This stands also for other 

lectins: Here, increase of affinity over several orders of magnitude by multivalent ligand 

presentation is known.[52] 

We here describe for the first time the synthesis of different glycogel species containing 

either lactose (Galβ1,4Glc-), melibiose (Galα1,6Glc-) or fucose. The glycans were chosen as 
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readily available, naturally occurring structures, with the latter two known to act as ligand for 

LecA and LecB.[264,265] By enabling multivalent presentation in the gel, we expect to circumvent 

the necessity of introducing modifications to monovalent glycans increasing their affinity. The 

gels were synthesized in a batch process via precipitation polymerization utilizing NiPAm and 

lactose, melibiose or fucose glycomonomers in the presence of crosslinker and surfactant for 

stabilization. In this study, we focus on the influence of synthesis parameters on the inhibition 

potential of the gels and determined the presence or absence of a multivalent effect compared 

to monovalent, soluble sugars. Ability of lectin inhibition was screened by an enzyme-linked 

immunosorbent assay (ELISA)-type approach with fluorescently labeled plant lectins as model 

lectins. Ultimately, we tested in a preliminary study the influence of the gels on the growth of 

PA. 

In the future, glycan-based soft matter can be a good way to yield biocompatible yet 

strong pathoblockers for medical applications. Glycoscavengers can be used for numerous 

different pathogens and be a promising alternative to antibiotic treatment with minimal 

selection pressure avoiding acquirement of resistances.  
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8.3 Results and Discussion 

8.3.1 Synthesis of Glycomonomers 

For the synthesis of glycomonomers with a polymerizable moiety at the C1 position we 

chose a protecting group free microwave-assisted Kochetkov-amination with subsequent 

reaction with methacryloylchloride (Scheme 12).[185,206,219,221]  

 

 

Scheme 12. Lactose, melibiose and fucose were converted via a protecting group free synthesis utilizing 

microwave irradiation to the respective methacrylamides. The monomers were used for the synthesis of 

glyco-nanogels in a precipitation polymerization in the presence of comonomer N-isopropylacrylamide 

(NiPAm) or N-isopropylmethacrylamide (NiPMAm) and crosslinker methylenebis(acrylamide) (MBA) 

or ethylene glycol dimethacrylate (EGDMA). 

Modification of the saccharides at C1 postion should not affect the biological 

recognition of the sugar by lectins. The disaccharides lactose and melibiose, as well as the 

monosaccharide fucose were used as starting material and converted to the respective 

methacrylamides MelMAm (melibiose-methacrylamide), LacMAm (lactose-methacrylamide) 

and FucMAm (fucose-methacrylamide) (Scheme 12). The overall yields ranged from 18 % to 

75 %, which is sufficient for the production of nanogels. The compounds were identified by 
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NMR spectroscopy and ESI-MS (Figure 55 – Figure 63, Supporting Information). Advantages 

of the synthesis are the usage of cheap starting materials, the intact cyclization of the reducing 

sugar and the regioselectivity for the C1 position. However, it must be noted that the β-anomer 

is strongly favored as reaction product. For melibiose and lactose, we do not expect any 

drawbacks regarding this, but β-fucose is a rather rare compound and may not be recognized 

by typical fucose binding lectins like Ulex europaeus agglutinin I (UEA I). However, it is 

reported that LecB binding can be inhibited to some extent by fucosylamine, which is in fact 1-

amino-β-L-fucose and the intermediate of our synthesis route.[257,265,266]  

 

8.3.2 Synthesis of Glycogels 

8.3.2.1 Free-Radical Precipitation Polymerization 

We evaluated two different procedures for the preparation of the glycogels: Inverse 

emulsion polymerization and free-radical precipitation polymerization with NiPAm and 

NiPMAm. The yields of the emulsion polymerization turned out to be not sufficient for 

subsequent analysis in lectin-assays or tests with PA (yields were below 5 %, data not shown). 

We assume a slow propagation and deactivation by the glycomonomers resulting in these low 

yields. The syntheses via free-radical precipitation polymerization in contrast gave a sufficient 

yield of up to 75 % compared to the initially used amount of monomer and crosslinker. 

Furthermore, conducting the reaction in water gives the advantage of bypassing the poor 

solubility of the unprotected glycomonomers in organic solvents and enabling a “green” route 

avoiding potentially toxic solvents. Hence, we synthesized all gels presented here by free-

radical precipitation polymerization in water. The reaction temperature was chosen to be 80 °C, 

as this is above the LCST of PNiPAm/PNiPMAm, as well as above the 10 h half-life 

decomposition temperature of the water soluble azoinitiator 4,4′-azobis(4-cyanovaleric acid) 

(ABCVA). The freeze-dried glycogels were hygroscopic and TGA analysis revealed an 

equilibrium water content of about 10 %. Throughout the text the gels carrying melibiose are 

labeled “MG”, gels with lactose are labeled “LG” and fucose containing gels are labelled “FG”. 

Gels without sugar serve as comparative sample and negative control for the bioassays and are 

labelled with “G”. 
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8.3.2.2 Comonomer and Crosslinker 

Since the glycopolymer itself does not precipitate in water upon chain propagation, we 

required comonomers which are water soluble and exhibit a LCST as a polymer. Furthermore, 

the different monomers should have similar reaction kinetics in order to form a hydrogel with 

evenly distributed glycosides to the greatest extent possible. As the glycomonomers are 

methacrylamides, we selected the methacrylamide NiPMAm and ethylene glycol 

dimethacrylate (EGDMA) and compared the performance to the acrylamide NiPAm and 

N,N′-methylenebis(acrylamide) (MBA) as comonomer and crosslinker, respectively. 

Interestingly, PNiPMAm glycogels (MG-7) proved to be unsuitable for binding assays, as the 

pure PNiPMAm nanogel (G-3) itself seems to influence the lectin binding (see Section 8.3.3). 

Hence, no reliable lectin binding data can be produced with PNiPMAm gels and we omitted 

these gels. Gels containing PNiPAm showed clearly better suitability for the lectin assays. The 

type of crosslinker (MBA vs. EGDMA) had no significant influence on the yield but for 

glycogels synthesized with NiPAm and EGDMA (MG-8), binding studies with lectins showed 

less inhibition potentials (see Section 8.3.3) than glycogels produced with NiPAm and MBA. 

Thus, we chose for the syntheses of glycogels NiPAm as the comonomer enabling the 

precipitation polymerization, and MBA as crosslinker. We assume that for good inhibition 

performance, a core-shell-like gel morphology is appreciated where the core is built up by the 

non-glycosylated monomers, surrounded by a glycan-shell. This can be achieved most likely 

by using the fast polymerizing acrylamides NiPAm and MBA together with the rather slow 

methacrylamide glycomonomers. 

 

8.3.2.3 PNiPAm Glycogels 

Typically, when PNiPAm nanogels particles are formed by precipitation 

polymerization, the reaction solution turns turbid. The turbidity depends on the concentration 

and size of the particles. For the glycogels, we observed a strikingly lower turbidity during 

reaction. This indicates that the gels were not only consisting of NiPAm but the glycomonomer 

could be incorporated into the polymers as well. We assume that the glyco-comonomer 

interferes with the complete collapse of PNiPAm and forms a fuzzy shell-like structure around 

a PNiPAm core. In scanning electron microscopy (SEM), as well as in atomic force microscopy 

(AFM) images, we can find spherical particles (see Supporting Information). Hence, we 

achieved glycogel particles and not free polymers. From dynamic light scattering (DLS) 
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measurements and SEM images, we observe high polydispersity in contrast to the excellent 

monodispersity of pure PNiPAm nanogels (Figure 20). Due to the hydrophobic propyl moiety 

of NiPAm, the polymer precipitates above its LCST when the hydrophobic interactions 

dominate. The glycomonomers exhibit a high hydrophilicity. This property may counteract the 

hydrophobic interactions of NiPAm which could explain the high polydispersity. As the gels 

do not dissolve in water independently of the surrounding temperature, we can assume that the 

products are crosslinked networks and not free copolymer chains. 

 

 

 

(a) (b) (c) (d) 

Figure 20. Scanning electron microscopy (SEM) images and dynamic light scattering (DLS) 

size distribution by intensity (at 50 °C) of different nanogels: (a) monodisperse PNiPAm 

nanogel particles G-1 synthesized with 0.2 mM SDS; (b) glycogel MG-1 synthesized with 

0.4 mM SDS; (c) MG-2 synthesized with 2.0 mM SDS; (d) glycogel MG-3 synthesized with 

4.0 mM SDS. Scale bars represent 1 µm. 

We used SDS in order to stabilize the gels during reaction. At similar surfactant 

concentrations, the sizes of the glycogels are larger than the size of the PNiPAm nanogels 

(Figure 20), which may be related to the fuzzy glyco-shell, which tends to swell in aqueous 

media independent of the surrounding temperature. Furthermore, with increasing surfactant 

concentration, the size of the glycogels do not evidently become smaller and their 

monodispersity does not increase either (Table 3). Typically, increased concentrations of 

stabilizer in precipitation polymerizations lead to smaller diameters.[267] The effect of SDS 
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seems to be diminished in the case of glycogels. Surprisingly, high concentrations of SDS 

appear to even increase the polydispersity. We assume that the hydrophilic property of the 

glycomonomers counteracts the formation of monodisperse and uniform particles. A possible 

explanation is that the hydrophilic part of the surfactant and the hydrophilic glycomonomer 

repel each other, which disturbs the formation of stabilizing SDS-corona around the growing 

gel particles. Therefore, a high amount of SDS may cause the glycosyl moiety to distribute and 

scatter in the water instead of letting formed polymer chains immediately collapse into a coil in 

between the surfactants.  

Table 3. Gels synthesized with varied sodium dodecyl sulfate (SDS) concentrations. 

Gel 
c(SDS) Yield Dh(50 °C) PDI 

 [mM] [%] [nm] [%] 

G-1 0.2 - 218 2.54 

MG-1 0.4 67 507 21.2 

MG-2 2.0 67 554 26.4 

MG-3 4.0 43 1084 56.6 

 

Temperature-dependent DLS measurements show that some glycogels still retain some 

of the thermoresponsiveness of PNiPAm. It has to be noted that the hydrodynamic diameter 

(Dh) of the glycogels is not reliable as the polydispersity index (PDI) is quite high. However, 

we can observe a trend where the PDI decreases at 50 °C as well as the averaged hydrodynamic 

diameter (Table 4).  
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Table 4. Hydrodynamic diameters (Dh) and polydispersity index (PDI) of nanogels. 

Gel 
Dh (20 °C) PDI Dh (50 °C) PDI 

 [nm] [%] [nm] [%] 

G-1 406 4.30 218 2.54 

G-2 101 9.10 54.2 12.9 

MG-0 143 30.3 103 23.0 

MG-1 669 29.7 507 21.2 

MG-2 678 40.7 554 26.4 

MG-3 1084 56.6 1084 56.6 

MG-4 474 31.5 488 20.4 

MG-5 651 22.4 569 18.7 

MG-6 436 66.6 328 27.9 

 

This comes in agreement with the typical behavior of PNiPAm nanogels. Their 

hydrodynamic diameter decreases with increasing temperature as they collapse. Their PDI 

usually improves at temperatures above the LCST since the collapsed particles with the defined 

surface border are easier to measure via DLS than swollen, soft nanogels with their fuzzy 

surface and dangling polymer chains. Though, we do not observe a defined LCST for the 

glycogels (see Figure 21).  

 

Figure 21. Temperature-dependent analysis of the hydrodynamic diameter of PNiPAm nanogel G-1 and 

melibiose glycogel MG-4 using DLS. While still thermoresponsive to some extent, no distinct lower 

critical solution temperature (LCST) can be detected for the glycogels (MG-4). 
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8.3.2.4 Initiation of the Polymerization 

Generally, the synthesis of pure PNiPAm nanogels require only little amounts of 

initiator (0.25 mol%).[268] By using a mixture of NiPAm and MelMAm, 0.25 mol% of initiator 

seems to be insufficient as the reaction mixture stays clear. This is even the case with the 

fourfold amount of ABCVA (1 mol%). This indicates that no crosslinked networks are formed 

or that the polymerization is not taking place or being inhibited somehow. Therefore, we fed an 

additional amount initiator after two hours to the reaction mixture (Table 5, MG-1). It is also 

possible to use an even higher amount of the initiator from the beginning to start the reaction 

(MG-4). For better comparison with previously synthesized gels, we continued with the method 

mentioned first with an initiator feed. Preceding equilibration of the reaction mixture at the 

reaction temperature, as often executed for PNiPAm nanogels,[267] does not lead to significantly 

better binding performance (MG-5). The method of reaction start does not significantly affect 

the yield, hydrodynamic diameter nor the polydispersity. Thus, we synthesized the rest of the 

glycogels without temperature equilibration. 

Table 5. Glycogels synthesized with three different methods of reaction start. 

Glycogel 
Χ1(ABCVA) Χ2(ABCVA) Yield Dh (50 °C) PDI 

 [mol%] [mol%] [%] [nm] [%] 

MG-1 1.0 2.0 67 507 21.2 

MG-4 3.0 - 61 488 20.4 

MG-5 3.0 - 66 569 18.7 

 

8.3.2.5 Glycogels with Various Crosslinking Densities  

The crosslinking density generally influences the morphology of PNiPAm nanogels 

such as deformability, softness and swelling ability.[268] Here, we compare glycogels based on 

different saccharides and the influence of the crosslinker amount. The highest yield of 75 % 

related to the initial amount of total monomer was achieved with LacMAm and 5 mol% 

crosslinker resulting in glycogel LG-1 (Table 6). Similar synthesis with MelMAm and 5 mol% 

crosslinker gained 29 % less yield (MG-6; 46 %). For melibiose glycogels, the highest yield 

was achieved with 10 mol% of crosslinker (MG-2; 67 %). Comparable synthesis with FucMAm 

and 5 mol% crosslinker also achieved lower yields of 56 % (FG-1). When changing the 

crosslinking density from 5 to 10 mol% (FG-2), the yields dropped to 33 %. It has to be noted 
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that during synthesis the fucose glycogels precipitated more readily than the other glycogels 

and tend to aggregate during reaction. Here, we filtered off the large, aggregated sediments 

before freeze-drying. We assume that higher amounts of crosslinker lead to more aggregation. 

This is consistent with the low yield of FG-2. It is strongly evident how differently various 

crosslinker amounts and various saccharides influence the precipitation polymerization, even 

though LacMAm and MelMAm are both disaccharides. Melibiose exhibits a higher water 

solubility than lactose, indicating a stronger negative influence on the precipitation behavior of 

the gels. Therefore, in case of melibiose glycogels, higher amounts of crosslinker might be 

necessary in order to gain higher yields since MBA reacts faster than NiPAm and, thus, does 

not slow down the reaction. Fucose, however, carries a non-polar methyl-group which can 

reestablish a more PNiPAm-like precipitation behavior, hence, the reaction solution turned 

turbid faster. Besides, the higher hydrophobicity of fucose might be a cause for the aggregation 

during synthesis. 

Table 6. Comparison of glycogels with different saccharides and crosslinker amounts. 

Glycogel 
Χ(MBA) Yield Dh(50°C) PDI 

 [mol%] [%] [nm] [%] 

LG-1 5.0 67 507 21.2 

MG-6 5.0 46 488 20.4 

MG-2 10 66 569 18.7 

FG-1 5.0 56 643 51.7 

FG-2 10 33 548 65.0 

 

8.3.2.6 Amount of incorporated Carbohydrates in Glycogels  

We determined the amount of incorporated glycomonomer by a phenol-sulfuric acid 

assay and studied how it is influenced by synthesis parameters and type of sugar (Table 7). The 

assay revealed the total carbohydrate content of the gel and was calibrated with the free sugars. 

When the same type of glycomonomer is used, the amount of incorporated sugar is not strongly 

influenced by different synthesis parameters such as the amount of stabilizer, crosslinker and 

initiator, the type of comonomer and crosslinker and the method of initiation. Hence, the sugar 

content is very similar, independent of glycogel size and crosslinking density. This means that 

the incorporation of the glycan is solely controlled by the polymerization kinetics of the 

monomer and not dramatically affected by the actual reaction parameters. On the other hand, a 
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striking difference in sugar content is observed when different glycomonomers are examined. 

On average, the fucose glycogel contains the highest sugar amount with a calculated 

incorporation of up to 70 % of the initially used glycomonomer, followed by lactose (up to 

40 %) and melibiose (up to 25 %) glycogel. This coincides with the before mentioned fast 

reaction of FucMAm as it is more hydrophobic and therefore might react similar to and with 

NiPAm in contrast to the very hydrophilic lactose and melibiose glycomonomers.  

Table 7. Amount of incorporated glycomonomer in the glycogels. 

Glycogel 
Sugar 

Content 

Averaged Sugar Content 

for Each Glycomonomer 

Type 

Theoretical 

Sugar Content 
a 

Yield of 

Incorporated 

Glycomonomer b 

 [µmol/mg] [µmol/mg] [µmol/mg] [%] 

LG-1 0.43 ± 0.03 
0.41 ± 0.03 

1.12 38.3 ± 2.7 

LG-2 0.39 ± 0.01 1.16 33.7 ± 0.9 

MG-0 0.24 ± 0.02 

0.26 ± 0.05 

1.16 20.8 ± 1.7 

MG-1 0.29 ± 0.06 1.14 25.4 ± 5.3 

MG-2 0.28 ± 0.02 1.14 24.5 ± 1.8 

MG-3 0.23 ± 0.04 1.14 22.8 ± 3.5 

MG-4 0.20 ± 0.05 1.14 18.1 ± 4.5 

MG-5 0.26 ± 0.05 1.11 23.5 ± 4.5 

MG-6 0.26 ± 0.02 1.12 23.1 ± 1.8 

MG-7 0.27 ± 0.02 1.06 25.5 ± 1.9 

MG-8 0.28 ± 0.04 1.14 24.5 ± 3.5 

FG-1 0.94 ± 0.19 
0.98 ± 0.16 

1.43 65.6 ± 13 

FG-2 1.01 ± 0.13 1.43 70.5 ± 9.1 

a Theoretical amount of incorporated glycomonomer if complete turn-over of all relevant components is 

considered. b Measured sugar content divided by theoretical sugar content.  

 

8.3.3 Inhibition Studies with Plant Lectins 

The aim of this study is to synthesize glycogels with full functionality in means of 

glycan binding. Therefore, it is important to prove the accessibility of the saccharide units for 

lectins. For screening the synthesized glycogels, we chose three plant lectins as representatives 

for melibiose, lactose and fucose binding lectins, respectively—Jacalin,[269] Erythrina 

cristagalli lectin (ECL)[270] and Ulex europaeus agglutinin I (UEA I).[271] In ELISA-type 
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inhibition assays, the nanogels were applied as inhibitors for lectin binding to an immobilized 

ligand. 

First of all, we investigated lectin binding to standard glycoproteins asialofetuin (ASF) 

and thyroglobulin. ECL and Jacalin bind sufficiently to ASF, whereas for UEA I binding α-

fucose residues are necessary. This could be found neither on ASF nor on thyroglobulin (data 

not shown). As mucins contains fucose units, porcine stomach mucin was tested and found to 

possess ligands for UEA I. The binding curves of UEA I on mucin as well as of the other two 

lectins on ASF are shown in Figure 22a. These binding signals are glycan mediated because 

inhibition with the appropriate sugar was proven (Figure 22b). 

 

 

Figure 22. Binding and inhibition of chosen plant lectins to immobilized glycoproteins. (a) The lectins 

Jacalin and Erythrina cristagalli lectin (ECL) show binding to immobilized asialofetuin (ASF), whereas 

Ulex europaeus agglutinin I (UEA I) binds to immobilized mucin from porcine stomach. (b) The three 

lectins bind glycan mediated and are inhibitable by appropriate saccharides. Typical inhibition curves 

are shown for Jacalin inhibited by melibiose, ECL inhibited by lactose and UEA I inhibited by fucose. 

A set of melibiose containing nanogels was synthesized with different synthesis 

conditions. The majority of these glycogels inhibited the binding of Jacalin to ASF indicating 

functional melibiose presentation. The SDS amount during the synthesis had a small influence 

on the inhibition potential of the glycogels. An increasing amount of SDS seemed to weaken 

the lectin binding (Figure 23a). However, we tested if this is an effect caused by the denaturing 

properties of SDS and incomplete removal during dialysis. It turned out that the lectin binding 

is not affected by SDS at concentrations around 0.1% (data not shown), which represents the 

(a) (b)
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highest amount used during synthesis. The initiation method of polymerization is irrelevant for 

lectin binding, as the inhibition curves for MG-1, MG-4 and MG-5 in Figure 23b are nearly 

identical. The type of crosslinker as well as the monomer type have the strongest influence. If 

NiPMAm was used for nanogel synthesis, no lectin inhibition was measured but an elevated 

binding signal occurred (Figure 23c). This phenomenon was observed for the NiPMAm control 

G-3 as well as for the melibiose-NiPMAm gel MG-7. Potentially, the lectin interacts with the 

nanogel somehow but is further able to bind ASF. In general, PNiPMAm as well as PNiPAm 

are reported to show rather low unspecific protein adsorption.[272] MG-8 has again a NiPAm 

backbone but EGDMA as crosslinker instead of MBA. EGDMA and MBA exhibit different 

reaction kinetics which can lead to different sizes and structures in the gel as shown in previous 

studies with PNiPAm microgels.[273] The change to EGDMA had a negative influence on the 

functionality and led to weak inhibitory potency as well as incomplete inhibition (Figure 23c 

and Figure 24). Comparing the glycogels, regarding their size, a positive effect was seen with 

smaller gels (Figure 23d). MG-4 with approximately 500 nm Dh showed slightly better 

inhibition than MG-1 with approximately 700 nm. But the highest inhibitory potency among 

all melibiose nanogels had MG-0 that was the smallest by far (approximately 150 nm Dh). The 

smaller the particle, the larger the surface and that means, in this case, a higher density of 

glycans. We found the highest multivalent effect of these smallest nanogels reaching an IC50 

value of 0.05 mg/mL which is a threefold higher inhibition value than the average of all larger 

nanogels (see Figure 24). 

Noticeably, in the presence of glycogels of low concentrations (< 0.01 mg/mL) the 

binding of Jacalin to ASF is enhanced, indicated by a higher fluorescence signal than the value 

for lectin binding without glycogel. Jacalin is a tetrameric lectin and thus, it is able to crosslink 

the glycogel with the glycoprotein immobilized on the surface.[269,274,275] In this way, the overall 

amount of glycans on the surface increases and it is possible that more lectins bind to the 

crosslinked nanogels, resulting in a higher fluorescence being measured. For calculating the 

IC50 values, these data points were neglected. 

We also included NiPAm controls without sugar content in our binding study. NiPAm 

nanogels of small size (G-2) as well as of larger size (G-1) did not inhibit the Jacalin binding 

(Figure 23e). The same goes for a lactose containing nanogel—no inhibition was observed. 

Taking these findings together, the synthesized melibiose nanogels contain melibiose units fully 

functional for lectin binding. The averaged IC50 value of melibiose nanogels that inhibit Jacalin 

binding almost completely is 0.15 mg/mL. In comparison, melibiose as free sugar shows an 
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IC50 value of 0.5 mg/mL. In consequence, the glycogels show a multivalent effect that is even 

higher in consideration of the ratio of sugar monomer during the synthesis of approximately 

20 % compared to the overall monomer amount. After determining the sugar content of the 

glycogels and calculating the apparent IC50 values from mg/mL glycogel into mM sugar 

amount (Figure 24b), the multivalent effect of all melibiose nanogels is even more emphasized. 

Due to the small amount of incorporated melibiose during the synthesis, the IC50 values are in 

average approximately 15-times lower than for melibiose. MG-0 as most potent inhibitor shows 

even 100-fold higher inhibition than melibiose. Despite not complete inhibition for MG-3, MG-

6 and MG-8, those IC50 values are still lower than melibiose showing again the multivalent 

character of sugar presentation of the glycogels. The incomplete inhibition of MG-8 might be 

due to possible differences in the glycogel structure. The lower inhibition strength of MG-3 and 

MG-6 can also be explained by different structures as we synthesized MG-3 with high 

concentrations of stabilizer, which influences the size and morphology of the nanogels. The 

lower crosslinking density in MG-6 determines the morphology of nanogels as well.[268] With 

regard to one type of glycogel, and therefore the same sugar content, the inhibitory potency 

seems to be strongly dependent on the morphology of the glycogels.  
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(e) 

Figure 23. Inhibition of Jacalin binding by glyco-nanogels. Melibiose nanogels were investigated in 

inhibition studies with Jacalin and compared regarding (a) SDS amount during the synthesis, (b) 

initiation method of polymerization, (c) type of comonomer and crosslinker, and (d) the size of the gels. 

In (e), control nanogels without sugar or containing a non-inhibiting sugar show no inhibition. The 

complete inhibition by the disaccharide melibiose proved the suitability of the assay. 

(a) (b)

(c) (d)
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(a) 

 

(b) 

Figure 24. Apparent IC50 values of glycogels and free saccharides. The concentration (a) (mg/mL) 

glycogel and (b) (mM) sugar content that is needed for half maximal inhibition is shown for melibiose 

nanogels and free melibiose regarding Jacalin binding, lactose nanogels and free lactose regarding ECL 

binding and fucose regarding UEA I binding. Gels marked with asterisks did not show complete 

inhibition. 
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The synthesized lactose nanogels were analyzed in binding assays using ECL, a lactose 

binding lectin.[270] LG-1 and LG-2 are two lactose-containing NiPAm nanogels of very similar 

syntheses. Both glycogels show complete inhibition of ECL binding to ASF with identical IC50 

values (Figure 24 and Figure 25a). For ECL, no binding enhancement at low glycogel 

concentrations is visible. Due to the dimeric structure of ECL, crosslinking of the glycogel with 

the immobilized glycoprotein is less pronounced and not enough to yield an increased 

fluorescence signal. G-1, a control PNiPAm nanogel without sugar, as well as MG-0, a 

melibiose containing nanogel, did not inhibit ECL binding proving the binding specificity to 

lactose. Moreover, free lactose is a potent inhibitor for ECL with IC50 in the same range as the 

lactose nanogels (Figure 24a). However, due to the limited amount of lactose monomer 

(approximately 20%) during synthesis, both lactose nanogels contain 0.4 µmol lactose per mg 

nanogel (Table 7). With IC50 values that are over four-times lower compared to free lactose, 

when regarding the sugar content (Figure 24b), the lactose nanogel also has a multivalent 

character and led to good inhibition potency. The multivalent effect of the lactose nanogels, 

however, is less distinct than that of the melibiose nanogels. 

 

 

Figure 25. Inhibition of ECL and UEA I binding by glyco-nanogels. (a) ECL binding is inhibited by 

lactose containing nanogels and by free lactose, but not by the control nanogel without sugar and by 

melibiose nanogel. (b) UEA I is only inhibited by free fucose; no synthesized glycogel is bound by UEA 

I. 

The third type of glyco-nanogel we synthesized contains fucose. Therefore, the binding 

assay was performed with UEA I, a fucose binding lectin.[271] Two different fucose nanogels, 

(a) (b)
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FG-1 and FG-2, were tested but no inhibition was observed (Figure 25b). Our synthesis route 

led predominantly to β-fucose that is rarely found in nature.[276] Thus, it was no surprise that 

UEA I did not bind to the glycogel. In addition, UEA I is described to be a lectin binding to α-

fucose.[271] As seen in Figure 25b, all controls gave the correct results: Nanogel without sugar 

as well as melibiose and lactose containing nanogels did also not inhibit the UEA I binding, 

whereas with free fucose selective binding of UEA I to immobilized mucin was proven because 

it was completely inhibitable. The UEA I binding is the strongest binding to its immobilized 

glycoprotein among the three tested plant lectins, here. The IC50 value of fucose for UEA I 

binding is three-times (six-times for mM value) higher than melibiose for Jacalin binding and 

25-times (50-times for mM value) higher than lactose for ECL binding (Figure 24). 

 

8.3.4 Influence on Pseudomonas aeruginosa 

In a small preliminary study, we investigated the influence of the glycogels on the 

growth of PA. For this, gels were selected by the before mentioned lectin-assay and PA was 

incubated for 24 h with MG-0, MG-4, LG-1, FG-1 and G-2. FG-1 was chosen despite the fact 

no binding was detected in the lectin studies, because reports suggest that LecB is capable of 

binding β-fucose moieties.[257,265,266] The gel concentration was kept at 2 mg mL−1 in the 

cultivation broth and as additional control, we used unmodified melibiose and fucose 

(2 mg mL−1 each). 

In this first study, we focused on the secretion of the fluorescent siderophore 

pyoverdine, which is an essential virulence factor of PA.[277] Pyoverdine is involved in various 

processes, including regulation of other virulence factors as well as the enabling the formation 

of biofilms, which decreases the sensitivity of PA towards antibiotics.[278,279] Figure 26 shows 

a fluorescence image of the 24-well plates with PA and gels. 
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Figure 26. Fluorescence images of Pseudomonas aeruginosa (PA) incubated with glycogels. The 

fluorescence is caused by the secreted fluorescent siderophore pyoverdine. Note the strong decrease in 

fluorescence signal in the wells containing FG-1. All samples were run as quadruples. Each well in a 

column is treated identically. (1): MG-0; (2): MG-0 and FG-1; (3): FG-1; (4): LG-1; (5): No gel; (6): 

MG-4; (7): G-2; (8): Unmodified melibiose and fucose; (9): Same as (5). 

Surprisingly, FG-1 decreased the detectable fluorescence based on pyoverdine secretion 

clearly. All other samples showed no effect in this regard. To the best of our knowledge there 

is no hint reported so far that fucose-derivatives are somehow influencing the secretion status 

of pyoverdine in PA. To investigate if there is really a change in pyoverdine secretion or just 

an antimicrobial activity of FG-1, the PA were subsequently plated on petri dishes and 

cultivated for 24 h. All samples showed the formation of colonies, which proves that the effect 

was not due to antimicrobial activity of FG-1 (see Figure 74, Supporting Information). As these 

are the first results on this interesting topic, we will proceed with setting up biofilm assays with 

PA and our glycogels as well as a more in-depth investigation on the influence of fucose 

containing gels on the secretion of pyoverdine. 

 

8.4 Materials and Methods  

8.4.1 Materials  

All chemicals were purchased from commercial sources. We recrystallized 

N-isopropylacrylamide (NiPAm; 97 %, Sigma Aldrich, Taufkirchen, Germany) and 

N-isopropylmethacrylamide (NiPMAm; 97 %, Sigma Aldrich) from n-hexane. Water was 

double deionized by a Milli-Q purification system (18.2 MΩ cm, Millipore Quantum® TEX, 

Darmstadt, Germany). The crosslinkers N,N′-methylenebis(acrylamide) (MBA; 99 %, Sigma 

(3)(2)(1) (6)(5)(4) (9)(8)(7)
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Aldrich) and ethylene glycol dimethacrylate (EGDMA; 98 %, Sigma Aldrich), the initiator 4,4′-

azobis(4-cyanovaleric acid) (ABCVA; ≥ 98 %, Sigma Aldrich), dichloromethane (CH2Cl2; for 

synthesis) and chloroform (CHCl3; extra pure) were redistilled before use. D-(+)-Melibiose 

monohydrate (Mel; ≥ 99 %, Carl Roth, Karlsruhe, Germany), L-(−)-fucose (Fuc; ≥ 99 %, Sigma 

Aldrich), D-lactose monohydrate (Lac; Carbosynth, Compton, United Kingdom), ammonium 

carbonate ((NH4)2CO3; ≥ 30.5 % NH3, extra pure, Carl Roth), dimethyl sulfoxide (DMSO; 

VWR, Darmstadt, Germany), methacryloyl chloride (purum, dist., ≥ 97 %, Sigma Aldrich), 

sodium carbonate (≥ 99 %, anhydrous, Carl Roth), tetrahydrofuran (THF; p. a., Chemsolute, 

Renningen, Germany), acetonitrile (≥ 99.8 %, for preparative HPLC, Carl Roth), hydroquinone 

(99.5 %, Acros Organics, Darmstadt, Germany), diethylether (Et2O; p. a., Chemsolute), 

methanol (MeOH; extra pure), silica gel (high-purity grade, pore size 60  Å, Sigma Aldrich), 

sodium dodecyl sulfate (SDS; ≥ 99.5 %, blotting-grade, Carl Roth) were used as received. 

 

8.4.2 Methods 

8.4.2.1 Dynamic Light Scattering (DLS)  

We investigated the hydrodynamic diameter by using dynamic light scattering (DLS) 

(Malvern Zetasizer Nano-ZS, Kassel, Germany). Measurements were performed in disposable 

polymethylmethacrylate cuvettes at a backscattering angle of 173° five times. We chose 

temperatures of 20 and 50 °C. For the measurements at 20 °C, we let the samples equilibrate 

for 5 min, and for the measurements at 50 °C, the samples were allowed to equilibrate for 

10 min to ensure complete collapse of the glycogels. We measured the hydrodynamic diameter 

of PNiPAm nanogel G-1 and melibiose gel MG-4 as a function of the temperature, ranging 

from 20 to 50 °C.  

 

8.4.2.2 Scanning Electron Microscopy (SEM) 

Diluted samples were dropped onto tilted silicon wafers (CrysTec) to let excess liquid 

drip off. After letting the wafers dry, the samples were sputtered with platinum (4 nm). Images 

were taken on a GeminiSEM 300 (Fa. Zeiss, Jena, Germany). 
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8.4.2.3 Atomic Force Microscopy (AFM)  

AFM analysis was performed on a Bruker Dimension Icon using NanoScope 9.1 

(Karlsruhe, Germany) for measurements and NanoScope Analysis 1.5 for image processing. 

We measured in ScanAsyst air mode using a ScanAsyst air tip with a spring constant of 

~0.4 N/m and a resonant frequency of 70 Hz. 

 

8.4.2.4 NMR and ESI-MS  

NMR spectra were recorded on a Bruker Avance 300 MHz Spektrometer (Ettlingen, 

Germany). Mass spectra were recorded on FlexarTM SQ 300 MS Detector (PerkinElmer, 

Rodgau, Germany). 

 

8.4.2.5 Thermogravimetric Analysis (TGA)  

TGA measurements (TGA 500, TA Instruments, Hüllhorst, Germany) were conducted 

in nitrogen flow (60 mL/min) with heating rate of 10 K/min up to 200 °C. The water content in 

the gels was determined to be 5 – 11 wt.%. For analysis and discussion, we used the wet weight 

of the gels. 

 

8.4.3 Glycomonomers  

The glycomonomers were synthesized in a two-step procedure. For the first step, the 

respective glycoamines were prepared via Kochetkov amination accelerated by microwave 

irradiation.[185,206] The second step involves the introduction of a polymerizable moiety 

following a modified procedure of Ghadban et al..[219] 

8.4.3.1 Synthesis of Glycosylamines 

The saccharide was dissolved in solvent and ammonium carbonate was added. The 

respective amounts of reactants and solvents used are listed in Table 8. Afterwards the reaction 

mixture was heated in the microwave reactor (START 1500 rotaPREP, MSL, Leutkirch, 

Germany) to 40 °C for 90 min under stirring. The mixture was allowed to cool down and the 
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ammonium carbonate and the solvent were removed by rotary evaporation at 40 °C under 

reduced pressure. In case of LacNH2, the glycosylamine was precipitated with 40 mL of MeOH 

after reaction and dried. The crude product was dried in high vacuum and stored at 4 °C. We 

used the glycosylamines for monomer syntheses without further purification. It has to be noted 

that residual ammonium carbonate was found in all glycosylamines which could not be 

removed.[221] 

Table 8. Synthesis details of glycosylamines. 

Reactant 
n m V 

 [mmol] [g] [mL] 

Lactose monohydrate 8.33 3.3 - 

DMSO - - 12.0 

(NH4)2CO3 52.0 5.0 - 

Melibiose monohydrate 13.9 5.0 - 

H2O - - 100 

(NH4)2CO3 520 50 - 

Fucose 9.14 1.5 - 

MeOH - - 13.0 

(NH4)2CO3 78.1 7.5 - 

 

8.4.3.2 Synthesis of Glycosyl Methacrylamides 

We dissolved the glycosylamine in a mixture of methanol and Milli-Q water (1:1) and 

added sodium carbonate. The reaction mixture was cooled in an ice-water bath. Methacryloyl 

chloride was diluted with THF and dropwise added into the mixture within 10 min under 

stirring. The reaction was allowed to proceed for further 30 – 90 min in the ice-water bath 

(Table 9). Then the volatile solvents were removed by rotary evaporation at 30 °C. The products 

were purified by silica gel column chromatography (LacMAm: acetonitrile/H2O 9:1; MelMAm: 

acetonitrile/H2O 9:1 → 4:1; FucMAm: CHCl3/MeOH 5:1), followed by the extraction with 

diethyl ether in the case of LacMAm. We stabilized MelMAm with hydroquinone (3 ppm) as 

it tends to polymerize spontaneously. FucMAm was hydrolyzed in 30 mL with 106 mg sodium 

carbonate (1 mmol; 250 mM) overnight as the NMR spectra showed additional methacrylate 

peaks. Afterwards, we purified FucMAm by a second column chromatography (CHCl3/MeOH 

5:1). The products were concentrated and then freeze-dried to obtain white solids (LacMAm: 
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680 mg, total yield: 57 %; MelMAm: 1.12 g, total yield: 18 %; FucMAm: 817 mg, total yield: 

26 %).   

Table 9. Synthesis details of glycomonomers. 

Reactant 
n m V 

 [mmol] [g] [mL] 

LacNH2 3.17 1.0815 - 

Sodium carbonate 12.67 1.3434 - 

MeOH/H2O (1:1) - - 16.4 

Methacryloyl chloride 9.5  0.9141 

THF - - 6.3373 

MelNH2 13.9 5 - 

Sodium carbonate 77.8 8.25 - 

MeOH/H2O (1:1) - - 150 

Methacryloyl chloride 42.6  4.77 

THF - - 35 

FucNH2 12.2 2 - 

Sodium carbonate 68.1 7.22 - 

MeOH/H2O (1:1) - - 132 

Methacryloyl chloride 42.5  4.1 

THF - - 35 

 

LacMAm. 1H NMR (D2O, 300 MHz): δ = 5.83 (s, 1 H), 5.53–5.67 (m, 1 H), 5.12 (d, 3J = 9.2 Hz, 

1 H), 4.51 (d, 3J = 7.7 Hz, 1 H), 3.53–4.01 (m, 12 H), 1.99 (s, 3 H); 13C NMR (DMSO, 75 MHz): 

δ = 184.23 (C), 140.32 (C), 123.87 (CH2), 104.46 (CH), 81.09 (CH), 79.40 (CH), 78.02 (CH), 

76.94 (CH), 76.70 (CH), 74.09 (CH), 72.91 (CH), 72.52 (CH), 70.13 (CH), 62.62 (CH2), 61.44 

(CH2), 19.26 (CH3); ESI-MS, m/z calcd for C16H28NO11: [M + Na]+ 432.38, found: 432.11 [M 

+ Na]+.  

MelMAm. 1H NMR (300 MHz, D2O): δ = 5.81 (s, 1 H), 5.59 (d, 3J = 1.6 Hz, 1 H), 5.08 (d, 3J 

= 8.9 Hz, 1 H), 5.00 (d, 3J = 3.5 Hz, 1 H), 3.45–4.05 (m, 12 H), 1.98 (s, 3 H); 13C NMR (DMSO, 

75 MHz): δ 174.27 (C), 140.28 (C), 123.87 (CH2), 99.70 (CH), 81.38 (CH), 78.24 (CH), 77.73 

(CH), 73.04 (CH), 72.42 (CH), 70.99 (CH), 69.95 (CH2), 62.67 (CH2), 19.24 (CH3); ESI-MS, 

calcd for C16H27NO11: [M + Na]+ 432.38, found: 432.10 [M + Na]+. 
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FucMAm. 1H NMR (300 MHz, D2O): δ = 5.78 (1 H, s), 5.56 (1 H, s), 4.98 (1 H, d, 3J = 8.2 Hz), 

3.90 (1 H, q, 3J = 6.4 Hz), 3.79–3.94 (1 H, m), 3.61–3.73 (3 H, m), 1.95 (1 H, s), 1.24 (1 H, d, 

3J = 6.5 Hz); 13C NMR (DMSO, 75 MHz): δ = 173.69 (C), 140.22 (C), 123.49 (CH2), 81.21 

(CH), 74.99 (CH), 73.98 (CH), 72.80 (CH), 70.32 (CH), 19.19 (CH3), 17.17 (CH3); ESI-MS, 

calcd for C10H17NO5: [M + Na]+ 254.24, found: 254.04 [M + Na]+. 

 

8.4.4 Synthesis of Nanogels via Precipitation Polymerization  

8.4.4.1 Synthesis of PNiPAm Nanogel G-1  

The reactants, except the initiator, were dissolved in Milli-Q water in a 100 mL-Schlenk 

flask. We purged the solution with nitrogen and equilibrated at 80 °C in an oil bath for 30 min. 

Afterwards, the reaction was started by adding the initiator in nitrogen countercurrent. We 

allowed the turbid mixture to cool down after 4 h of reaction. The nanogels were dialyzed 

against deionized water for several days and then lyophilized to obtain a white solid.   

 

8.4.4.2 Synthesis of PNiPAm Nanogel G-2 and PNiPMAm Nanogel G-3  

We dissolved every reactant in Milli-Q water in a 100 mL-Schlenk flask or 50 mL-

Schlenk flask and purged the reaction solution with nitrogen for 30 min (Table 10). The reaction 

was started by submerging the flask into an 80 °C oil bath. After reaction, we let the slightly 

turbid mixture cool down and purified the product by dialysis against deionized water for 

several days, followed by lyophilization. We obtained white solids. 

Table 10. Synthesis details of PNiPAm and PNiPMAm nanogels.a 

Nanogel 
V(H2O) c(Monomer) n(Monomer) Χ(CL) c(SDS) Χ(ABCVA) t1 Yield 

 [mL] [mmol/L] [mmol] [mol%] [mmol/L] [mol%] [h] [%] 

G-1 50 100 5 5 0.2 0.25 4.0 - 

G-2 50 100 5 10 4.0 2.00 22 86 

G-3 b 25 100 2.5 5 1.0 2.00 4.5 78 

aThe molfraction Χ refers to the total monomer amount of substance. Comonomer is NiPMAm if not 

stated otherwise. Crosslinker is MBA if not stated otherwise. b Comonomer is NiPMAm. Crosslinker is 

EGDMA.  
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8.4.4.3 Synthesis of Melibiose Glycogels MG-1–MG-8 

MelMAm (40.9 mg, 0.1 mmol), comonomer (0.4 mmol; 4 eq.), crosslinker, SDS and 

initiator were dissolved in 5 mL of Milli-Q water (100 mM total monomer concentration) in a 

25 mL-Schlenk flask. The respective amounts of the chemicals used are listed in Table 11. We 

purged the solution with nitrogen for 30 min, before submerging the flask into an 80 °C oil 

bath. For some glycogels, we added an additional amount of initiator after approximately 2 h 

in nitrogen countercurrent (see t1 in Table 11). The reaction was allowed to proceed for a further 

amount of time (see t2 in Table 11). After cooling down the turbid reaction mixture, we purified 

the glycogel by dialysis against deionized water for several days and lyophilized the product to 

obtain a white solid. If large, aggregated sediments were observed after reaction, the product 

was filtered through Kimtech Science® precision wipes (Darmstadt, Germany) before freeze-

drying.  

Table 11. Synthesis details of melibiose glycogels.a 

Glycogel 
n(Comonomer) Χ(CL) c(SDS) Χ1(ABCVA) t1 Χ2(ABCVA) t2 Yield d 

 [mmol] [mol%] [mmol/L] [mol%] [h] [mol%] [h] [%] 

MG-1 0.4 10 0.4 1 2.0 2 17 67 

MG-2 0.4 10 2.0 1 1.7 2 16 67 

MG-3 0.4 10 4.0 1 2.0 2 20 43 

MG-4 0.4 10 0.4 3 22 - - 61 

MG-5 0.4 10 0.4 3 22 - - 66 

MG-6 0.4 5 1.0 2 24 - - 46 

MG-7 b, c 0.4 5 0.2 2 23 - - 37 

MG-8 c 0.4 10 0.4 1 2 2 17 64 

a The molfraction Χ refers to the total monomer amount of substance. Comonomer is NiPMAm if not 

stated otherwise. Crosslinker is MBA if not stated otherwise. b Comonomer is NiPMAm. c Crosslinker 

is EGDMA. d Yields were determined once.  

In case of MG-5, every reactant was dissolved in Milli-Q water with the exception of 

the initiator. After purging the reaction solution with nitrogen and equilibrating at 80 °C for 

30 min, we added the initiator to start the reaction. 
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8.4.4.4 Synthesis of Melibiose Glycogel MG-0  

We first tested the precipitation polymerization with a previously synthesized melibiose 

monomer that was not stabilized with hydroquinone. We dissolved MelMAm (81.8 mg, 

0.2 mmol), NiPAm (90.5 mg, 0.8 mmol; 4 eq.), MBA (15.4 mg, 0.1 mmol; 10 mol%), SDS 

(1.15 mL of a 10 mg/mL stock solution, 4 × 10−5 mmol; 4 mM) and ABCVA (0.7 mg, 2.5 × 

10−3 mmol; 0.25 mol%) in Milli-Q water (9 mL; 100 mM total monomer concentration). We 

purged the reaction solution with nitrogen for 30 min. Then, we started the reaction by 

submerging the reaction flask into an 80 °C oil bath. After 2 h, the reaction mixture remained 

clear. Additional initiator was added, and the mixture turned slightly turbid. We let the reaction 

proceed for further 4 h before letting it cool down. The glycogel was purified by dialysis against 

deionized water for several days and then freeze-dried. We obtained 99.7 mg of white solid 

(53 %).  

 

8.4.4.5 Synthesis of Lactose Glycogel LG  

We dissolved LacMAm (40.9 mg, 0.1 mmol), NiPAm (45.3 mg, 0.4 mmol; 4 eq.), 

MBA (3.9 mg, 2.5 × 10−2 mmol; 5 mol%), SDS (288 µL of a 1 mg/mL stock solution, 1.0 × 

10−6 mmol; 0.2 mM) and ABCVA (2.8 mg, 0.01 mmol; 2 mol%) in Milli-Q water (4.712 mL; 

100 mM total monomer concentration) in a 25 mL-Schlenk flask. We purged the solution with 

nitrogen for 30 min. Then the reaction was started by submerging the reaction flask into an 

80 °C oil bath. After 20 h of reaction, we let the reaction mixture cool down. We dialyzed the 

product against deionized water for several days and lyophilized the product to obtain a white 

solid (72.5 mg, 75 %). 

 

8.4.4.6 Synthesis of Fucose Glycogels FG-1 and FG-2  

We dissolved FucMAm (23 1 mg, 0.1 mmol), NiPAm (45.3 mg, 0.4 mmol; 4 eq.), MBA 

(FG-1: 3.9 mg, 2.5 × 10−2 mmol; 5 mol%; FG-2: 7.7 mg, 5.0 × 10−2 mmol; 10 mol%), SDS 

(57.67 µL of a 10 mg/mL stock solution, 2.0 × 10−6 mmol; 0.4 mM) and initiator in Milli-Q 

water (5 mL; 100 mM total monomer concentration) in a 25 mL-Schlenk flask. We purged the 

solution with nitrogen for 30 min, before submerging the flask into an 80 °C oil bath. The 

reaction was allowed to proceed for 4 h. After cooling down, we purified the glycogel by 



Functional Glyco-Nanogels for Multivalent Interaction with Lectins

 

83 

 

dialysis against deionized water for several days, filtered through Kimtech Science® precision 

wipes and lyophilized the product to obtain a white solid (FG-1: 41.5 mg, 56 %: FG-2: 25.9 mg, 

33 %). 

 

8.4.5 Phenol-Sulfuric Acid Assay for Determination of Total Sugar Content 

The phenol-sulfuric acid assay was performed similar to a described method.[280] Two 

different concentrations of glycogels (1.5 and 0.75 mg/mL for lactose and melibiose nanogels, 

4.0 and 2.0 mg/mL for fucose nanogels) were prepared in water. 50 µL of sample was 

thoroughly mixed with 150 µL sulfuric acid (95 %, Th. Geyer, Renningen, Germany). 

Subsequently, 30 µL of 5 % phenol (Sigma-Aldrich) was added, followed by mixing. The 

mixture was incubated at 90 °C for 5 min and let cool down in a water bath for further 5 min. 

After transferring the solution into a 96-well plate (Carl Roth) the absorption at 490 nm was 

measured. 

For calculating the total sugar amount for each type of saccharide, lactose, melibiose 

and fucose were used separately for calibration. Control gels without sugar were also measured 

to prove suitability of the assay.  

 

8.4.6 Lectin Studies 

To prove the accessible sugar content of the nanogels, different sugar binding proteins 

(lectins) were used for binding studies. Fluorescein-labeled lectins were chosen for easy 

detection: ECL for lactose (β-galactose) binding, Jacalin for melibiose (α-galactose) binding 

and UEA I for α-fucose binding (all from Vector Laboratories, via BIOZOL Diagnostica 

Vertrieb GmbH, Eching, Germany). 

The lectin binding to the nanogels was proven by an ELISA-type competitive inhibition 

assay, similar to previously described assays.[193,195]  Glycogels that are bound by the lectin 

inhibit the lectin binding to an immobilized glycoprotein. The standard glycoprotein for ECL 

and Jacalin is ASF. For UEA, we found good binding to mucin from porcine stomach. The 

binding of the three lectins to its appropriate ligands was proven in a binding assay varying the 

lectin concentration. 
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In microtiter plates (MaxiSorp, Nunc, Wiesbaden, Germany) ASF (100 μL of 5 μg/mL 

bovine ASF (Sigma-Aldrich)) or mucin (100 µL of 100 µg/mL porcine stomach mucin (Sigma-

Aldrich), both in sodium carbonate buffer pH 9.6) was immobilized overnight. After washing 

with PBS-Tween (0.05 % (v/v) Tween-20) residual binding sites were blocked with 2 % BSA 

(bovine serum albumin, Carl Roth) in PBS. Wells were washed once with PBS-Tween and 

twice with lectin buffer (10 mM HEPES, 150 mM NaCl, 0.1 mM CaCl2, pH 7.5). Varying 

concentrations of inhibitor and 5 or 10 µg/mL of lectin were incubated simultaneously for 1 h. 

Controls without inhibitor and without lectin were performed to indicate minimal and maximal 

binding, respectively. Wells were again washed with lectin buffer and residual bound lectin was 

detected by fluorescence read-out at 488/520 nm. Measured data were analyzed using Sigma 

Plot (Systat software GmbH, 11.0, Erkrath, Germany). 

 

8.4.7 Cultivation of PA 

The nanogels (4 mg) were swollen over night at 37 °C under shaking conditions in 1 mL 

Nutrient Broth (NB, Carl Roth). 

Nutrient broth was inoculated with Pseudomonas aeruginosa and grown under shaking 

conditions (110 rpm) at 37 °C overnight. The overnight culture was diluted to an OD600 nm of 

0.2 with NB and subsequently diluted with the nanogel suspension in a ratio of 1:2 (nanogel 

2 mg/mL, PA OD 0.1). 500 µL of this mixture were plated in a 24-well plate (n = 4) (TPP, 

Techno Plastic Products AG, Trasadingen, Switzerland)) and cultivated under static condition 

overnight at 37 °C. Then the fluorescence of pyoverdine was detected using UV light (Dark 

Hood DH-50, BIOSTEP, FELIX 2000, Burkhardtsdorf, Germany). 

All samples and the controls (PA in NB) showing fluorescence were diluted to 10−4 – 

10−6 with PBS (Biochrom AG, Berlin, Germany). Samples without fluorescence were diluted 

to 10−2. Subsequently, 100 µL of each sample was plated on cetrimid agar plates (Carl Roth) 

and stored overnight (37 °C). 
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8.5 Conclusions 

For the first time, we prepared melibiose, fucose and lactose containing nanogels via 

precipitation polymerization of NiPAm and glycomonomers. We varied the reactions 

conditions of the gel production and analyzed the inhibitory potency of the gels in lectin assays. 

The gels showed sugar dependent inhibition of the lectin binding and a prominent multivalent 

effect compared to unmodified saccharides. We found that overal the inhibition strength 

increases with decreasing gel size. Furthermore, the monomer NiPAm and crosslinker MBA 

are more suitable for these lectin assays than NiPMAm and EGDMA as the latter two 

themselves influence the binding behavior. The crosslinker amount influences the yield and the 

lectin binding differently, depending on the glycomonomer. At the same sugar content, the 

inhibitory potency seems to be strongly dependent on the morphology of the glycogel. 

Interestingly, the amount of incorporated sugar is not strongly influenced by the reaction 

parameters but by the type of glycomonomer. This enables a tuning of the synthesis towards 

yields, optimized size and morphology without decreasing sugar content in the gels. Fucose 

containing gels showed no inhibition due to the β-anomeric form of the glycomonomer. 

However, LecB is reported to bind β-fucose residues. Due to the biocompatibility of the 

materials a potential use of the gels in alternative treatments of Pseudomonas aeruginosa 

infections could be possible in the future. First trials suggest an influence of fucose gels on the 

secretion of pyoverdine. Work is in progress to establish biofilm formation assays with PA in 

the presence of the glycogels as well as a more in-depth investigation of the effect in pyoverdine 

secretion of β-fucose gels.  
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9 Protection group- free synthesis of α- mannopyranosyl 

methacrylamide 

9.1 Abstract 

Regioselective derivatization of carbohydrate structures include tedious (de)protection 

steps. Lectins, which are important and interesting in the field of biotechnology, specifically 

bind terminal carbohydrate structures in α-configuration. Herein, we report a synthetic route for 

the isolation of mannopyranosyl methacrylamide as an α-anomer for subsequent 

polymerizations. This targeted synthesis enables the isolation of glycopolymers from α-

carbohydrate derivatives to gain further insight in areas such as drug delivery, biofunctional 

materials as well as tissue engineering. 

 

9.2 Introduction 

Among many biological processes, glycan-mediated interactions are jointly the key to 

cellular adhesion, pathogen control, immune response, and many more.[281,282,283,284,285] Many 

pathogens have altered carbohydrate and glycoprotein expression that can be recognized by 

lectins through strong multivalent, non-covalent binding to several active binding sites. By 

mimicking these natural glycostructures with glycopolymers, a higher glycan density can be 

achieved causing the “cluster glycoside effect”.[286,287] The application of these macromolecules 

extends to biological analysis, especially binding assays with lectins for carbohydrate-protein 

interaction studies as an effective tool to analyze diverse cell processes.[288,289] Lectins are 

naturally occurring proteins that participate in various physiological processes, mostly in the 

field of cell communication and cell recognition by binding to glycan structures.[290]  The lectins 

type 1 fimbriae (FimH) and Galanthus nivalis agglutinin (GNA) bind specifically to terminal 

α-D-mannosyl derivatives, while Pisum sativum agglutinin (PSA), Lens culinaris agglutinin 

(LCA) and concanavalin A (ConA) additionally recognise α-D-glucosyl 

derivatives.[291,292,293,294,295] 

The synthesis of required glycomonomers often involves the tedious introduction and 

removal of protecting groups due to reactive hydroxyl groups.[97,296] To elude these, enzymes 

as catalysts or two-step synthetic routes via Kochetkov amination or Likhoshertov with 

subsequent (meth)acrylation have been reported.[105,201] Enzyme-catalyzed synthesis of 
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glycomonomers using Novozym 435 is feasible to derivatize the C6 position in 

hexoses.[102,297,298] Nevertheless, in order to generate a carbohydrate-lectin interaction, 

addressing of the C1 position is necessary.[299] Optimization of the microwave assisted 

Kochetkov or Likhoshertov amination were presented with several carbohydrate structures.[164] 

However, stereoselective synthesis of glycomonomers is challenging facing configural 

instability due to the anomeric effect. Thus, glycosylamines prefer the more stable β-

configuration, which results in the isolation of β-glycomonomers. Glycosyl azides can be used 

to circumvent this issue. By reducing with suitable acylating agents, the formation of free amine 

can be prevented. This approach using the Staudinger ligation has already been applied to obtain 

stereoselective glycoconjugates.[300] Depending on whether benzylic or acetylic protecting 

groups were incorporated, the glycoconjugate resulted as the α- or β- anomer, respectively. 

Due to the electron-withdrawing effect of acetates, the acylation step is slowed down, 

leading to anomerization. The isolation of α-glycoconjugates by Staudinger ligation was also 

described, though this time without the use of protecting groups.[301] 

 

 

Scheme 13. Reaction scheme of the synthesis of mannopyranosyl methacrylamide. 

This work describes a new protecting group free route for the efficient synthesis of 

mannose-containing monomers in α-configuration for the first time. For this purpose, 

“traceless” Staudinger ligation was chosen as the central synthesis method (Scheme 13). Its 

advantage lies in its specificity with respect to the reactive groups as well as the isomerism of 
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the product. This reaction type required the prior synthesis of a triphenylphosphine derivative 

bearing a polymerizable functional group and an azide functionalized D-mannose derivative as 

the reactant. Modifications of several reaction conditions of the ligation step were evaluated to 

achieve reasonable yields and isomeric purity. 

 

9.3 Results and Discussion 

Synthesized α-mannosyl azide was used as the substrate for the Staudinger ligation 

reaction. The synthesis and characterization are reported in the Supporting Information. α-

Mannosyl azide was isolated with complete stereocontrol by reacting D-mannose with 2-chloro-

1,3-dimethylimidazolinium chloride (DMC) and NaN3 under basic reaction conditions, as 

already described.  

 

Scheme 14. Synthesis of phosphine derivative with a polymerizable functional group 4. 

Triphenylphosphine derivatives show lower lability towards air compared to other 

triphosphine derivatives. To introduce a polymerizable functionality, (2-

hydroxyphenyl)diphenylphosphine was derivatized with a short methacrylate group to 2-

(diphenylphosphonyl)phenyl methacrylate 4 (Scheme 14).  

Methacryloyl chloride and methacrylic acid were used to modify the triphenyl 

phosphine derivative via a SN2 displacement and esterification reaction mechanism, 

respectively. It was found that applying methacrylic acid was more suitable for derivatization 

due to the isolation of higher yields and reproducibility. In addition, the removal of the by-

products using the synthesis route with methacryloyl chloride were aggravated. Syntheses using 

methacryloyl chloride were tested in diethylether and dichloromethane under the formation of 

triethylamine hydrochloride. The latter reaction solvent resulted in higher final yields as 

purification was more straightforward due to the higher vapour pressure compared to diethyl 

ether. Conversion with methacrylic acid was obtained under the activation with EDC•HCl, 

followed by a Steglich esterification mechanism with DMAP. DMAP reacts with the activated 
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carboxylic acid, resulting in a formation of a DMAP-acid-compound, which can be attacked by 

the hydroxyl functionality to form an ester bond. The base DIPEA serves as a proton scavenger 

and enables the catalytic use of DMAP by accelerating the regeneration of catalytic DMAP, 

thus improving the reaction rate. 1H NMR spectroscopy analysis verified the isolation of the 

desired compound after purification using column chromatography. Vinyl protons are shifted 

to the downfield at 6.0 and 5.5 ppm. 

 

Scheme 15. Synthesis of mannosyl methacrylate 5 via Staudinger ligation. 

The driving force of the Staudinger ligation is the formation of the phosphorus-oxygen 

double bond, which requires reaction conditions with exclusion of water and oxygen. A 

premature formation of the phosphorus-oxygen bond leads to a deactivation of the phosphine 

derivative and therefore is unusable for a Staudinger ligation reaction. The Staudinger ligation 

proceeds in two reaction steps. The first step includes the formation of iminophosphorane as 

transition state, which is only stable in a non-oxidating and non-hydrolyzing environment. The 

second step contains the hydrolysis of the formed iminophosphorane by adding water to result 

in the desired α-mannopyranosyl methacrylamide and the by-product triphenylphosphine oxide 

(Scheme 13). The optimization experiments were performed with the unpurified crude product 

2-(diphenylphosphonyl)phenyl methacrylate 4. The optimal conditions found were 

subsequently applied to the synthesis of α-mannopyranosyl methacrylamide 5 with the purified, 

isolated product 4. 
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Table 12. Optimization of the synthesis of mannosyl monomer 5 via Staudinger ligation with unpurified 

crude 2-(diphenylphosphonyl)phenyl methacrylate 4. 

Entry Ta [°C] ta [h] Tb [°C] tb [h] α-yieldc [%] α/β eed 

1 70 4 70 2 10 1:9 
2 40 4 40 16 7 1:3 
3 70 4 40 16 2 1:4 
4 70 16 70 5 6 2:3 
5 70 16 70 16 3 1:3 
6 40 4 40 2 17 3:1 
7 40 16 40 5 6 33:1 

aFirst reaction section: formation of iminophosphorane; bSecond reaction section: hydrolysis; 

cgravimetric determination after purification; aaccording to HPLC elugram. 

1H NMR spectroscopy analyses revealed a mixture of α- and β-mannopyranosyl 

methacrylamide, which could be separated with reverse-phase HPLC. Low reaction 

temperature at 40 °C and short reaction times of both reaction sections resulted in a high α- to 

β-monomer ratio and a reasonable yield of 17 % of the α-mannosyl derivative. Long reaction 

times of both reaction sections resulted in lower yields due to the instability of the formed 

iminophosphorane. Reaction temperature seems to play a minor role regarding yield but does 

affect the isomeric equilibrium shift of the product. Increased temperature led to a faster 

rearrangement of the iminophosphorane from the α- to the β-isomer and thus to a lower α to β 

ratio according to HPLC analyses (Table 12). The total yield of reactions at 40 °C are lower 

with less conversion of the starting material, however, the α- to β-monomer ratio is increased. 

Nevertheless, since the separation of α- and β-monomer is potentially more difficult than that 

of α-monomer and reactant, the reaction at 40 °C is preferred. To determine the accurate yield 

of this Staudinger ligation, the reaction was carried out with pure 4 under the optimized reaction 

conditions of reaction number 6 identified. At a reaction temperature of 40 °C and a total 

reaction time of 6 h, a yield of 5 in α-configuration with 70 % was obtained, which could be 

reproduced. 
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Figure 27. Comparison of 1H NMR spectrum of α- and β- mannosyl methacrylate 5. 

The peaks at 5.7 and 5.5 ppm in the 1H NMR spectrum are attributed to the vinyl protons 

(Figure 27). The doublet at 5.5 ppm can be assigned to the anomeric proton of the α-isomer, 

whereas the one of the β-isomer appears at 5.3 ppm. Resonance shift of protons in an equatorial 

position are shielded due to the spatial proximity to the ring oxygen compared to protons in an 

axial position. 

 

9.4 Conclusion 

The field of glycopolymers increased regarding biological recognition processes to gain 

insights in carbohydrate-protein interactions. Potential applications of glycopolymers are 

biofunctional materials, drug delivery or tissue engineering due to the advantage of the present 

of high glycan densities. The isolation of these glycan-bearing macromolecules requires the 

synthesis of the desired monomer precursors. Due to high density of reactive functional groups 

of carbohydrates, the synthesis of glycomonomers requires time-consuming protection or 

deprotection steps for derivatization. In addition, isolation of glycoderivatives in their α-

anomerism is challenging in terms of configural instability. This work descried for the first time 

the synthesis of a mannose-containing monomer in its α-anomer without (de)protection steps 

within two synthesis steps. The phosphine derivative required for this procedure was prepared 

via an EDC•HCl mediated Steglich esterification with methacrylic acid to introduce a 
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polymerizable functional group. By reaction with α-mannopyranosyl azide, mannopyranosyl 

methacrylamide was yielded using the Staudinger ligation reaction mechanism as an α and β 

anomeric mixture. The anomeric ratio depends on the reaction conditions. Varying the synthesis 

parameters revealed significant shifting of the anomeric equilibrium to the α-glycomonomer 

with shorter reaction times and lower reaction temperatures of 40 °C.  Chromatographic 

purification succeeded in separating the mixture and thus the α-anomeric glycomonomer was 

isolated in its pure form. NMR and ESI-MS analyses confirmed the successful isolation of the 

desired compounds. Proceeding polymerizations with the synthesized glycomonomer are 

scheduled for potential lectin binding studies. 

 

9.5 Experimental 

9.5.1 Materials and instrumentation 

9.5.1.1 Chemicals 

All reagents and solvents were used without further purification. N-(3-

Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC,> 99 %), N, N′-

dimethylpropyleneurea (DMPU,> 99 %), D-mannose (> 99.5 %), NaHCO3 (> 99 %) and diethyl 

ether (dry, > 99.5 %) were purchased from Carl Roth (Karlsruhe, Germany). Na2SO4 (> 99 %), 

HCl (37 %), n-hexane (95 %), toluene (> 99.5 %) and dichloromethane (> 99.8 %) were 

received from Chemsolute (Renningen, Germany), 1,4-dioxane (> 99 %) from Acros Organics 

(Geel, Belgium). (2-Hydroxyphenyl)diphenylphosphine (97 %), 4-dimethylaminopyridine 

(DMAP,> 98 %), methacryloyl chloride (97 %), methacrylic acid (99 %), Et3N (> 99.5 %), 

DIPEA (99.5 %), dimethyl acetamide (DMA, 99 %) and methanol (> 99.9 %) were obtained 

from Merck KGaA (Darmstadt, Germany). NaN3 (99 %) was from Alfa Aesar (Kandel, 

Germany), 2-chloro-1,3-dimethylimidazolinium chloride (DMC,> 98 %) from TCI (Tokyo, 

Japan). Ethyl acetate (> 99.8 %) was purchased from VWR (Radnor, US). Deuterated solvents 

D2O (99.9 %) was received from Deutero (Kastellaun, Germany), CDCl3 (> 99.8 %) from 

Merck KGaA (Darmstadt, Germany). 
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9.5.1.2 Instrumentation 

ESI-MS spectra were recorded with a Perkin Elmer Flexar SQ 300 MS Detector. 

Samples were prepared by solving in an acetonitrile/water (1:1) mixture with additional formic 

acid (0.1 %) and measured at a temperature of 300 °C with a flow rate of 15 µL/min. Nuclear 

magnetic resonance (NMR) spectroscopy was performed with a Bruker AVANCE NEO 

(400 MHz) spectrometer. Deuterated solvents were used as standards. Chemical shifts are given 

in the δ-scale in ppm relative to solvent peaks. Multiplicities are displayed with the coupling 

constants in Hertz (Hz). Preparative HPLC was conducted with an Azura from Knauer equipped 

with an Azura UVD 2.15 UV detector. Samples were prepared by dissolving in water. The 

eluent was 100 % water with a flow rate of 10 mL/min. α/β ratio was determined by integrating 

the peaks of α, starting to eluent at around 41 min and β, starting to eluent at around 48 min. 

 

9.5.2 Syntheses procedure 

9.5.2.1 Synthesis of α-mannopyranosyl azide 2 

D-Mannose (0.50 g, 2.78 mmol), DMC (1.41 g, 8.34 mmol), NaN3 (1.63 g, 25.02 mmol) 

and Et3N (3.47 mL, 25.02 mmol) were stirred in a 1:1 solvent mixture of H2O/ 1,4-dioxane 

(11 mL) for 1 h at -10 °C. The reaction mixture was purified using column chromatography 

(dichloromethane/ methanol 5:1) and additionally extracted from diethyl ether (3 x 100 mL). 

After freeze-drying, the desired compound was yielded in 80 % (0.46 g, 2.22 mmol) as a white 

solid. 

1H NMR (D2O, 400 MHz, rt): δ [ppm] = 5.5 (d, 3J = 1.9 Hz, 1H, N3-C1-H), 4.0 – 3.6 (m, 6H). 

ESI-MS: m/z for C6H11N3O5: [M + Na]+ calculated: 228.16, found: 228.14. 

 

9.5.2.2 Synthesis of 2-(diphenylphosphonyl)phenyl methacrylate 4 

Et3N (60.3 µL, 0.82 mmol) was added to (2-hydroxyphenyl)diphenylphosphine (0.20 g, 

0.72 mmol), dissolved in dry dichloromethane (7.2 mL). Freshly distilled methacryloyl chloride 

(91.7 µL, 0.82 mmol) was added to the clear reaction solution and was stirred for 1 h at room 

temperature under N2 atmosphere. Afterwards, the solvent was removed under vacuum and the 

reaction mixture was taken up in ethyl acetate, washed with NaHCO3 solution (5 %, 3 x 
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100 mL) and water (2 x 100 mL). The organic layer was dried over Na2SO4, concentrated and 

dried under high vacuum. The side products were removed by precipitation from cold n-hexane, 

added to the reaction mixture in dichloromethane. After concentrating the filtrate, the desired 

phosphine derivative was received with a purity of 70 % (82.80 mg, 0.24 mmol) as a white 

powder. 

(2-Hydroxyphenyl)diphenylphosphine (0.20 g, 0.72 mmol) was dissolved in dried 

dichloromethane (3.6 mL) with methacrylic acid (75.5 µL, 0.86 mmol) and DMAP (8.80 mg, 

72.0 µmol). In another flask, EDC (0.19 g, 1.00 mmol) was dissolved in dried dichloromethane 

(3.6 mL) with DIPEA (95.9 µL, 1.00 mmol). Both solutions were combined under N2 and stirred 

for 2 h at room temperature. After diluting with dichloromethane (5 mL), the reaction solution 

was washed with HCl solution (10 %, 2 x 100 mL) and water (2 x 100 mL). The organic layer 

was dried over Na2SO4, concentrated under vacuum and purified using column chromatography 

(n-hexane/ethyl acetate 9:1). Pure 2-(diphenylphosphonyl)phenyl methacrylate was isolated 

with a yield of 12 % (29.9 mg, 86.4 µmol) as a white solid. 

1H NMR (CDCl3, 400 MHz, rt): δ [ppm] = 7.4 – 7.3 (m, 11H, Ar-H), 7.2 (ddd, 3J = 8.1 Hz, 3J 

= 4.1 Hz, 4J = 1.0 Hz, 1H, Ar-H), 7.1 (t, 3J = 7.5 Hz, 1H, Ar-H), 6.8 (ddd, 3J = 7.6 Hz, 3J = 4.2 

Hz, 4J = 1.6 Hz, 1H, Ar-H), 6.0 (p, J = 1,0 Hz, 1H, C=CH2), 5.5 (p, J = 1.3 Hz, 1H, C=CH2), 

1.8 (t, 4J = 2.5 Hz, 3H, C-CH3). 

ESI-MS: m/z for C12H19O2P: [M + H]+ calculated: 347.4, found: 347.5; [M + Na]+ calculated: 

369.4, found: 369.1; [M + K]+ calculated: 385.3, found: 385.1. 

 

9.5.2.3 Synthesis of α-mannopyranosyl methacrylamide 5 

α-Mannopyranosyl azide (51.3 mg, 0.25 mmol) was dissolved in DMA (1 mL) and 

added to a solution of 2-(diphenylphosphonyl)phenyl methacrylate (86.6 mg, 0.25 mmol) in 

DMA (1.94 mL) under N2 atmosphere. After adding DMPU (60.0 µL), the reaction mixture 

was stirred at 40 °C overnight. Afterwards, H2O (120 µL) was added and stirred for additional 

2 h at 40 °C, before removing the solvents under vacuum. The concentrated crude mixture was 

dissolved in H2O (5 mL) and extracted from dichloromethane (3 x 50 mL). The aqueous layer 

was concentrated and the desired product was obtained with a yield of 70 % (43.3 mg, 

0.18 mmol) after purifying using a preparative reverse-phase HPLC (100 % H2O). 
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α: 1H NMR (D2O, 400 MHz, rt): δ [ppm] = 5.7 (s, 1H, C=CH2), 5.5 (s, 1H, C=CH2), 5.5 (d, 3J 

= 1.7 Hz, 1H, C1-H), 4.0 – 3.6 (m, 6H), 1.9 (s, 3H, C-CH3). 

β: 1H NMR (D2O, 400 MHz, rt): δ [ppm] = 5.8 (s, 1H, C=CH2), 5.6 (s, 1H, C=CH2), 5.3 (s, 1H, 

C1-H), 4.0 – 3.5 (m, 6H), 2.0 (s, 3H, C-CH3). 

ESI-MS: m/z for C10H17NO6: [M + Na]+ calculated: 270.2, found: 270.2; [2M + Na]+ calculated: 

517.5, found: 517.2. 
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10 Microwave-assisted synthesis of 5’-O-

methacryloylcytidine using the immobilized lipase 

Novozym 435 

10.1 Abstract 

Nucleobase building blocks demonstrated to be strong candidates when it comes to 

DNA/RNA-like materials by benefiting from hydrogen bond interactions as physical properties. 

Modifying at the 5’ position is the simplest way to develop nucleobase-based structures by 

transesterification using the lipase Novozym 435. Herein, we describe the optimization of the 

lipase-catalyzed synthesis of the monomer 5’-O-methacryloylcytidine with the assistance of 

microwave irradiation. Variable reaction parameters, such as enzyme concentration, molar ratio 

of the substrate, reaction temperature and reaction time, were investigated to find the optimum 

reaction condition in terms of obtaining the highest yield. 

 

10.2 Introduction 

Nucleobase-bearing compounds are gaining interest in Material Science by mimicking 

DNA/RNA structures. Strong base-pairing properties of complementary nucleobases adenine 

with thymine and cytosine with guanine are the fundamental building block for the development 

of smart programmable materials.[302,303,304,305,306] In particular, thermoresponsitivity can be 

targeted since hydrogen bond interactions are labile when exposed to heat.[307] The synthesis of 

nucleobase-based polymers requires challenging isolation of their monomers. Low solubility of 

nucleobases or reactive functional groups of nucleosides and especially, of integrated ribose 

require the development of a multi-step synthesis, including protection and deprotection 

steps.[308,309,310] Applying enzymes as biocatalysts greatly facilitates these syntheses due to their 

regioselectivity and specificity.[102,311] The tedious protection-deprotection methods for 

hydroxyl groups can be avoided to reduce the synthesis steps. The opportunity for a one-step 

functionalization is not the only advantage; it is also beneficial in terms of “green chemistry”. 

Enzymes are highly efficient, even under mild conditions, such as low temperature and low 

pressure. After proper work-up, they can even be reused in several synthesis cycles.[312] 
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The industrial application of the enzyme class lipases (EC 3) ranges from the detergent 

to the pharmaceutical industry.[313,314] Their biological function is focused on the hydrolysis of 

lipids. This hydrolysis is an equilibrium reaction, and depending on the reaction condition, the 

reverse reaction, (trans)esterification, may be favored.[107] Due to their high selectivity and 

specificity towards functional groups, lipases are a good choice for introducing polymerizable 

groups into nucleosides for further thermoresponsive material designs. Uridine was esterified 

using the non-commercially available methacrylocylacetone oxime and the lipase Novozym 

435, a commercially available isoform B of Candida antarctica (Cal B) lipase with a 

microporous acrylic polymer resin, which comes with a spherical pearl morphology. The yield 

was 83 % after a reaction time of 52.5 h. Complementary adenine yielded in 44 %.[315] Based 

on these results, cytidine was functionalized with a polymerizable group. The isolation required 

a reaction time of 22 h resulted in a yield of 47 %. Synthesis of the complementary guanosine-

based monomer using the lipase Novozym 435 was only feasible with time-consuming 

protection-deprotection steps.[311] 

Over the last 30 years, the application of microwave irradiation to chemical reactions 

has increased significantly. It is used in organic [164,165,316] and organometallic synthesis,[317,318] 

inorganic solid-state reactions,[123] catalysis and even peptide synthesis,[319,320] polymer 

chemistry or nanotechnology.[321] Due to the steady heat distribution, the yield in organic 

syntheses can be increased in a reduced reaction time compared to conventional heating with 

an oil bath. Combining microwave irradiation with enzyme catalysis is a common method for 

the synthesis of compounds.[322,323,324] The application of a biocatalyst enables derivatization of 

carbohydrate moieties without the use of protecting groups, while microwave irradiation 

significantly increases reaction kinetics, as reflected in reaction time and/ or reaction yield. This 

synergy of microwave irradiation and enzymatic catalysis for derivatization of carbohydrate 

structures was revealed. In the past, the enzymatic conversion of methyl α-D-glucosides with 

dodecanoic acid was studied. Compared to conventional heating, the assistance of microwave 

irradiation increased the yield from 55 % to 95 % at a reaction temperature of 95 °C.[325] The 

synthesis of sorbitan methacrylate was also optimized using the combination of the biocatalyst 

and microwave radiation.[326] 

This work focused on the optimization of a lipase-catalyzed synthesis of cytidine-based 

monomer for further programmable material designs under microwave irradiation (Scheme 16). 

The use of lipase makes it possible to minimize the synthesis of such elaborately synthesized 

cytidine monomers to a single synthesis step. The combination with microwave irradiation 
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accelerates the reaction rate and is, therefore, more efficient due to a reduced reaction time. The 

lipase Novozym 435 enables functionalization of the 5’-hydroxyl group without protection of 

the remaining hydroxyl groups. The influence of synthesis parameters was analyzed to 

determine the optimal reaction conditions. Varying reaction parameters, such as enzyme 

concentration, substrate, molar ratio, reaction temperature and reaction time, were analyzed to 

determine optimal reaction conditions. 

 

Scheme 16. Enzyme-catalyzed synthesis of 5'-O-methacryloylcytidine. 

 

10.3 Materials and Methods 

10.3.1 Materials and Instrumentation 

10.3.1.1 Chemicals 

All reagents and solvents were used without further purification. Cytidine (99 %) was 

purchased from Carbosynth (Berkshire, UK), 1,4-dioxane (> 99.5 %) from Carl Roth 

(Karlsruhe, Germany). Novozym 435 (Lipase B from Candida antarctica, immobilized on 

acrylic resin, > 5000 U/g), vinyl methacrylate (98 %), methyl methacrylate (99 %) and 2,6-di-

tert-butyl-4-methylphenol (BTH, > 99 %) were received from Sigma Aldrich (St. Louis, MO, 

USA). The solvents for chromatographic purification acetonitrile (> 99.95 %), ethyl acetate 

(> 99.8 %) and methanol (> 98.5 %) were from VWR (Radnor, PA, USA). Deuterated solvents 

D2O (99.9 %) and DMSO-d6 (99.8 %) were obtained from Deutero (Kastellaun, Germany). 

 

10.3.1.2 Instrumentation 

ESI-MS spectra were recorded with a Perkin Elmer Flexar SQ 300 MS Detector. 

Samples were prepared by solving in an acetonitrile/water (1:1) mixture with additional formic 

acid (0.1 %) and measured at a temperature of 300 °C with a flow rate of 15 µL min-1. Nuclear 

magnetic resonance (NMR) spectroscopy was performed with a Bruker AVANCE NEO 
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(400 MHz) spectrometer. Deuterated solvents were used as standards. Chemical shifts are given 

in the δ-scale in ppm relative to solvent peaks. Multiplicities are displayed with the coupling 

constants in Hertz (Hz). 

 

10.3.2 Enzymatic Transesterification 

10.3.2.1 Conventional heating 

5’-O-methacryloylcytidine was prepared conventionally using a modified synthesis.[327] 

Briefly, cytidine (50.3 mg, 0.207 mmol, 1 eq) was suspended in 1,4-dioxane (2 mL), following 

the addition of a catalytic amount of BTH, vinyl methacrylate (0.740 mL, 0.616 mmol, 3 eq) 

and Novozym 435 (0.277 mg, 5.5 wt%). The reaction mixture was stirred overnight under N2 

atmosphere at 60 °C. After reacting over 22 h, the reaction mixture was concentrated and 

purified using column chromatography (SiO2, 7:3 EtOAc/MeOH). The desired compound was 

isolated as a white solid (11.0 mg, 35.2 µmol) with a yield of 16.9 %.  

1H NMR (D2O, 400 MHz, rt): δ (ppm) = 7.67 (d, 3J = 7.6 Hz, 1H, H-17); 6.14 (s, 1H, CH2(21)); 

5.99 (d, 3J = 7.5 Hz, 1H, H-16); 5.87 (d, 3J = 2.6 Hz, 1H, H-8); 5.77 (s, 1H, CH2(21)); 4.59 (dd, 

J = 12.6 Hz, 3J = 2.2 Hz, 1H, CH2(2)); 4.45 (dd, J = 12.6 Hz, 3J = 4.1 Hz, 1H, CH2(2)); 4.28 – 

4.38 (m, 3H, H-3, H-6, H-4); 1.94 (s, 3H, CH3(22)). 

13C NMR (D2O, 400 MHz, rt): δ (ppm) = 168.98 (C=O(4)); 166.06 (C-NH2(12)); 157.29 

(C=O(13)); 141.02 (C-H(10)); 135.44 (C-(3)); 127.29 (CH2(2)); 96.04 (C-H(11)); 90.77 (C-

H(9)); 80.81 (C-H(6)); 74.05 (C-H(8)); 69.11 (C-H(7)); 63.34 (CH2(5)); 17.45 (CH3(1)). 

 

10.3.2.2 Microwave Irradiation 

The used multimode microwave reactor was a START microchemist 1500 from MLS 

GmbH. The warmup time was set to 5 min to reach the desired temperature, and the maximum 

power to 1000 W for the whole synthesis procedure. Actual reaction temperature and reaction 

time were varied as followed as specified in experiments below. 
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10.3.2.3 Choice of Substrate 

Cytidine (100 mg, 0.414 mmol) was impregnated with Novozym 435 (12.7 wt%) by 

stirring the lipase with an aqueous solution of cytidine. After freeze-drying, vinyl methacrylate 

(1.50 mL, 14.5 mmol, 1:35) or methyl methacrylate (1.37 mL, 14.5 mmol, 1:35) was added to 

the reaction mixture with BHT (150 µg, 0.681 µmol). The reaction mixture was then stirred at 

95 °C for 30, 95 and 120 min under microwave irradiation and purified using a preparative 

HPLC device (reverse phase C18 silica, 15 % acetonitrile in H2O). 

 

10.3.2.4 Effect of Enzyme Concentration 

An aqueous solution of cytidine (100 mg, 0.414 mmol) was stirred with Novozym 435 

with either 5.5, 12.7 or 22.5 wt%. To impregnate, this cytidine Novozym 435 mixture was 

stirred at room temperature for 10 min, followed by drying. Afterwards, vinyl methacrylate 

(1.50 mL, 14.5 mmol, 1:35) and BHT (150 µg, 0.681 µmol) were added to the reaction mixture 

in a microwave vessel at 95 °C for 30, 60 and 120 min. The desired compound was isolated 

after purifying using a preparative HPLC device (reverse phase C18 silica, 15 % acetonitrile in 

H2O). 

 

10.3.2.5 Effect of Reaction Temperature and Reaction Time 

To Novozym 435 (12.7 wt%)-impregnated cytidine (100 mg, 0.414 mmol), BHT 

(150 µg, 0.681 µmol) and vinyl methacrylate (1.50 mL, 14.5 mmol, 1:35) were added. The 

reaction mixture was radiated with microwaves for 30, 60 and 120 min at reaction temperatures 

of 45, 60, 95 and 120 °C, respectively. The product was yielded by a preparative HPLC device 

(reverse phase C18 silica, 15 % acetonitrile in H2O). 

 

10.3.2.6 Effect of Molar Ratio 

To investigate the excess of the substrate, two different molar ratios to the starting 

material were used. Therefore, cytidine (100 mg, 0.414 mmol) was impregnated with Novozym 

(12.7 wt%) before reacting with BHT (150 µg, 0.681 µmol) and vinyl methacrylate with a molar 

ratio of either 1:35 or 1:76 to cytidine under microwave irradiation at 95 °C for 30, 60 and 
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120 min. Purification of the reaction mixture occurred with a preparative HPLC device (reverse 

phase C18 silica, 15 % acetonitrile in H2O). 

 

10.3.2.7 Recyclability 

To examine the recyclability of Novozym 435 after the performed synthesis, the enzyme 

was filtered and washed with 100 mL of H2O. After freeze-drying, Novozym 435 was used for 

recyclability tests. Cytidine (100 mg, 0.414 mmol) was impregnated with recycled Novozym 

435 (12.7 wt%). Afterwards, vinyl methacrylate (1.50 mL, 14.5 mmol, 1:35) and BHT (150 µg, 

0.681 µmol) were added. The mixture was reacted under microwave irradiation for 30 min at 

95 °C, before purifying with a preparative HPLC device (reverse phase C18 silica, 15 % 

acetonitrile in H2O). 

 

10.4 Results and Discussion 

10.4.1 Synthesis approach and Regioselectivity 

Cytidine was functionalized with the polymer-bound lipase Novozym 435 and a suitable 

transesterification substrate to obtain a polymerizable compound via a one-step synthesis for 

future development of smart programmable materials. As preliminary trials showed an increase 

in yield after impregnation of cytidine with Novozym 435, this is necessary to maintain a high 

yield. To increase the reaction rate, microwave radiation was applied. Due to the consistent 

heating, in which the molecules are set in motion by vibration and rotation, the addition of 

microwave radiation increases the energy transfer compared to conventional heating. Since the 

choice of substrate, enzyme concentration, reaction temperature, reaction time and substrate 

concentration are decisive factors for the yield, the effects of these parameters are described in 

more detail in the next chapters. The addition of the radical inhibitor BHT in a catalytic amount 

is intended to prevent premature polymerization under such harsh conditions of heat and/ or 

microwave irradiation. The conversion rate of an enzymatic (trans)esterification depends on the 

polarity of the used solvent. The higher log P value, the higher is the yield. Hydrophilic solvents, 

defined by lower log P values, showed reduced enzyme activity.[328] Polar solvents, such as 

DMF, may deactivate enzymes. Nevertheless, apolar solvents are not able to dissolve polar 

substrates. Previous work showed a peak in conversion rate when using hydrophobic solvents 

like hexane. First, the yield improved with increased hexane concentration, but depicted a 
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turning point after higher hexane amounts.[329] Evaluation of microwave-assisted lipase-

catalyzed reactions in different solvents indicated that the highest conversion yield was 

achieved when avoiding typical organic solvents. The advantage of using a solvent-free system 

or using the substrate as the solvent is that the polarity of the substrate is not affected. Therefore, 

the synthesis with the substrate as solvent was strived for in this work. The yield was determined 

gravimetrically after chromatographic purification, either in a solvent mixture of ethyl acetate 

and methanol for column chromatography or a mixture of acetonitrile and water for preparative 

HPLC. According to the literature described, similar molecular derivatives were isolated with 

the solvents mentioned and, therefore, after some TLC analyses, they were also used for our 

purpose. After screening various reaction parameters, a yield of 36.2 % was obtained after a 

reaction time of 30 min at 95 °C with a vinyl methacrylate molar ratio of 1:35 and an enzyme 

concentration of 12.7 wt%. 

To ensure isolation of the correct product, 5'-O-methacryloylcytidine was synthesized 

by conventional heating, according to the literature. Compared to the reaction experiments with 

microwave irradiation, a molar ratio of the substrate vinyl methacrylate of only 1:3 was used 

and additionally 1,4-dioxane as solvent. After a reaction time of 22 h at 60 °C and purification 

by column chromatography, the desired product was isolated with a yield of 16.9 %.  

The advantage of the regioselectivity of enzymes is especially useful in sugar chemistry, 

which eliminates the need for protection and deprotection steps.[102,325,330] Due to less steric 

hindrance, primary hydroxyl groups are favored for the interaction compared to remaining 

hydroxyl groups. In our case, the C5 position is targeted. As such, 2D NMR spectroscopy 

analysis in DMSO of the isolated compound revealed the cytidine derivatization of the 5’-OH 

functional group, indicating an absolute regioselectivity (see Supplementary Materials).  

 

10.4.2 Choice of Substrate 

The choice of a suitable substrate must not be neglected, as the type of acyl donors 

influences the reaction. We selected vinyl methacrylate for the synthesis of cytidine-based 

monomer by transesterification based on the following. Since enzymatic transesterification is a 

reversible reaction, the acyl donor selected should be chosen wisely to shift the equilibrium on 

the desired reaction side. Compared to alkyl esters, the use of vinyl esters provides better 

leaving groups, since resulting vinyl alkoxides can stabilize the negative charge more easily 
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than resulting alkyl alkoxide leaving groups.[331] In addition, unlike alkyl esters, 

transesterification with vinyl esters is irreversible because the resulting leaving group rapidly 

tautomerizes to a non-nucleophilic carbonyl species. In this case, the leaving group is vinyl 

alcohol, which is a weak nucleophile and, thus, less involved in reverse reactions. Rapid 

tautomerization of vinyl alcohol to acetaldehyde leads to irreversibility of transesterification. 

This leads to increased reaction rates compared to alkyl esters and, thus, also to acid equivalents, 

such as methacrylic acid, confirmed in previous studies.[326,332] In our case, the first experiments 

with methyl methacrylate also showed decreased reaction yields compared to vinyl 

methacrylate. Due to these, vinyl methacrylate was used for further investigations. The highest 

yield could be observed with a reaction time of 30 min but decreases in the case of longer 

reaction times. This decrease is unusual compared to reported literature, wherein the yield 

reaches a plateau. To check whether this occurrence is due the substrate, microwave-assisted 

reactions were performed additionally with methyl methacrylate. Here, the same trend can be 

observed: the yield decreases in terms of long reaction times of 2 h, except that the highest 

achieved yield is shifted to 1 h compared to the reaction with vinyl methacrylate at 30 min 

(Figure 28). 

 

Figure 28. Effect of the choice of the substrate. Reaction conditions: cytidine (100 mg, 0.414 mmol), 

Novozym 435 (12.7 wt%), 95 °C, 1:35 vinyl methacrylate (blue) or methyl methacrylate (orange). Lines 

are included as a guide to the eye. 
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10.4.3 Enzyme Concentration 

As the amount of lipase plays a role in economical factor, the ratio of Novozym 435 to 

the starting material cytidine was evaluated. To investigate the enzyme effect, three different 

quantities were evaluated: 5.5, 12.7 and 22.5 wt% at a temperature of 95 °C (Figure 29). As 

expected, the conversion increases when using 12.7 wt% of lipase compared to 5.5 wt%. Using 

a higher concentration of 22.5 wt% decreases the yield due to enzyme aggregation 

formation.[312] The enzyme beads at the inside of these nuggets can, therefore, not react with 

the substrate due to the reduction of available active sites.[333] There is an increase in the yield 

until the reaction time of 30 min for every enzyme concentration. Therefore, an enzyme loading 

of 12.7 wt% was considered as optimum. 

 

Figure 29. Effect of enzyme concentration. Reaction conditions: cytidine (100 mg, 0.414 mmol), 1:35 

molar ratio vinyl methacrylate, 95 °C and Novozym 435 5.5 wt% (blue), 12.7 wt% (green) or 22.5 wt% 

(orange). Lines are included as a guide to the eye. 

 

10.4.4 Effect of Reaction Temperature 

Temperature is one of the most crucial parameters in enzymatic catalyzed reactions. 

Reaction temperatures were varied between 45 °C to 120 °C to synthesize cytidine-based 

monomer (Figure 30). High temperatures were chosen, as Novozym 435 is tolerant towards 

high temperature and is still active at temperatures higher than 90 °C.[325] The used substrate 

vinyl methacrylate exhibits a boiling temperature of 112 °C. Applying microwave irradiation 

enables us to heat chemicals above their usual boiling temperature due to increased pressure 

inside the reaction vessel and to the energy input.[334] The optimal temperature of Novozym is 
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declared between 40 °C and 65 °C. However, the yield increased with the rise in the temperature 

to a maximum yield of 36.2 % at 95 °C, but lowers with a further rise to 120 °C. The color of 

the reaction mixture changed from clear to yellow at a temperature of 120 °C. The yield 

reduction at increased temperature is related to enzyme deactivation at high temperatures. The 

same trend was observed with lower enzyme and substrate concentrations. In addition, 

increasing the temperature leads to an increased reaction rate, resulting in a faster formation of 

by-products. The optimal reaction temperature with the highest conversion was at 95 °C. 

 

Figure 30. Effect of reaction temperature. Reaction conditions: cytidine (100 mg, 0.414 mmol), 

Novozym 435 (12.7 wt%), 1:35 molar ratio vinyl methacrylate at temperatures of 45 °C (blue), 60 °C 

(orange), 95 °C (green) or 120 °C (purple). Lines are included as a guide to the eye. 

 

10.4.5 Effect of Reaction Time 

The effect of different reaction times was investigated. The reaction times were 10, 20, 

30, 45, 60, 120 and 300 min (Figure 31). Reactions with reaction temperature of 45, 60 and 

95 °C showed all a yield maximum at 30 min. Shorter and longer reaction times resulted in 

lower yields. This observation might be explained by the equilibrium of this lipase-catalyzed 

transesterification as methacrylic acid could be detected in 1H NMR spectroscopy analysis. 

Longer reaction times lead to more undefined by-products according to TLC, HPLC and NMR 

spectroscopy analysis. Comparing these observations with previously described lipase-

catalyzed (trans)esterification resulted in an opposite behavior.[325,326,298] While the yields in the 

literature reached a plateau at long reaction time, the yields decreased after a yield maximum. 

Initial attempts to explain this discrepancy were based on the formation of acetaldehyde, which 
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results from tautomerization of the resulting vinyl alcohol when vinyl methacrylate is used as 

the substrate. In the presence of acetaldehyde, deactivation of the enzyme might occur.[335] 

Since, here, it is a closed reaction system, acetaldehyde cannot evaporate from the microwave 

reaction vessel, despite the low boiling temperature. To confirm this assumption, several 

experiments were repeated with a dissimilar substrate. Utilization of methyl methacrylate 

instead of vinyl methacrylate in the enzyme-catalyzed synthesis, likewise, displayed a decrease 

in yield with increased reaction times. Based on this result, the determining factor might be the 

combination of the starting material cytidine with Novozym 435 under microwave irradiation. 

In addition, cytidine bears a nucleophilic amino group, which can interfere the reaction. Based 

on this result, the presence of acetaldehyde of previous experiments plays a more minor role 

than assumed. Rather, the discrepancy in the results compared with those in the literature is 

related to the combination of Novozym 435 with the starting material cytidine upon microwave 

irradiation. Thus, cytidine bears a nucleophilic amine group, which can interfere with the 

outcome of the reaction. 

 

Figure 31. Effect of reaction time. Reaction conditions: cytidine (100 mg, 0.414 mmol), Novozym 435 

(12.7 wt%), 1:35 molar ratio vinyl methacrylate at reaction times of 30 min (blue), 60 min (green) or 

120 min (orange). Lines are included as a guide to the eye. 
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10.4.6 Effect of Molar Ratio 

High molar ratios of the substrate were necessary as a certain volume is necessary for 

the microwave sensor and to prevent reverse reaction of the transesterification equilibrium. To 

evaluate the influence of the amount of the substrate vinyl methacrylate, the molar ratio to 

cytidine was changed from 1:35 to 1:76 (Figure 32). This obviously high excess of vinyl 

methacrylate showed first a yield decreases at a reaction time of 30 min compared to 1:35 but 

increases after a reaction time of 1 h and 2 h. After reaching the yield maximum, the yield 

decreases as well. This decrease in yield indicates enzyme inhibition when using high molar 

ratios of substrates. The active sites of the enzymes are inhibited due to the interaction between 

lipase and substrate, which leads to the formation of enzyme-substrate complexes.[336] Using a 

high excess of vinyl methacrylate can promote the formation of methacrylic acid, leading to a 

yield decrease. 

 

Figure 32. Effect of molar ratio. Reaction conditions: cytidine (100 mg, 0.414 mmol), Novozym 435 

(12.7 wt%), 95 °C, vinyl methacrylate with a molar ratio of 1:35 (blue) or 1:76 (orange). Lines are 

included as a guide to the eye. 

 

10.4.7 Recyclability 

The advantage of using immobilized enzymes for reactions is the reusability. Due to the 

strong support to polymer, Novozym 435 can be easily filtrated from the reaction mixture. After 

washing and drying, the immobilized lipase is ready to be reprocessed. The reuse cycle is 

limited, as stirring and handling can cause physical damages. To verify the recyclability, the 

reaction with recycled Novozm 435 was compared with previously unused enzyme. Using the 
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same reaction conditions of 95 °C and 2 h, the yield decreased from 7.5 % to 1.7 %. These 

results lead to the statement that a reuse of Novozym 435 for the enzyme-catalyzed, microwave-

assisted synthesis of 5’-O-methacryloylcytidine is possible; an optimized purification method 

is necessary. 

 

10.5 Conclusions 

The enzymatic microwave-assisted synthesis of 5’-O-methacryloylcytidine was 

optimized by using variable reaction conditions. Therefore, the impact of changing the enzyme 

and substrate concentration, reaction temperature and reaction time was observed. The optimum 

yield of 36 % was obtained with a reaction temperature of 95 °C and time of 30 min, with a 

12.7 wt% enzyme concentration and a 1:35 molar ratio for the substrate vinyl methacrylate. 

Vinyl methacrylate proved to be the preferable substrate compared to methyl methacrylate due 

to the poorer leaving group methanol. Higher enzyme concentration led to decreased yields, as 

the active sites are blocked due to aggregate formation. Increasing the reaction temperature and 

reaction time lowered the conversion due to enzyme deactivation and formation of undefined 

by-products. Using a higher molar ratio of 1:76 of vinyl methacrylate resulted in an inhibition 

of the active sites of the enzymes by forming strong enzyme-substrate complexes. With an 

optimized purification method, the used Novozym 435 can be reused and is, therefore, one step 

closer to green chemistry. 
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11 Synthesis and self-assembly of cytidine- and guanosine-

based copolymers 

11.1 Abstract 

The base pairing property and the “melting” behavior of oligonucleotides can take 

advantage to develop new smart thermoresponsive and programmable materials. 

Complementary cytidine- (C) and guanosine- (G) based monomers were blockcopolymerized 

using RAFT polymerization technique with poly-(N-(2-hydroxypropyl) methacrylamide) 

(pHPMA) as the hydrophilic macro chain transfer agent (macroCTA). C-C, G-G and C-G 

hydrogen bond interactions of blockcopolymers with respectively C and G moieties have been 

investigated using SEM, DLS and UV-Vis. Mixing and heating both complementary 

copolymers resulted in reforming new aggregates. Due to the ribose moiety of the isolated 

nucleoside-bearing blockcopolymers, the polarity is increased for better solubility. Self-

assembly investigations of these bioinspired compounds are the crucial basis for the 

development of potential future drug delivery systems. 

 

11.2 Introduction 

The integration of hydrogen bond interactions in polymeric materials results in 

supramolecular programmable, stimuli responsive architectures with captivating 

optoelectronic,[302,337]  mechanical,[303,305] self-assembled[306,341,338] and thermal 

properties,[304,338] which is inspired by nature. These noncovalent interactions are crucial in 

biological systems, for example for stability reasons of secondary, tertiary and quaternary 

structures of proteins or for the molecular self-assembly of nucleic acids based on the 

complementary base pairing property. Regarding to Watson-Crick base pairing, the 

nucleobases adenine (A) and thymine (T) (or uracil in RNA) as well as guanine (G) and cytosine 

(C) interact. While the interaction of A and T involves 2 hydrogen bonds, G and C interact by 

3 hydrogen bonds, which results in a stronger interaction of G-C compared to A-T.[339,340] The 

versatile properties of nucleic acids like DNA or RNA have motivated the synthesis of 

nucleobase-bearing compounds.[306,340,341] DNA/RNA-like polymers result in controlled self-

assembled structures with attractive properties like a thermoresponsive, DNA-like melting 

behaviour.[307,342] 
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Various nucleobase-containing polymers were prepared by different polymerization 

methods.[306,341,343] For “melting” behaviour investigations, A- and T-functionalized 

copolymers were prepared using free radical polymerization technique.[307] Silyl-protected 

uridine- and adenosine based (PEG-functionalized) copolymers were prepared using atom 

transfer radical polymerization (ATRP).[327,344,345] In addition, nucleobase monomer derivatives 

were used for a templated copper-mediated living radical polymerization on solid support, 

which was mediated by complementary nucleoside interactions.[327,344] However, the ability to 

coordinate with metal ions might affect ATRP polymerization kinetics of nucleobases. Cu(I), 

which is involved in ATRP, coordinates purine and pyrimidine derivatives.[346] Reversible 

addition-fragmentation chain transfer (RAFT) mediated polymerization might be a preferable 

method to isolate nucleobase-containing polymers.[341,347] RAFT polymerization enables the 

synthesis of synthetic polymers with a defined molecular weight, low molar mass dispersity 

(PDI) and an opportunity for chain growth. It allows to polymerize a broad spectrum of 

monomers with high conversions.[201,348,353] In addition, this technique has a high tolerance 

regarding implementation and is inexpensive compared to competitive methods. In terms of a 

RAFT-mediated synthesis of nucleobase containing polymers, the choice of the polymerization 

solvent is significant as it influences the morphology of the polymers.[349,350] While syntheses 

of A- and T-containing polymer architectures have already been described successfully, the 

synthesis of G-based molecules remains more challenging due to the lower solubility.[340]  

To increase the solubility of nucleobase functionalized derivatives, an extension with 

water soluble polymer chains is possible. Polyethylene glycol (PEG) is the gold standard when 

it comes to drug delivery systems. Even though PEG has many advantages like low toxicity, 

biocompatibility and hydrophilicity, it has its limits when it comes to biodegradability or 

immunogenicity.[351,352] The use of poly-(N-(2-hydroxypropyl) methacrylamide) (pHPMA) as 

an alternative to PEG has grown interest in recent years.[353] pHPMA is a linear, biocompatible 

and non-immunogenic polymer, which accomplished clinical trials in the past. The predominant 

application of pHPMA includes the use as potential anticancer therapeutics.[354] 



Synthesis and self-assembly of cytidine- and guanosine-based copolymers

 

111 

 

 

Scheme 17. Polymerization and self-assembly of complementary nucleoside (C and G) 

blockcopolymers. 

In this work, we describe the synthesis and characterization of a new class of 

ribonucleoside-bearing block copolymers. Therefore, methacrylamide-based monomers with 

cytidine and guanosine moieties (Figure 33) were synthesized by a two-step synthesis. RAFT-

mediated polymerization was applied to isolate blockcopolymers using pHPMA as the macro 

chain transfer agent (macroCTA) to increase the hydrophilicity and therefore the solubility. The 

nucleoside-based blockcopolymers were further investigated in their base-pairing interactions 

and self-assembly behavior (Scheme 17) by SEM, DLS and UV-Vis. 

 

Figure 33. Chemical structures of ribonucleoside methacrylamides, including cytidine (1) and 

guanosine (2) derivatives. 
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11.3 Results and Discussion 

11.3.1 Monomer Synthesis 

 

Scheme 18. Synthesis of nucleobase (NB) monomer derivatives: (i) TEMPO, BAIB, CH3CN/H2O, rt, 

overnight (3: 44 %, 4: 98 %); (ii) APMA*HCl, CDMT, NMM, MeOH, rt, overnight (1: 44%, 2: 52 %). 

The nucleosides were used as the protected 2’,3’-acetonide forms to address the 5’-

position. Due to stability reasons, methacrylamide functionalized ribonucleosides were 

preferred compared to methacrylate derivatives, which can be synthesized enzymatically.[327,344] 

The synthesis of the cytidine- (1) and guanosine-based monomers (2) were prepared via a two-

step procedure, including the oxidation of the primary hydroxyl group, followed by an amide 

coupling with N-(3-aminopropyl)-methacrylamide (Scheme 18). Despite the higher 

nucleophilicity of the exocyclic -NH2, a protection step of this functionality was not required, 

unlike the enzymatic esterification route.[327]  

The oxidation of commercially available 2’,3’-isopropylidene cytidine and guanosine 

to the carboxylic derivatives has been described previously.[355] Shortly, the acetal protected 

ribonucleosides were oxidized with TEMPO and BAIB in the presence of NaHCO3. After 

filtration of the precipitate, oxidized cytidine (3) was afforded in a yield of 44 %, while the 

yield of oxidized guanosine (4) was quantitative as a white powder. 1 and 2 were obtained after 

the amide coupling of the 3 and 4 with N-(3-aminopropyl)-methacrylamide hydrochloride using 

2-chloro-4,6-dimethoxy-1,3,5-triazine (CDMT) and N-methylmorpholine (NMM) with a yield 

of 44 % and 52 % respectively. The chemical structure was confirmed by NMR spectroscopy 

and ESI-MS analyses. Attempts using DCC, EDC and HATU as coupling agents resulted in 

lower yields. Coupling of 2-aminoethyl methacrylate hydrochloride instead of N-(3-

aminopropyl)-methacrylamide hydrochloride with the stated coupling reagents resulted in an 

isolation of the methacrylate pendant with undefined byproducts resulting in a significantly 

lower yield. 2 exhibit a lower solubility compared to 1, but both ribonucleoside 

methacrylamide-based monomers showed appropriate solubility in non-polar solvents like 

chloroform and diethyl ether as well in polar solvents like dichloromethane, acetone and 



Synthesis and self-assembly of cytidine- and guanosine-based copolymers

 

113 

 

dimethylformamide as aprotic solvents and water, methanol and ethanol as protic solvents. This 

solubility property can be explained by both the formation of hydrogen bond interactions and 

the hydrophobic parts in one molecule simultaneously. Due to the high solubility of both 

monomer molecules, the nucleoside monomers were refrained from further deprotection for 

polymerizations.  

As the hydrophilic part of the desired blockcopolymer, poly(N-(2-

hydroxypropyl)methacrylamide) (pHPMA) was chosen due to its biocompatibility. The 

synthesis of N-(2-hydroxypropyl)methacrylamide (HPMA) was described before.[356] The 

HPMA structure was confirmed by 1H NMR spectroscopy analysis after isolation following the 

published protocol. 

 

11.3.2 Polymerization 

RAFT-mediated polymerization ranks among the crucial and well-known 

polymerization techniques, which involves a radical initiator and the chain transfer agent 

(CTA). As the selected CTA influences the polymerization efficiency, the choice needs to be 

done carefully. CTA’s consist of a stabilizing Z and a leaving R group.[357] 

Table 13. Analytical data of piCPMA 5 and piGPMA 6. 

Monomer Solvent Conversion Polymer Mn, theory, NMR Mn, SEC
a PDI 

1 DMF/H2O 8:2 40 % 5 4.5 kDa 2.1 kDa 1.3 

1 1,4-dioxane/H2O 9:1 34 % 5 3.9 kDa 4.1 kDa 1.3 

2 DMF/H2O 8:2 70 % 6 8.4 kDa 11.4 kDa 1.3 

2 1,4-dioxane/H2O 9:1 94 % 6 11.4 kDa 10.2 kDa 1.3 

aDMF, PMMA standard 

The dithioester-based CTA 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid 

(CPADB) was selected, as it is described for polymerization of methacrylamide-based 

monomers. After polymerization using RAFT technique, a macroCTA with the derived CTA 

end groups was achieved. This macroCTA can form block copolymers by reacting further with 

other monomers. Dithiobenzoate (Z-group) as the end-group was confirmed by 1H NMR and 

UV-Vis analysis. 
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Figure 34. Chemical structures of ribonucleoside-based homopolymers piCPMA 5 and piGPMA 6. 

1 and 2 were homopolymerized using RAFT polymerization with ACVA as the thermal 

initiator at 75 °C (Figure 34). Polymerizations of nucleoside-based monomers were conducted 

with a [M0]:[CTA0]:[I0] ratio of 75:3:1. Solvent mixtures observations of 8:2 DMF/H2O and 

9:1 1,4-dioxane/H2O showed different effects depending on the nucleoside type. The choice of 

solvent mixtures was respectively related to previously described (co-)polymerizations of 

nucleobase analogues and pHPMA.[327,349,350,358,359,360,361] Using a 9:1 1,4-dioxane/H2O mixture 

gave a high conversion (94 %) of the G-based polymer (piGPMA), while the conversion of 

cytidine-based polymer (piCPMA) was lowered to 34 % with the same solvent mixture. On the 

other hand, the conversion of piCPMA was increased to 40 % and of the piGPMA was 

decreased to only 70 % in 8:2 DMF/H2O. Polymerizations of nucleoside homopolymers and 

their monomer conversions were determined by comparing the integrals of the typical C-4 

protons of piCPMA (δ 4.43 ppm) and piGPMA (δ 4.50 ppm) with the integrals of the monomer 

vinyl peaks of iCPMA (δ 5.64 ppm and 5.30 ppm) and iGPMA (δ 6.39 ppm and 5.61 ppm). 

The theoretical molecular weights (Mn, theory, NMR) were calculated following eq. 3 (see 

Supporting Information) based on the resulted conversion and are summarized in Table 13. 
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Scheme 19. Synthesis of pHPMA 9 and nucleoside-based blockcopolymers pHPMA-b-piCPMA 11 and 

pHPMA-b-piGPMA 12: (i) ACVA, acetate buffer (pH 5)/ EtOH, 70 °C, 24 h; (ii) ACVA, DMF/H2O or 

1,4-dioxane/H2O, 75 °C, 24 h.  

The presence of the nucleobases might be responsible for the long polymerization time, 

as the basic aromatic rings (purine and pyrimidine) can act as radical scavengers. The acetonide 

protecting groups of homopolymers of both ribonucleosides were removed under acidic 

conditions with trifluoroacetic acid to improve the hydrophilicity due to demanding solubility 

properties. Thejdeprotection steps were observed by 1H NMR spectroscopy. The reduction of 

the two shielded singlets of piCPMA (δ 1.47 ppm and 1.29 ppm) and piGPMA (δ 1.49 ppm and 

1.31 ppm) indicated a successful removal of the acetonide functional groups. Even after 

increasing the hydrophilicity by deprotection, the homopolymers 7 and 8 still exhibited low 

solubility, so the synthesis of the hydrophilic pHPMA 9 as the macromolecular chain transfer 

agent (macroCTA) for further copolymerization with nucleoside monomers was decided 

(Scheme 19). 

HPMA macroinitiator was prepared using a modified procedure via RAFT-mediated 

polymerization.[357] The monomer concentration was kept low, as the propagation kinetic 

constant (KP) of hydrophilic monomers influences positively the transition state of propagation 

step and can be increased by using water as polymerization solvent and using a decreased 

monomer concentration.[362] The structure of pHPMA was confirmed by 1H NMR spectroscopy. 

Monomer conversion was at 75 %, resulting in a theoretical Mn of 7.8 kDa. DP was determined 

by comparing the integrals of the phenylic peaks (δ 7.93 and 7.81 ppm) of the end-group with 

the peaks of the pHPMA backbone (δ 4.69 ppm). In addition, UV-Vis analysis confirmed the 

attachment of the dithiobenzoyl end group and showed a similar DP like 1H NMR spectroscopy 

DP determination. Theoretical and actually determined Mn do not go together, which means 

that the RAFT agent did not get completely consumed. 
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Table 14. Analytical data of pHPMA-b-piCPMA 11 and pHPMA-b-piGPMA 12. 

aDMF, PMMA standard 

Block copolymers of nucleosides (pHPMA-b-piCPMA 11 and pHPMA-b-piGPMA 12) 

were prepared using the RAFT-mediated polymerization technique. As the resulting 

blockcopolymers were analyzed via UV-Vis spectroscopy to evaluate the hydrogen-bonding 

interactions of the nucleobases, blockcopolymers were synthesized with a low “livingness” rate. 

“Livingness” is a feature, which allows the chain extension. It implies, how many “living” 

chains remain intact for further blockcopolymerizations. A low “livingness” results in high 

quantities with dead ends led to nucleobase-based polymers without the phenylic Z-group, 

which may interfere in further UV-Vis spectroscopy analysis. The calculated “livingness” rates 

were kept low and are 36.0 % of 11, whereas of 12 is at 15.6 %. 

Polymerization of both nucleosides were performed in the solvent system, which 

worked the best for the homopolymers, respectively: 1 in 8:2 DMF/H2O, 2 in 9:1 1,4-

dioxane/H2O. Purine-based 2 monomer lead to higher conversion and therefore higher 

molecular weight in our case, unlike A-based monomers, which were polymerized via ATRP 

with possibly complexation of Cu(I) affording lower conversion compared to the pyrimidine 

counterpart.[344] The monomer conversion was specified using eq. 1 by comparing the integrals 

of the monomer peak (1: δ 5.30 ppm; 2: δ 5.61 ppm) with the nucleoside-based polymer peak 

(b-piCPMA δ 4.37 ppm or b-piGPMA δ 6.14 ppm). The monomer conversion of 11 was 68 %, 

while 12 was at 78 %, summarized in Table 14. The lower PDI of polymer 11 compared to 

macroCTA 10 is due to the different purification methods. While 10 was purified by dialysis 

against H2O, 11 was purified by repeated precipitation, which may lead to fractional 

precipitation. Due to the poor similarity of the standard used with the polymers and the difficult 

solubility of them, the values of the SEC analysis are to be regarded as inaccurate and therefore 

not really reliable. They only give an indication of the comparison of the polymers with each 

other. 

Monomer Solvent Conversion Polymer Mn, theory, 

NMR 

Mn, NMR Mn, SEC
a PDI 

1 DMF/H2O 68 % 11 83.0 kDa 91.4 kDa 11.7 

kDa 

1.1 

2 1,4-

dioxane/H2O  

78 % 12 94.0 kDa 163.2 

kDa 

24.7 

kDa 

2.5 
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Scheme 20. Acidic deprotection of the acetonide functional group of pHPMA-b-piCPMA 11 and 

pHPMA-b-piGPMA 12: (i) TFA, H2O, rt, 2 h (11: 53 %, 12: 81 %). 

Both nucleoside-based blockcopolymers 11 and 12 revealed low solubilities due to the 

integrated nucleobases. The blockcopolymers were removed by an acidic deprotection of the 

acetal functionalities with trifluoroacetic acid (Scheme 20). The successful deprotection was 

confirmed by the disappearance of the two singlets in the upfield resulting from the acetal 

protecting groups of 11 (δ 1.46 ppm and 1.28 ppm) and 12 (δ 1.48 and 1.33 ppm) in 1H NMR 

spectroscopy analysis. Agitating for in total 2 h yielded 13 and 14. 
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11.3.3 Self-assembly analysis 

 

Figure 35. SEM-image, size distribution and hydrodynamic size distribution by DLS of (a) pHPMA-b-

pCPMA 13, (b) pHPMA-b-pGPMA 14, (c) mixture of 13 and 14 before heating and (d) mixture of 13 

and 14 after heating. 

Due to lower solubilities caused by 3 strong hydrogen binding sites, self-assembly 

studies of G- and C-based blockcopolymers were less reported compared to A- and T-

containing polymers.[345,344,347,349,350] To investigate aggregate formation due to hydrogen 

bonding interactions between the purine and pyrimidine functionalities, SEM and DLS analysis 

were carried out (Figure 35). Regarding to SEM images, A- and T-containing polymers showed 

popcorn-like structures in CHCl3 and 1,4-dioxane,[350] whereas our synthesized pHPMA-b-

pCPMA 13 polymers form large network structures in aqueous solution. Since a gentle 

precipitation was already observed in the aqueous solution, the formation of the network 

structures seen in the SEM image due to cohesion during the drying process is unlikely. These 

structures result from stronger C-C interactions with a broad size distribution and an average 

size of 280 nm. This broad size distribution was also detected with DLS with a polydispersity 

index (PDI) of 0.421. The average hydrodynamic diameter of 13 is around 507 nm. However, 

SEM images of pHPMA-b-pGPMA 14 revealed small particles due to G-G interactions with 

an average size of 86 nm. The size distribution was smaller according to DLS with an average 

hydrodynamic diameter of around 144 nm (PDI = 0.213). Mixing both complementary 

blockcopolymers results in particle with an average hydrodynamic diameter of around 165 nm 

and a PDI of 0.3. Heating up to 100 °C for 30 min and cooling down of this mixture led to a 
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narrower size distribution and a smaller average size of 266 nm and a hydrodynamic diameter 

of 136 nm. This observation might be explained by breaking the strong C-C and G-G hydrogen 

bond in increased temperatures and re-assembling of C-G interactions when cooling down to 

room temperature (rt). Sonication of 13, 14 and the mixture of both lead to no morphology 

change indicating a strong stability like previously reported nucleobase-containing 

polymers.[350] 

 

Figure 36. UV-Vis spectrum of the average of individual 13 and 14 (blue), mixture of 13 and 14 before 

heating (black) and mixture of 13 and 14 after heating (red). 

Nucleobases show strong UV absorption due to hydrogen bond and π- π interactions.[363] 

Base-pairing interactions of nucleobase derivatives result in changes in the UV-Vis 

spectroscopy. To investigate hydrogen bonding interactions of the complementary nucleoside-

containing polymers 13 and 14, spectrophotometric measurements were conducted (Figure 36). 

The UV absorption spectra of the individual polymers were compared with the spectrum of the 

mixture after heating. The average values of the individual polymers pHPMA-b-pCPMA 13 

and pHPMA-b-pGPMA 14 matches with the absorption values of the mixture of both polymers 

using same concentrations due to hydrogen bond pre-assembly of the single polymers. After 

heating the polymer mixture for 30 min at 100 °C, hypochromicity was observed like expected 

from literature.[307] This decrease of absorbance resulted from re-assembly of the 

complementary C-G interactions after heating and cooling down. Hypochromicity at a 

wavelength of 260 nm might be an indication for dsDNA-like structures, which show lower 

absorbance compared to ssDNA. Absorption maxima of both polymers individually at 274 nm 

for 13 and at 258 nm for 14 were comparable with other previously described amphiphilic 

blockcopolymers containing T- and A-structures.[345,344] 
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11.4 Conclusion 

Two complementary nucleoside-based monomers were isolated by a two-step synthesis 

starting with the oxidation of the primary hydroxyl group which was followed by an amide 

coupling affording a methacrylamide-based nucleoside monomer. Nucleoside-bearing 

monomers were homopolymerized using the RAFT polymerization technique. The monomer 

conversion was depended on the polymerization solvent system. C-based polymer showed a 

higher monomer conversion using a solvent mixture of DMF/H2O, whereas G-based polymer 

yielded higher using 1,4-dioxane/H2O. Chain extension with HPMA of both homopolymers 

were due to high insolubility hampered, even after removal of the protection groups. Therefore, 

pHPMA was synthesized as the macroCTA for further polymerizations of both nucleoside-

based monomers. Using the RAFT techniques in the solvent system, which works the best for 

homopolymerization of the nucleosides, two complementary blockcopolymers were isolated 

with a low solubility. After acidic deprotection, the C-G hydrogen bond interaction between 

these two blockcopolymers was studied by SEM, DLS and UV-Vis. These analyses revealed 

strong C-C and G-G interactions within one nucleoside-based polymer type. C-based 

blockcopolymers aggregate to a network with a broad size distribution, whereas G-based 

blockcopolymers assemble to smaller particles with a narrower size distribution. Heating the 

polymer mixtures resulted in breaking these base pairing of the same nucleobase type to form 

new aggregates by forming C-G interactions after cooling down. Further investigation of 

complementary blockcopolymers in different sizes and their analysis can lead to a 

programmable, thermoresponsive material for a targeted drug delivery. 

 

11.5 Experimental 

11.5.1 Materials 

All reagents and solvents were used without further purification. Na2CO3 (> 99.5 %), NaHCO3 

(> 99 %), acetic acid (100 %), N-methylmorpholine (NMM, > 99%) and 1,4-dioxane (> 99.8 %) 

were purchased from Carl Roth (Karlsruhe, Germany). Na2SO4 (> 99 %), NaCl (> 99 %), 

dichloromethane (> 99.8 %), acetone (> 99 %) and ethanol (EtOH, > 99.5 %) were received 

from Chemsolute (Renningen, Germany), sodium acetate (> 99 %) and trifluoroacetic acid 

(TFA, 99 %) from Acros Organics (Geel, Belgium). Et3N (> 99.5 %), methacryloyl chloride 

(97 %), 2,2,6,6-tetramethyl-1-piperidinyloxy free radical (TEMPO, 98 %), 2-chloro-4,6-
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dimethoxy-1,3,5-triazine (CDMT, 97 %), 4-cyano-4-(phenylcarbonothioylthio)-pentanoic acid 

(CPADB), 4,4′-azobis(4-cyanovaleric acid) (ACVA, > 98%) and DMF (> 99 %) were obtained 

from Merck KGaA (Darmstadt, Germany). 1-Aminopropan-2-ol (94 %) was from Alfa Aesar 

(Kandel, Germany), 2',3'-O-isopropylidene cytidine and 2',3'-O-isopropylidene guanosine from 

Biosynth (Berkshire, UK). Bis(acetoxy)iodobenzene (BAIB, 97 %) and N-(3-aminopropyl)-

methacrylamide hydrochloride (APMA, 97 %) were purchased from BLD pharm (Shanghai, 

China), Acetonitrile (> 99.9 %) and THF from VWR (Radnor, US). Deuterated solvents D2O 

(99.9 %) and DMSO-d6 (99.8 %) were received from Deutero (Kastellaun, Germany). 

 

11.5.2 Characterization techniques 

ESI-MS spectra were recorded with a Perkin Elmer Flexar SQ 300 MS Detector. 

Nuclear magnetic resonance (NMR) spectroscopy was performed with a Bruker AVANCE 

NEO (400 MHz) spectrometer. Deuterated solvents were used as standards. Chemical shifts are 

given in the δ-scale in ppm relative to solvent peaks. Multiplicities are displayed with the 

coupling constants in Hertz (Hz).  

Size exclusion chromatography (SEC) was performed in HPLC grade DMF containing 

0.1% LiBr with a flow rate at 1 mL/min and calibrated with polystyrene (PS) or poly(methyl 

methacrylate) (PMMA). Mn,UV-Vis was determined using a Specord 210 spectrophotometer.  

Individual polymeric samples (pHPMA-b-pCPMA 13 and pHPMA-b-pGPMA 14) for 

UV-Vis, dynamic light scattering (DLS) and SEM investigations were prepared by the solvent 

switch method separately. Blockcopolymers 13 and 14 were dissolved in DMSO with a 

concentration of 8 mg/mL. After stirring for 10 min, 7 mL of water was added using a syringe 

pump with a rate of 1 mL/h. The solutions were dialyzed against water for 3 days to remove 

DMSO. Samples have a final concentration of around 1 mg/mL. Diluted polymer solutions with 

a final concentration of 10 µg/mL were placed in a 10 mm quartz cuvette for UV-Vis and DLS 

investigations. DLS analysis were conducted with a Malvern Zetasizer Nano ZS. 

 

11.5.3 Synthesis of N-(2-hydroxypropyl)methacrylamide (HPMA) 10 

1-Aminopropan-2-ol (8.35 mL, 107 mmol) and Na2CO3 (12.6 g, 119 mmol) were added 

to cold dichloromethane (28 mL). The reaction solution was cooled to -10 °C and freshly 
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distilled methacryloyl chloride (10.6 mL, 110 mmol), diluted in dichloromethane (11 mL) was 

added dropwise within 35 min. After complete addition, the reaction solution was stirred for 

additional 20 min at 5 °C and then allowed to warm up to rt. The white precipitate was filtered 

and washed with dichloromethane (3 x 100 mL). The resulting filtrate was dried over 

anhydrous Na2SO4, filtered, washed with dichloromethane (3 x 100 mL) and concentrated under 

vacuo. The concentrate was left in the fridge to crystallize. The resulting crystals were filtrated 

and washed with cold dichloromethane. After recrystallization in acetone, 10 was isolated as 

white crystals (9.96 g, 69.6 mmol, 65 %); δH (D2O, 400 MHz): 5.72 (1H, t, 4J = 0.8 Hz, H2’), 

5.47 (1H, qin, 4J = 1.6 Hz, H2’’), 3.96 (1H, ddt, 3J = 4.8 Hz, 3J = 13.2 Hz, 3J = 6.4 Hz, H4), 

3.33 (1H, dd, J = 4.8 Hz, 3J = 13.8 Hz, H3’), 3.25 (1H, dd, J = 6.8 Hz, 3J = 13.8 Hz, H3’’), 1.95 

(3H, s, H1), 1.18 (3H, d, 3J = 6.4 Hz, H5) ppm. 

 

11.5.4 Synthesis of 2’,3’-O-isopropylidene-5’-carboxynucleosides 

(iC-COOH 3 and iG-COOH 4) 

A solution of 2,2,6,6-tetramethyl-1-piperidinyloxy free radical (TEMPO) (0.331 g, 2.12 

mmol) in acetonitrile (10.1 mL) was added to a reaction solution of 2’,3’-O-isopropylidene 

nucleoside (10.6 mmol), NaHCO3 (1.78 g, 21.2 mmol) and bis(acetoxy)iodobenzene (BAIB) 

(6.80 g, 21.2 mmol) in H2O (10.1 mL). The reaction solution was stirred for 1 h at 0 °C and 

then overnight at rt. The precipitate was filtered, washed with acetone (3 x 50 mL) and diethyl 

ether (3 x 50 mL) and dried in vacuo to afford oxidized nucleosides. 

iC-COOH 3: white powder, yield: 44 %, δH (D2O, 400 MHz): 8.99 (1H, d, 3J = 7.6 Hz, H5), 

6.12 (1H, d, 3J = 7.6 Hz, H6), 5.86 (1H, s, H2), 5.27 (1H, dd, 3J = 2 Hz, 3J = 6 Hz, H3), 5.23 

(1H, d, 3J = 6.4 Hz, H2), 4.66 (1H, d, 3J = 2 Hz, H7), 1.59 (3H, s, H1’), 1.43 (3H, s, H1’’) ppm. 

iG-COOH 4: white powder, yield: 98 %, δH (D2O, 400 MHz): 7.85 (1H, s, H5), 6.15 (1H, s, 

H4), 5.58 (1H, d, 3J = 5.6 Hz, H2), 5.47 (1H, d, 3J = 5.6 Hz, H3), 4.63 (1H, s, H6), 1.62 (3H, s, 

H1’), 1.47 (3H, s, H1’’) ppm. 
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11.5.5 Synthesis of 2’,3’-O-isopropylidene-5’-propylmethacrylamide 

nucleosides (iCPMA 1 and iGPMA 2) 

2’,3’-O-Isopropylidene-5’-carboxynucleoside 3 or 4 (7.27 mmol) was reacted with N-

(3-aminopropyl)-methacrylamide hydrochloride (APMA) (1.43 g, 8.02 mmol), 2-chloro-4,6-

dimethoxy-1,3,5-triazine (CDMT) (1.40 g, 7.98 mmol) and N-methylmorpholine (NMM) 

(1.76 mL, 16.0 mmol) in methanol (65 mL) overnight at rt. The crude product was purified by 

a preparative HPLC device (reverse phase C18 silica, gradient of 10% to 20% acetonitrile in 

H2O) to afford nucleoside monomers. 

iCPMA 1: white powder, yield: 38 %, δH (D2O, 400 MHz): 7.63 (1H, d, 3J = 7.6 Hz, H5), 5.96 

(1H, d, 3J = 7.2 Hz, H4), 5.73 (1H, s, H6), 5.68 (1H, s, H11’), 5.44 (1H, s, H11’’), 5.40-5.38 

(2H, m, H2, H3), 4.68 (1H, d, 3J = 0.8, H7), 3.29 - 3.07 (4H, m, H8, H10), 1.92 (3H, s, H12), 

1.78 - 1.61 (2H, m, H9), 1.58 (3H, s, H1’), 1.43 (3H, s, H1’’) ppm; δH (DMSO-d6, 400 MHz): 

7.87 (1H, t, 3J = 6 Hz, H5), 7.75 - 7.73 (2H, m, H9, H13), 7.27 (2H, s, H7), 5.75 (1H, d, 3J = 

1.2 Hz, H4), 5.69 (1H, d, 3J = 7.2 Hz, H6), 5.64 (1H, s, H14’), 5.30 (1H, t, J = 1.6 Hz, H14’’), 

5.08 (1H, dd, 3J = 2.8 Hz, 3J = 6.4 Hz, H3), 5.02 (1 H, dd, 3J = 1.2 Hz, 3J = 6.2 Hz, H2), 4.35 

(1H, d, 3J = 2.8 Hz, H8), 3.17 - 2.88 (4H, m, H10, H12), 1.85 (3H, s, H15), 1.50 (2H, quin, 3J 

= 6.8 Hz, H11), 1.47 (3H, s, H1’), 1.29 (3H, s, H1’’) ppm; δC (D2O + DMSO-d6, 100 MHz): 

173.58, 158.39, 148.01, 140.75, 122.47, 115.33, 115.31, 99.88, 97.24, 90.11, 85.80, 85.55, 

38.39, 37.84, 29.52, 27.23, 25.64, 19.32 ppm; ESI-MS: m/z for C19H27N5O6: [M + H]+ 

calculated: 422.46, found: 422.25; [M + Na]+
 calculated: 444.44, found: 444.24. 

 

iGPMA 2: white powder, yield: 52 %, δH (D2O, 400 MHz): 7.89 (1H, s, H5), 6.30 (1H, s, H4), 

5.74 (1H, d, 3J = 6.0 Hz, H3), 5.64 (1H, d, J = 0.8 Hz, H10’), 5.53 (1H, d, 3J = 6.0 Hz, H10’’), 

5.42 (1H, d, J = 0.7 Hz, H2’’), 3.05 - 2.83 (4H, m, H7, H9), 1.90 (3H, s, H11), 1.62 (3H, s, 

H1’), 1.47 (3H, s, H1’’), 1.36 (1H, dp, J = 6.9 Hz, 3J = 13.9 Hz, H8’), 1.21 (1H, dp, J = 7.1 Hz, 

3J = 14.2 Hz, 8’’) ppm; δH (DMSO-d6, 400 MHz): 10.57 (1H, bs, H6), 7.82 (1H, s, H5), 7.78 

(1H, t, 3J = 6 Hz, H13), 7.54 (1H, t, 3J = 6 Hz, H9), 6.41 (2H, s, H7), 6.14 (1H, d, 3J = 1.6 Hz, 

H4), 5.61 (1H, s, H14’), 5.43 (1H, dd, 3J = 2.4 Hz, 3J = 6 Hz, H3), 5.29 (1H, t, J = 1.2 Hz, 

H14’’), 5.25 (1H, dd, 3J = 1.2 Hz, 3J = 6.2 Hz, H2), 4.50 (1H, d, 3J = 2.4 Hz, H8), 2.99 - 2.78 

(4H, m, H10, H12), 1.83 (3H, s, H15), 1.51 (3H, s, H1’), 1.33 (2H, do, J = 6.8 Hz, 3J = 31.4 

Hz, H11), 1.33 (3H, s, H1’’) ppm; δC (D2O + DMSO-d6, 100 MHz): 172.27, 171.99, 160.05, 
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154.54, 151.80, 140.00, 139.73, 121.70, 117.03, 114.78, 90.99, 88.32, 84.44, 84.30, 37.19, 

36.98, 28.56, 26.35, 24.89, 18.47 ppm; ESI-MS: m/z for C20H27N7O6: [M + H]+ calculated: 

462.49, found: 462.27; [M + Na]+ calculated: 484.47, found: 484.25. 

 

11.5.5 Homopolymerization of nucleoside-based monomers (piCPMA 5 

and piGPMA 6) 

Cytidine-based monomer 1 (63.0 mg, 150 μmol), CPADB (1.70 mg, 6.00 μmol) and 

ACVA (0.560 mg, 2.00 μmol; CTA/I molar ratio = 3) were dissolved in a solvent mixture of 

8:2 DMF/H2O or 9:1 1,4-dioxane/ H2O (437 μL) and purged with N2 for 30 min. The reaction 

mixture was then placed in a preheated oil bath at 75 °C and reacted for 24 h. The reaction was 

quenched by exposing to air and cooling to rt. The polymer was isolated purified by repetitive 

precipitation from cold acetone and dried on high vacuum.  

The same procedure was applied to isolate the guanosine-based homopolymers using 2 

as the starting material.  

piCPMA 5: pinkish powder, monomer conversion: 40 % (piCPMADMF) and 34 % (piCPMA1,4-

dioxane); Mn = 2.1 kDa (piCPMADMF) and 4.1 kDa (piCPMA1,4-dioxane), PDI = 1.3 (SEC-DMF, PS 

standard); δH (DMSO-d6, 400 MHz): 7.92 - 7.82 (H5, H9, H13), 5.98 (H7), 5.82 (H4), 5.11 (H6, 

H8), 4.43 (H2), 3.32 - 2.99 (H10, H12), 1.47 (H1’), 1.29 (H1’’), 0.94 - 0.80 (H11) ppm. 

piGPMA 6: pinkish powder, monomer conversion: 70 % (piGPMADMF) and 94 % (piGPMA1,4-

dioxane); Mn = 8.4 kDa (piGPMADMF) and 11.4 kDa (piGPMA1,4-dioxane), PDI = 1.3 (SEC-DMF, 

PS standard); δH (DMSO-d6, 400 MHz): 10.79 (H6), 7.85 (H5), 7.62 (H9, H13, H16)), 6.49 

(H7), 6.15 (H4), 5.42 (H3), 5.27 (H2), 4.50 (H8), 2.88 (H10, H12), 1.49 (H1’), 1.31 (H1’’), 

1.23 (H14), 0.96 - 0.68 (H11) ppm. 

 

11.5.6 Deprotection of nucleoside-based homopolymers (pCPMA 7 and 

pGPMA 8) 

Cytidine- and guanosine-based homopolymers 5 and 6 were deprotected under acidic 

conditions, respectively. 5 and 6 (23.4 mg) were stirred for 2 h at rt in H2O (93.6 μL) and 

trifluoroacetic acid (TFA) (608 μL), followed by reprecipitation into cold THF/Et3N (9:1). 
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Precipitated polymers were centrifuged, washed with THF (3 x), acetone (3 x) and 

dichloromethane (3 x). Deprotected nucleoside homopolymers were isolated after drying on 

high vacuum as pale red powders (23.0 mg). 

pCPMA 7: yield: 50 %; δH (DMSO-d6, 400 MHz): 10.91 (H6), 8.32 (H5), 8.17 (H9, H13), 7.54 

- 7.32 (H16), 6.62 (H7), 5.84 (H4), 4.53 (H2), 4.32 (H3), 4.21 (H8), 3.88 (H1), 2.94 (H10, H12), 

1.50 (H14), 0.96 - 0.66 (H11) ppm. 

pGPMA 8: yield: 62 %; δH (DMSO-d6, 400 MHz): 8.51 (H5, H6), 8.31 (H9, H13), 7.44 (H16), 

6.10 (H7), 5.79 (H4), 4.32 (H2), 4.22 (H3), 4.04 (H8), 3.50 (H1), 2.96 (H10, H12), 1.54 (H14), 

0.97 - 0.80 (H11) ppm. 

 

11.5.7 Polymerization of HPMA (pHPMA 9) 

A mixture of HPMA 10 (1.10 g, 7.69 mmol), CPADB (31.0 mg, 110 μmol; target DP = 

70), ACVA (10.3 mg, 136.5 μmol; CTA/I molar ratio = 3), ethanol (3 mL) and acetate buffer 

(7 mL; pH 5) was purged with N2 for 30 min before placing in a preheated oil bath at 70 °C. 

After 24 h, the reaction was stopped by exposing to air and cooling to rt. Resulting 9 was 

purified by dialysis against water for 5 days, followed by freeze-drying as a pinkish powder 

(monomer conversion: 75 %, yield: 70 %); Mn = 38.7 kDa (by 1H NMR); Mn = 42.8 kDa (by 

UV-Vis); Mn = 9.1 kDa, PDI = 1.66 (SEC-DMF, PMMA standard); δH (DMSO-d6, 400 MHz): 

7.17 (1H, bs, H5), 4.69 (1H, s, H3), 3.67 (1H, s, H1), 2.90 (2H, s, H4), 1.57 (1H, m, H7), 1.02 

(3H, s, H6), 0.89 (3H, d, 3J = 64.4 Hz, H2) ppm. 

 

 

11.5.8 Blockcopolymerization of pHPMA-b-piCPMA 11 

A mixture of iCPMA 1 (101 mg, 0.240 mmol), pHPMA 9 (40 kDa) (68.5 mg, target DP 

= 150) and ACVA (0.815 mg, 2.90 µmol, CTA/I molar ratio = 0.55) in 8:2 DMF/ H2O (899 

µL) was flushed with N2 for 30 min before placing in a preheated oil bath at 75 °C. The reaction 

mixture was reacted for 24 h and purified by repetitive precipitation from cold acetone, 

followed by drying under high vacuum. The desired product was yielded as a white powder 

(monomer conversion: 77 %, yield: 76 %); δH (DMSO-d6, 400 MHz): 7.74 (H5, H9, H13), 7.18 
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(H18), 5.75 (H4, H7), 5.10 - 5.05 (H6, H8), 4.69 (H20), 4.37 (H2), 3.68 (H22), 2.91 (H10, H12, 

H19), 1.57 (H15, H17), 1.46 (H1’), 1.28 (H1’’), 1.02 (H16), 0.81 (H11, H21) ppm. 

 

11.5.9 Block-copolymerization of pHPMA-b-piGPMA 12 

iGPMA 2 (62.0 mg, 0.134 mmol), pHPMA 9 (40 kDa) (11.5 mg, target DP = 150) and 

ACVA (0.415 mg, 1.50 μmol, CTA/I molar ratio = 0.134) were dissolved in 9:1 1,4-

dioxane/H2O (938 µL) and flushed with N2 for 30 min. The reaction mixture was placed in a 

preheated oil bath at 75 °C and reacted for 24 h. The desired compound was isolated after 

dialysis against water for 3 days and drying as a white powder (monomer conversion: 77 %, 

yield: 68 %); δH (DMSO-d6, 400 MHz): 10.77 (H6), 7.85 (H5), 7.18 (H9, H13, H16), 7.18 

(H18), 6.53 (H7), 6.15 (H4), 5.43 (H3), 5.27 (H2), 4.69 (H20), 4.50 (H8), 3.68 (H22), 2.91 

(H10, H12, H19), 1.42 (H1’), 1.32 (H1’’), 1.19 (H14), 1.02 (H16), 0.82 (H11, H21) ppm. 

 

11.5.10 Deprotection of pHPMA-b-nucleosides (pHPMA-b-pCPMA 13 

and pHPMA-b-pGPMA 14) 

pHPMA-b-nucleosides 11 and 12 (20 mg) were deprotected under acidic conditions by 

agitating with TFA (520 µL) and H2O (80 µL) for 2 h. The reaction mixtures were dialyzed 

against water for 3 days and dried by freeze-drying.  

 pHPMA-b-pCPMA 13: yield:  53 %; Mn = 91.4 kDa (by 1H NMR), Mn = 11.7 kDa, PDI = 1.10 

(SEC-DMF, PMMA standard); δH (DMSO-d6, 400 MHz): 9.12 (H6), 8.73 - 8.44 (H5, H9, H13), 

7.15 (H18), 6.15 (H7), 5.81 (H4), 4.48 - 4.03 (H1, H2, H3, H8, H20), 3.68 (H22), 2.99 (H10, 

H12, H19), 1.57 (H15, H17), 1.26 (H14), 1.01 (H16), 0.62 (H11, H21) ppm. 

pHPMA-b-pGPMA 14: yield:  81 %; Mn = 163.2 kDa (by 1H NMR), Mn = 24.7 kDa, PDI = 2.50 

(SEC-DMF, PMMA standard); δH (DMSO-d6, 400 MHz): 10.81 (H6), 8.13 (H5, H9, H13), 7.18 

(H18), 5.84 (H4), 5.61 (H7), 4.70 (H20), 4.38 (H1), 4.28 - 4.18 (H3, H8), 3.68 (H22), 2.90 

(H10, H12, H19), 1.57 (H15, H17), 1.23 (H14), 1.02 (H16), 0.81 (H11, H21) ppm. 
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12 Discussion 

The ubiquity of carbohydrate structures makes them one of the most fundamental 

classes of biomolecules in our lives. Therefore, the rise of literatures on glyco-based materials 

is not unexpected. Glycopolymers are a preferred selection due to their diverse applications, 

such as drug delivery systems, pathogen inhibition and lectin binding. This thesis focusses on 

the synthesis of carbohydrate-bearing monomers and polymers, including the required 

precursors depending on the desired application. The application as a thermoresponsive 

glycomaterial is explained in more detail here. 

12.1 Synthesis of glycomonomers and precursors 

 

Scheme 21. Synthesis of glyco-bearing monomers in this thesis via a) methacrylation after Kochetkov/ 

Likhorshetov amination; b) Staudinger ligation; c) enzyme-catalyzed transesterification and d) amide 

coupling after oxidation. 
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To integrate a polymerizable group, the desired sugar-containing molecule must first be 

suitably derivatized. In doing so, reference was made to the enormous pool of organic reaction 

syntheses and amidation, esterification and Staudinger ligation were selected for this purpose 

(Scheme 21). 

The syntheses of the precursors for these reactions concentrated on simplicity and were 

carried out either with or without the use of protective groups. In this work, a polymerizable 

group was incorporated regiospecifically at the anomeric C1 position of hexoses or at the C5 

position of a ribose-containing compound, depending on the desired application. In the 

preparation targeting the C1 position, the focus was on a protection group-free approach in 

order to keep the total number of synthesis steps low. 

The synthesis reaction of amidation is a well-established method to attach a 

polymerizable group to a carbohydrate. Amidation is a nucleophilic acyl substitution reaction, 

which demands a nucleophile and an electrophile. Using commercially available glycosamines 

as nucleophiles like glucos- or galactosamines, (meth)acrylates can be introduced under basic 

reaction conditions in only one reaction step.[364,365] Depending on the application, this is a 

suitable and simple method for the preparation of glycomonomers functionalized at the C2 

position. However, to ensure lectin activity, modification of carbohydrate structures should 

focus on the C1 hydroxyl group.[102,366]  The equilibrium between α- and β-saccharide proceeds 

via the aldose in the open chain form. The enclosed aldehyde group thus provides an 

electrophilic character for reductive amination to derivatize the anomeric carbon atom. The use 

of NaCNBH3 allows the isolation of glycomonomers under pH conditions of 6 – 7 without the 

use of protection chemistry.[367,368,369] However, the resulting product is open-chained and 

therefore not suitable for studies of lectin activity, as recognition only occurs in the presence of 

the carbohydrate in its intact cyclic configuration. To circumvent this, at least disaccharides can 

be used so that a minimum of one sugar ring remains for biological recognition.[112,370,371] 

Unfortunately, reductive amination is not implementation-friendly due to the use of the cyanide 

compound required. In addition, boron complexes are formed when NaCNBH3 is used. This 

strong affinity of boron atoms to hydroxyl groups are difficult to break and therefore removal 

from the final product is challenging.[372] A combination of the two described procedures for 

the synthesis of glycomonomers through an amide bond therefore seems to be a valid approach 

for lectin recognition and pathogen inhibition desired in the future: an amidation reaction at the 

anomeric site.  
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Before the polymerizable group can be introduced via amidation, the appropriate 

nucleophilic glycosylamine must be generated for this purpose. According to literature, C1 

functionalized glycosylamines can be produced via three reaction steps, without listing the 

introduction and removal of protection groups. These include bromination of the protected 

carbohydrate via HBr in an acidic environment, followed by azidation using NaN3 and 

subsequent reduction to the amine using Pd/C and H2.
[373,374]  

The use of the synthesis developed by Kochetkov makes it possible to reduce the 

synthesis steps for the isolation of glycosylamines to a minimum of one step. This not only 

saves time, but also reaction reagents and therefore costs. Furthermore, the introduction of 

protective groups is not necessary, so that additional two reaction steps can be skipped. 

Kochetkov amination requires the use of a 50-fold excess of ammonium carbonate. 

Glycosylamines, however, tend to hydrolyze at a wide pH range from 1.5 to 9 and form into 

diglycosylamines in concentrated solutions.[375] These drawbacks can be circumvented, on the 

other hand, by using ammonium carbamate instead of bicarbonate according to the further 

developed reaction of Likhoshertov.[202,203,204,205] As the proposed method of Likhoshertov 

include the formation of the carbamic acid salt of glycosylamine, hydrolysis and 

glycosylamine-dimer formation can be prevented. The desired free glycosylamine can be easily 

generated afterwards by treating with a base or under high vacuum conditions. The amination 

reaction proceeded via a condensation mechanism according to Kochetkov or Likhoshertov and 

leads predominantly to the isolation of glycosylamines in β-configuration.  

 

Scheme 22. Synthesis of glycosylamines via the method of Kochetkov/ Likhoshertov with following 

reaction conditions: a) 50-fold ammonium salt, rt, 5 d or b) 5-fold ammonium salt, ΔT, 90 min, MW. 

Assisting with microwave irradiation enhances the quality of amination reaction 

significantly. Compared to the conventional reaction using an oil bath, the use of microwave 

irradiation is able to reduce the reaction time of the Kochetkov amination from 5 d to 90 min 

(Scheme 22).[376] In addition, the quantity of ammonium carbonate could be significantly 

reduced in this way, which leads to a simplification of isolation, as less ammonium carbonate 

needs to be removed. GalNAc, Lac, GlcA and Fuc were derivatized this way to provide the 

necessary nucleophile for amidation.  
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Scheme 23. Synthesis of glycomonomers via methacrylation of glycosylamines. 

After successful amination via the procedure of Kochetkov or Likhoshertov, an 

insertion of a polymerizable group via amidation under basic conditions is feasible. This 

amidation is based on the described derivatization of commercially available glycosamines. In 

this thesis, fucosylamine, lactosylamine and melibiosylamine were derivatized in this manner 

to a polymerizable glycomonomer, respectively. Functional methacrylic group was introduced 

in the anomeric C1 position to retain lectin recognition (Scheme 23). Since the configuration is 

determined by the preceding amination reaction, a β-configuration is also present in this case. 

The isolation of glycomonomers via Kochetkov or Likhoshertov amination is therefore only 

achievable in their β-configuration. Derivatization to the monomer at the C1 position can also 

be achieved by using glycosidase referring to literature.[102,103] This has the disadvantage that 

the reaction time is significantly higher at 24 h. Moreover, only ester bonds and no amide bonds 

can be formed in these enzymatic-catalyzed synthesis routes. Another drawback is that only 

specific glycosidases for specific sugars can be used. For example, glucosidases can only 

convert Glc and galactosidases can only convert Gal. Other enzymes, such as proteases or 

lipases, catalyze the derivatization of the primary hydroxyl group at the C5 or C6 position, but 

not the desired anomeric C1 position. [102,105]  Alternatively, transition metal mediated 

syntheses, such as Ag(I), Cu(I) or Au(III) ions, were described to introduce a polymerizable 

element into the C1 position.[83,92,93] Nevertheless, these synthesis approaches require the 

introduction of protecting groups, which increases the number of synthesis steps by two. In 

addition, these metals must be thoroughly removed from the final product when used in a 

biomedical application, as they may be toxic.  

However, since some lectins can only recognize saccharide structures in their α-

configuration, this amidation method is not always suitable for the isolation of glycomonomers 

via the amination procedure described above. For example, ConA, one of the best-studied 

lectins for investigating receptor interactions of glycopolymers, binds only D-mannosyl and D-

glucosyl residues in their α-configuration.[294,295] Syntheses of Man-containing compounds in 

their α-configuration is more simplified by the axial position of the alcohol group in C2 position 

in contrast to Glc-containing compounds. The synthesis of a glycomonomer in α-configuration 
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proceeds through the formation of an O-glycosidic bond. For this purpose, according to the 

literature, acetyl-protected Man was equipped with an azide as end group functionality by 

means of BF3•OEt2 directly or via a bromination step. This azide functionality was thereafter 

reduced with H2 and a metal catalyst to the free amine form, which was then reacted with 

acryloyl chloride via the amidation mechanism to isolate the glycomonomer.[377,378] Instead of 

the reduction to the free amine, the azide functionality can also be used directly as a click 

reagent as described in literature. In combination with a polymerizable alkyne counterpart, the 

use of click chemistry can shorten the isolation of α-Man-containing monomer by one step 

compared to amidation.[379,380] The use of click chemistry requires either high reaction 

temperatures or the use of Cu-catalysts. However, carbohydrates are known to oxidize at high 

temperatures and incomplete removal of metal catalysts is fatal for biomedical applications; 

click chemistry is not always the preferred choice. 

 

Scheme 24. Synthesis of α-mannosyl azide without the introduction of protecting groups. 

Staudinger ligation offers an appealing alternative. In this work, for the first time, the 

synthesis of Man-containing monomer in its α-configuration is carried out with a reduced 

number of synthesis steps compared to the previously described synthesis routes. Since the 

introduction and removal of protective groups is not a necessity, the synthesis pathway now 

presented is narrowed down to two reactions starting form D-Man. Adapted from the literature, 

α-mannosyl methacrylamide was isolated via the mechanism of Staudinger ligation.[300,301] A 

characteristic of Staudinger ligation is its impact on stereochemistry. It can be subdivided into 

two stages: the formation of the iminophosphorane by an intramolecular rearrangement and the 

formation of an amide bond by cleavage of triphenylphosphinooxide by hydrolysis. Depending 

on the derivatization and reaction conditions, the stereoisomerism of the azide used can be 

maintained or inverted. For the maintenance of stereoisomerism, the kinetics of the second 

reaction step, is relevant. The hydrolysis of the formed iminophosphorane should be as rapid as 

practicable, as the glycoiminiophosphorane is in an anomeric equilibrium, which might lead to 

an inversion of the stereocenter. To apply this ligation, an azide on the one hand and a 

triphenylphosphine derivative on the other hand is required. The synthesis of α-mannosyl azide 

by TMS-activation has been described in the past, which requires prior equipment with 
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protecting groups.[381,382] When using chloroamidinium salt like 2-chloro-1,3-

dimethylimidazolinium chloride (DMC) as coupling reagent, D-Man can be azidified under 

basic reaction conditions directly without protection groups (Scheme 24).  

 

Scheme 25. Synthesis of methacrylic triphenylphosphine derivative via Steglich esterification. 

Furthermore, (2-hydroxyphenyl)diphenylphosphine was provided with a polymerizable 

group by 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) activation of methacrylic 

acid and subsequent Steglich esterification in the presence of 4-dimethylaminopyridine 

(DMAP) with a modified procedure described (Scheme 25).[301,383,384] In the literature, a yield 

of 50 - 90 % of several triphenylphosphine derivatives is described. The obtained yield of 2-

(diphenylphosphonyl)phenyl methacrylate is low at 12 %, so that further optimization 

experiments are necessary. Attempts using methacryloyl chloride were discontinued due to the 

formation of byproducts and therefore due to the aggravated purification. 

 

Scheme 26. Synthesis of mannosyl methacrylamide via Staudinger ligation. 

By forming a triphenylphosphine oxide derivative, the α-mannosyl azide reacted with 

the methacrylic triphenylphosphine derivative to isolate the desired Man-containing 

methacrylamide in its α-configuration. Depending on the reaction conditions, the product ratio 

of α- and β-anomers differs. By keeping the reaction temperature low at 40 °C and a minimum 

total reaction time of 6 h, the anomeric equilibrium can be shifted to the α-mannosyl 

methacrylamide with a yield of 70 % (Scheme 26). Higher reaction temperatures at 70 °C 

resulted in an enantiomeric excess towards β-configuration. The yield is consistent with the 

described synthesis which was modified by the use of a different triphenyl phosphate 

derivative.[301]  
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Figure 37. Examples of acetonide-protected saccharides, a) 1,2:3,4-di-O-isopropylidene-α-D-

glucopyranose and b) 1,2:3,4-di-O-isopropylidene-α-D-galactopyranose. 

If subsequent lectin recognition is not required or the C1 position is already blocked 

(e.g. with nucleobase), the primary alcohol group (C5 for furanoses, C6 for pyranoses) can be 

targeted, as it has a higher basicity and thus a higher nucleophilicity compared to the other 

remaining secondary hydroxyl groups. This primary alcohol can hence serve as a nucleophile 

in (trans)esterification reactions to introduce functional groups. In practice, however, the 

targeted functionalization of the primary hydroxyl group is still challenging, so that protecting 

groups are still required. Acetonide protecting groups enable the protection of hydroxyl groups 

that are spatially close to each other in the chair conformation. To keep the C6 (for pyranoses) 

or C5 (for furanoses) position unprotected, only selected sugars can be functionalized with this 

method (Figure 37).  

 

Scheme 27. Enzyme-catalyzed synthesis of 5’-O-methacryloylcytidine with MW irradiation. 

For the protecting group free synthesis, the use of enzymes, more specifically lipases, 

can be considered in more detail. In their immobilized form, they can modify the primary 

hydroxyl group of the sugar (C5 for furanoses, C6 for pyranoses) without using protecting 

groups. Applying enzyme catalysts shortens syntheses of glyco-derivatives due to 

regioselectivity and specificity significantly; plus, they are a popular tool in glyco-chemistry to 

introduce functional groups into carbohydrates. These biocatalysts have been widely used in 

the past for (trans)esterification of compounds related to green chemistry due to their high 

efficiency under mild reaction conditions, non-toxicity and reusability.[312] In particular 
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Novozym 435, an immobilized commercially available Cal B lipase, is not only used for 

research purposes but has already been able to establish itself in industry.[313] In conjunction 

with the synthesis of glycomonomers, Glc-derived monomers were isolated with Novozym 435 

in accordance with the literature.[102] Optimization trials demonstrated that the use of the solvent 

t-BuOH at 45 °C for the synthesis of methacylic β-methyl glucoside gave the highest 

conversion.[298] In combination with microwave irradiation, even the reaction time for the 

isolation of methyl glucoside derivatives can be shortened from 13 to 3 h significantly.[325] 

Furanoses, such as several nucleoside derivatives, were likewise derivatized with 

biocatalysts.[311] Polymerizable cytidine was functionalized with Novozym 435 and 

presynthesized methylcryloylacetone oxime as substrate with a reaction time of 22 h and the 

addition of the solvent 1,4-dioxane with a yield of 47 %.[108] The synthesis of 5'-O-

methacryloylcytidines was optimized in this thesis by varying reaction parameters. The 

optimum yield of 36 % was achieved at a reaction temperature of 95 °C and a reaction time of 

30 min with an enzyme concentration of 12.7 wt.% and a molar ratio of the substrate vinyl 

methacrylate of 1:35. The yield is lower than described in the literature, but the reaction time 

could be shortened considerably and the use of the solvent 1,4-dioxane could be avoided 

(Scheme 27). Increasing the reaction time resulted in lower yields, indicating a discrepancy 

with the literature in which other molecules were derivatized with Novozym 435 and reached a 

plateau with longer reaction times.[266,298,326] The initial suspicion that the choice of substrate 

was due to the formation of the enzyme-deactivating acetaldehyde was refuted by the use of 

other substrates.[121] This suggests that the cytidine with the nucleophilic amine group in 

combination with the microwave irradiation and the polymer-bound lipase is the causative 

element. Commercially available methacrylate derivatives were consciously chosen as 

substrates in order to avoid an additional synthesis step. The comparison of methyl methacrylate 

and vinyl methacrylate showed that a higher yield could be achieved with the latter in this 

transesterification reaction. 

 

Scheme 28. Synthesis of nucleoside-based monomer via oxidation and subsequent amide coupling. 
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However, ester bonds tend to hydrolyze in harsh environments, so the formation of an 

amide bond is preferable. Towards this aim, the secondary hydroxyl groups were protected with 

an acetal protecting group in order to oxidize the free alcohol at the C5 position to the carboxylic 

acid with the help of the heterocyclic compound (2,2,6,6-tetramethylpiperidin-1-yl)oxyl 

(TEMPO). In the presence of the triazine derivative 2-chloro-4,6-dimethoxy-1,3,5-triazine 

(CDMT), the carboxylic acid provides its activated form for amide coupling. Further coupling 

approaches with carbodiimides, such as EDC or N,N’-dicyclohexylcarbodiimide (DCC), and 

via the uranium salt 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-

oxide hexafluorophosphate (HATU) resulted in lower yields. The usage of the hydrochloric salt 

of N-(3-aminopropyl)methacrylamide (APMA) led to the introduction of a polymerizable group 

(Scheme 28). Unlike the enzyme-catalyzed synthetic pathway, this method also enables the 

synthesis of guanosine-containing monomers. Cytidine- and guanosine-based methacrylamides 

could thus be isolated in this pure form for the first time with a yield of 44 % and 52 %, 

respectively. Since nucleobase functionality is of greater significance in this case, nucleobase-

containing monomers without the ribose unit were isolated as an alternative by other research 

groups.[306,349,350,345,341] Due to the formation of strong hydrogen bonds, nucleobases and their 

derivates are known for their poor solubility.[340] In contrast, the ribonucleoside-based 

monomers described in this thesis are soluble in both aqueous and organic solvents, which 

simplifies subsequent polymerization.  

 

12.2 Synthesis of glycopolymers 

Numerous polymerization techniques for the isolation of carbohydrate-containing 

polymers have already been described in the past. FRP has often been chosen for isolating 

glycopolymers because it offers advantages, such as low cost and scalability. However, this 

polymerization technique leads to an uncontrolled high distribution of the molecular weight, 

thus a CLRP method is preferable. The most common controlled polymerization techniques for 

isolating glycopolymers are the ATRP and RAFT techniques. ATRP is appreciated for its low 

reaction temperatures and requires a transition metal catalyst. The most common catalysts for 

this are based on copper, and the resulting macromolecules must be thoroughly purified due to 

the toxicity of copper ions when used as biomedical material.[385,386] RAFT, on the other hand, 

does not require transition metals and still offers the advantages of ATRP polymerization in 

terms of straightforward implementation. Numerous sugar-containing polymers, e.g. Glc-, Gal- 
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and Man-containing macromolecules, have been isolated by RAFT polymerization. 

[96,109,151,299,387,388,389]    

 

Scheme 29. Synthesis of pHPMA and nucleoside-based block copolymers via RAFT polymerization. 

According to literature, thymine- and adenine-based monomers were polymerised with 

a PEG initiator via ATRP.[345] Uridines and adenosine-based monomers, which include ribose 

in the chemical structure, were only able to be polymerized via the mechanism of ATRP after 

the introduction of a silyl protecting group.[315] Depending on the ATRP ligand used, narrow 

polydispersities between 1.12 and 1.35 were obtained. Extending this, cytidine- and guanosine-

containing macromolecules were prepared by radical polymerization on a solid support with 

satisfactory control over polydispersity.[327] Although nucleobase-containing monomers were 

mainly polymerized using the ATRP technique, the RAFT technique was deliberately chosen 

in this thesis to obtain ribonucleoside-containing polymers. Indeed, in the presence of 

nucleobases, they are coordinated to copper ions, which makes their removal even more 

difficult. Cytidine- and guanosine-based homopolymers were isolated using a dithioester-based 

CTA with polydispersities of 1.3, whereby guanosine-containing monomers showed higher 

conversions compared to the cytidine equivalent. Similar to other nucleobase-containing 

polymers described, these synthesized ribonucleoside polymers also exhibit low 

solubility.[315,327,345] Thus, to introduce a hydrophilic HPMA moiety, the HPMA homopolymer 

had to be synthesized first before copolymerization with the nucleoside monomers could take 

place (Scheme 29). It was observed that the purine-based guanosine monomer always had a 

higher conversion than the cytidine equivalent according to NMR spectroscopy. However, the 

literature reported that the pyrimidine-based thymine monomer leads to higher conversion in 

ATRP polymerization.[315,327,345] Lastly, the acetal protecting groups of the synthesized 

ribonucleoside-based block copolymers in this thesis were removed under acidic conditions.  
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12.3 Thermoresponsive carbohydrate-containing polymer 

 

Figure 38. SEM-images, size distributions and hydrodynamic size distributions by DLS of (a) pHPMA-

b-pCPMA, (b) pHPMA-b-pGPMA, (c) mixture of both before heating and (d) mixture of both after 

heating. 

Intelligent materials are based on the reaction to a stimulus. Temperature is particularly 

promising as a stimulus, as it plays an essential role in nature and can also be reversibly adjusted 

externally. Thermoresponsive macromolecules have either an LCST or an upper critical 

solution temperature (UCST) in the aqueous medium suitable for drug delivery. UCST 

polymers are rare, especially in aqueous media, compared to LCST systems, as they react more 

sensitively to external influences, such as concentration, pH or ionic strength. Two essential 

conditions are required for UCST behaviour: 1) the interactions between the polymers must be 

stronger than the interaction with water, so that the polymer complexes can only be dissolved 

by thermal activation in water, and 2) the polymers must exhibit a certain degree 

hydrophpobicity, otherwise they would dissolve due to a gain in configuration entropy. 

Polymers with formed hydrogen bonds are typical for polymers with UCST dissolution 

behaviour. Typical representatives are poly(ethylene oxide) (PEO), poly(hydroxyethyl 

methacrylate) (PHEMA) or poly(vinyl methyl ether) (PVME), which however also have LCST 

character.[390,391] These polymer systems, though, have a UCST value outside 0 – 100 °C, which 

makes them unsuitable for most applications. Polymers with a UCST in this range are for 

example poly(acrylamide-co-acrylonitrile), poly(methacrylamide) or poly(allylamine-co-

allylurea) derivatives.[392,393] By introducing hydrophobic monomers or increasing the 

molecular weight of the homopolymer, the UCST can also be increased. A UCST target of up 
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to 1 °C difference can be achieved by copying from nature using DNA or RNA-like structures. 

DNA or RNA strands are kept in place by strong interactions, the hydrogen bonds. These bonds 

can be disrupted by elevated temperatures, which depends on the type and number of 

nucleobases. This characteristic so-called melting behavior enables us to develop new 

programmable materials which respond to temperature changes.[307,341]  Due to the presence of 

nucleobases in the previously described synthetically produced carbohydrate-containing block 

copolymers, their self-assembly behavior was investigated. First, the nucleoside block 

copolymers were considered individually before they were combined and heated. As a result of 

the C-C and G-G interactions, the C-containing polymers form large network structures and the 

G-containing polymers smaller particles according to SEM images, in contrast to the A- and T-

containing polymers described in the literature, which have popcorn-like structures.[350] 

Combining the complementary block copolymers and subsequent heating followed by cooling 

resulted in a smaller size distribution, which can be attributed to a break-up of the respective 

C-C and G-G interactions and reassembly by C-G interactions (Figure 38). This observation 

was supported by UV-Vis experiments. The absorption maxima of the individual C- and G-

containing polymers are comparable to the maxima of the A- and T-containing polymers 

described in the literature.[108,345] Hypochromicity was also noticed in comparative experiments 

with the polymer mixtures before and after heating. 

To sum up, several carbohydrate-based monomers were synthesized. Either the 

anomeric C1 position or the primary hydroxyl group in the C5 position was targeted. 

Derivatization at C1 required prior amination by microwave irradiation according to the 

procedure of Kochetkov or Likhorshetov. After successful amination, a glycomonomer was 

isolated by methacrylation. Nucleoside-containing monomers were also synthesized by 

enzyme-catalyzed, microwave-assisted synthesis or oxidation followed by amidation. The latter 

synthesis approach required the introduction of protecting groups compared to the other 

methods. These cytidine and guanosine based monomers were then polymerized using the 

RAFT method. Their self-assembly behavior was investigated and it was found that networks 

form due to hydrogen bonds, which can be broken when heat is applied. 



Conclusion and Outlook 

 

140 

 

13 Conclusion and Outlook 

This dissertation describes the synthesis of glycosides, including carbohydrate-

containing monomers and polymers. These form the foundation for the development of 

potential biofunctional and biomedical materials. Applications range from fundamental 

research to the study of biological processes and drug delivery systems. The focus of the 

syntheses was on carrying out as few reaction steps as possible in order to achieve high 

efficiency. 

First, the optimization of the syntheses of glycosylamines was described. The desired 

saccharide is derivatized at the C1 position with the help of an ammonium salt via the method 

of Kochetkov or Likhorshetov. The combination with microwave irradiation was taken into 

consideration, as literature reports a shortening of the reaction time and a lower required 

concentration of the ammonium salt. In order to approach the optimal yield, the parameters 

reaction time, reaction duration and type and concentration of the ammonium salt were varied. 

It became apparent that the optimal reaction conditions of one carbohydrate cannot be 

transferred to another similar carbohydrate. Kochetkov's method at a reaction temperature of 

60 °C in MeOH is best for the derivatization of Gal and Lac, while Fuc at 60 °C and GlcA at 

45 °C give the best results with Likhorshetov's method. Thus, optimizations are necessary for 

each individual sugar in order to achieve the highest possible yield. 

Glycosylamines form the precursor for glycomonomers, which obtain a polymerizable 

group through methacrylation. This monomer synthesis strategy was demonstrated here using 

the synthesis of fucosyl methacrylamide with a total yield of 56 %. This described synthesis, 

which consisted of microwave-assisted derivatization followed by methacrylation, offers the 

advantage that the introduction of protecting groups is not required. By avoiding protection 

groups, the glycomonomer synthesis is shortened by two reaction steps. The column 

chromatographic purification of the synthesized glycomonomers was still challenging due to 

their high polarity, so that more suitable methods, such as recrystallization or precipitation 

experiments, should be conducted and optimized here. 

However, this described reaction pathway only resulted in the isolation of 

glycomonomers in β-configuration, which may not be suitable depending on the application. 

For example, ConA, FimH and GNA lectins bind terminal carbohydrate structures only to α-

Man structures, among others. The synthesis of α-mannosyl methacrylamide could be 
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accomplished by the mechanism of Staudinger ligation with a yield of 70 %. The synthesis 

strategy via Staudinger ligation is likewise carried out without the introduction of protecting 

groups. This required a prior derivatization of the Man to the azide in order to react with the 

previously synthesized triphenylphosphine derivative with a polymerizable group. Since these 

are only preliminary attempts, the low yield of 12 % of 2-(diphenylphosphonyl)phenyl 

methacrylate can be increased by optimization trials. 

Instead of the modification at position C1, other positions can also be derivatized if the 

potential application permits this. Functionalization of the primary hydroxyl group of the 

saccharide can be realized by using immobilized lipases, such as Novozym 435. This enzyme-

catalyzed synthesis allows the introduction of a polymerizable group also without the use of 

protective groups. In combination with microwave irradiation, the synthesis of 5'-O-

methacryloylcytidines with Novozym 435 as potential precursors for smart materials was 

optimized in terms of reaction time, reaction temperature, substrate type and concentration. 

Using a reaction temperature of 95 °C, reaction time of 30 min, a 12.7 wt% enzyme 

concentration and a 1:35 molar ratio of substrate vinyl methacrylate resulted in best results of 

36 %. Increasing the reaction time resulted in lower yields, which could be due to the 

nucleophilic amine of the cytosine ring. Further optimization experiments should be performed 

to significantly increase the yield. For example, the effects of additional polymerizable 

substrates or the use of solvents can be investigated. 

Instead of an ester bond between saccharide and polymerizable group, an amide bond 

was chosen for the isolation of the nucleoside-based cytidine and guanosine monomers due to 

their higher stability towards hydrolysis. This was only possible in the presence of protecting 

groups. The isolation was carried out by oxidation, followed by amide coupling with the triazine 

coupling reagent CDMT with a yield of 38 % for cytidine-based and 52 % for guanosin-

containing monomer. The corresponding monomers were soluble in both aqueous and organic 

solvents, which greatly facilitated the handling. They were homopolymerized via the RAFT 

method, whereby a subsequent block copolymerization was hampered due to a low solubility. 

For this reason, the monomers were polymerized once the pHPMA macroCTA had been 

obtained. Studies on self-assembly of the synthesized unprotected nucleoside-based block 

copolymers revealed that the strong hydrogen bonds can be broken by heat and that the 

nucleoside-containing block copolymers rearrange themselves after cooling to room 

temperature according to UV-Vis, DLS and SEM analyses. In order to adjust the melting 
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temperature more precisely, block copolymers with different molecular weights and thus with 

different contents of nucleoside-containing monomers should be synthesized and investigated. 

In summary, this work focuses on the synthesis of saccharide-based monomers and 

polymers. However, it became evident that the handling of glycosides is challenging due to the 

large number of hydroxyl groups. In principle, the respective yields can be improved by targeted 

optimization experiments, which should be carried out in the future. As a possible application, 

a thermoresponsive material was presented as a potential drug delivery system. 

 

14 Zusammenfassung und Ausblick 

Diese Abschlussarbeit beschreibt die Synthese von Glykosiden, einschließlich 

kohlenhydrathaltiger Monomeren und Polymeren. Diese bilden die Grundlage für die 

Entwicklung potenzieller biofunktioneller und biomedizinischer Materialien. Die 

Anwendungen reichen von der Grundlagenforschung über die Untersuchung biologischer 

Prozesse bis hin zu Drug Delivery Systemen. Der Schwerpunkt der Synthesen lag darauf, so 

wenige Reaktionsschritte wie möglich durchzuführen, um eine hohe Effizienz zu erreichen.  

Zunächst wurde die Optimierung der Synthesen von Glykosylaminen beschrieben. 

Hierbei wird das gewünschte Saccharid an der C1-Position mit Hilfe eines Ammoniumsalzes 

über die Methoden von Kochetkov oder Likhorshetov derivatisiert. Die Kombination mit 

Mikrowellenbestrahlung wurde in Betracht gezogen, da in der Literatur von einer Verkürzung 

der Reaktionszeit und einer geringeren erforderlichen Konzentration des Ammoniumsalzes 

berichtet wird. Um sich der optimalen Ausbeute zu nähern, wurden die Parameter 

Reaktionszeit, Reaktionsdauer sowie Art und Konzentration des Ammoniumsalzes variiert. 

Dabei wurde deutlich, dass die optimalen Reaktionsbedingungen eines Kohlenhydrats nicht auf 

ein anderes ähnliches Kohlenhydrat übertragen werden können. Die Methode von Kochetkov 

bei einer Reaktionstemperatur von 60 °C in MeOH eignet sich am besten für die Derivatisierung 

von Gal und Lac, während Fuc bei 60 °C und GlcA bei 45 °C die besten Ergebnisse mit der 

Methode von Likhorshetov erzielen. Somit sind Optimierungen für jeden einzelnen Zucker 

notwendig, um die höchstmögliche Ausbeute zu erzielen. 

Glykosylamine bilden die Vorstufe für Glykomonomere, die durch Methacrylierung 

eine polymerisierbare Gruppe erhalten. Diese Monomer-Synthesestrategie wurde hier anhand 
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der Synthese von Fucosylmethacrylamid mit einer Gesamtausbeute von 56 % veranschaulicht. 

Diese beschriebene Synthese, die aus einer mikrowellenunterstützten Derivatisierung und 

anschließender Methacrylierung bestand, bietet den Vorteil, dass die Einführung von 

Schutzgruppen nicht notwendig ist. Durch den Wegfall der Schutzgruppen wird die 

Glykomonomer-Synthese um zwei Reaktionsschritte verkürzt. Die säulenchromatographische 

Aufreinigung der synthetisierten Glykomonomere gestaltete sich aufgrund ihrer hohen Polarität 

noch schwierig, so dass hier geeignetere Methoden wie Umkristallisations- oder 

Fällungsversuche durchgeführt und optimiert werden sollten. 

Dieser beschriebene Reaktionsweg führte jedoch nur zur Isolierung von 

Glykomonomeren in β-Konfiguration, die je nach Anwendung unter Umständen nicht geeignet 

sind. Beispielsweise binden ConA-, FimH und GNA-Lektine Glycoside nur unter anderem α-

Man-Strukturen. Die Synthese von α-Mannosylmethacrylamid konnte durch den Mechanismus 

der Staudinger-Ligation mit einer Ausbeute von 70 % erreicht werden. Die Synthesestrategie 

über Staudinger-Ligation wird ebenfalls ohne die Einführung von Schutzgruppen durchgeführt. 

Hierfür war eine vorherige Derivatisierung der Man zum Azid notwendig, um mit dem zuvor 

synthetisierten Triphenylphosphinderivat mit einer polymerisierbaren Gruppe zu reagieren. Da 

es sich hierbei nur um Vorversuche handelt, kann die geringe Ausbeute von 12 % vom 2-

(Diphenylphosphonyl)phenylmethacrylat durch Optimierungsversuche erhöht werden.  

Anstelle der Änderung an der Position C1 können auch andere Positionen derivatisiert 

werden, wenn die potenzielle Anwendung dies zulässt. Die Funktionalisierung der primären 

Hydroxylgruppe des Saccharids kann durch die Verwendung immobilisierter Lipasen wie 

Novozym 435 erreicht werden. Diese enzymkatalysierte Synthese ermöglicht die Einführung 

einer polymerisierbaren Gruppe auch ohne den Einsatz von Schutzgruppen. In Kombination 

mit Mikrowellenbestrahlung wurde die Synthese von 5'-O-Methacryloylcytidinen mit 

Novozym 435 als potenzielle Vorstufen für intelligente Materialien in Bezug auf Reaktionszeit, 

Reaktionstemperatur, Substrattyp und Konzentration optimiert. ei einer Reaktionstemperatur 

von 95 °C, einer Reaktionszeit von 30 Minuten, einer Enzymkonzentration von 12,7 wt% und 

einem molaren Verhältnis des Substrats Vinylmethacrylat von 1:35 wurden beste Ergebnisse 

von 36 % erzielt. Eine Verlängerung der Reaktionszeit führte zu geringeren Ausbeuten, was 

auf das nukleophile Amin des Cytosinrings zurückzuführen sein könnte. Weitere 

Optimierungsversuche sollten durchgeführt werden, um die Ausbeute deutlich zu erhöhen. So 

können beispielsweise die Auswirkungen zusätzlicher polymerisierbarer Substrate oder die 

Verwendung von Lösungsmitteln untersucht werden. 
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Anstelle einer Esterbindung zwischen Saccharid und polymerisierbarer Gruppe wurde 

für die Isolierung der Cytidin- und Guanosinmonomere auf Nukleosidbasis aufgrund ihrer 

höheren Stabilität eine Amidbindung gewählt. Dies war nur in Gegenwart von Schutzgruppen 

möglich. Die Isolierung erfolgte durch Oxidation, gefolgt von einer Amidkupplung mit dem 

Triazin-Kupplungsreagenz CDMT mit einer Ausbeute von 38 % für Cytidin-basierte und 52 % 

für Guanosin-haltige Monomere. Die entsprechenden Monomere waren sowohl in wässrigen 

als auch in organischen Lösungsmitteln löslich, was die Handhabung erheblich erleichterte. Sie 

wurden über die RAFT-Methode homopolymerisiert, wobei eine anschließende 

Blockcopolymerisation aufgrund von Löslichkeitsproblemen erschwert wurde. Aus diesem 

Grund wurden die Monomere erst nach Erhalt des pHPMA Makro-CTAs polymerisiert. 

Untersuchungen zur Selbstassemblierung der synthetisierten ungeschützten nukleosid-

basierten Blockcopolymere zeigten, dass die starken Wasserstoffbrückenbindungen durch 

höhere Temperaturen aufgebrochen werden können und sich die nukleosidhaltigen 

Blockcopolymere nach dem Abkühlen auf Raumtemperatur neu anordnen wie UV-Vis-, DLS- 

und REM-Analysen zeigten. Um die Schmelztemperatur genauer einzustellen, sollten 

Blockcopolymere mit unterschiedlichen Molekulargewichten synthetisiert und damit mit 

unterschiedlichen Anteilen an nukleosidhaltigen Monomeren untersucht werden.  

Zusammenfassend lässt sich sagen, dass sich diese Arbeit auf die Synthese von 

Monomeren und Polymeren auf Saccharidbasis konzentriert. Es stellte sich heraus, dass die 

Handhabung von Glykosiden aufgrund der vielen Hydroxylgruppen eine Herausforderung 

darstellt. Grundsätzlich können die jeweiligen Ausbeuten durch gezielte Optimierungsversuche 

verbessert werden, die in Zukunft durchgeführt werden sollten. Als mögliche Anwendung 

wurde ein thermoresponsives Material als potenzielles Drug Delivery System vorgestellt. 
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16  Appendix 

16.1 Supporting Information to Chapter 7: Optimization of the 

Microwave Assisted Glycosylamines Synthesis Based on a 

Statistical Design of Experiments Approach 

1-Amino-1-deoxy--D-N-acetylgalactoside (Am-I-01). 1H-NMR (D2O, 400 MHz):  5.21 (d, J = 3.6 Hz, 

0.04H -H1 (starting material)), 4.60 (d, J = 7.6 Hz, 0.05 H, -H1 (starting material)), 4.30-3.51 (m, 6 H), 

4.06 (d, J = 9.2 Hz, 0.64 -H1), 2.03 (s, 3 H); ESI MS, calcd. for C8H16N2O5: [M + H]+ 221.11, found 221.45 

[M + H]+.  

 

Am-I 

 

1-Amino-1-deoxy--D-lactoside (Am-II-01). 1H-NMR (D2O, 400 MHz):   5.21 (d, J = 3.6 Hz, 0.05 H, -H1 

(starting material)), 4.65 (d, J = 8.0 Hz, 0.06 H, -H1 (starting material)), 4.43 (d, J = 7.8 Hz, 1 H, -H7), 

4.10 (d, J = 8.8 Hz, 0.84 H, -H1), 3.97-3.48 (m, 11 H), 3.19 (m, 0.82 H); ESI MS, calcd. for C12H24NO10: 

[M + H]+ 342.14, found 342.46 [M + H]+.  

 

Am-II 

 

1-Amino-1-deoxy--D-glucopyranuronoside (Am-III). 1H-NMR (D2O, 400 MHz):  5.24 (d, J = 3.7 Hz,4 H, 

-H1 (starting material)), 4.64 (d, J = 7.9 Hz, -H1 (starting material), 4.09 (d, J = 8.8 Hz, 0.82 H, -H1), 

3.12-4.34 (m, 4 H); ESI MS, calcd. for C6H12NO6: [M + H]+ 194.07, found 194.43 [M + H]+. 
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Am-III 

1-Amino-1-deoxy--L-fucose (Am-IV). 1H-NMR (D2O, 400 MHz):  4.15-4.03 (m, 0.26 H), 3.99 (d, J = 

8.8 Hz, 0.70 H, -H1), 3.36-3.94 (m, 3.20 H), 3.32 (t, J = 8.8 Hz, 0.58 H) 1.20 (d, J = 6.4 Hz, 3 H); ESI MS, 

calcd. for C6H14NO4: [M + H]+ 164.09, found 164.38 [M + H]+.  

 

Am-IV 

 

 

Figure 39. Overview plot of yields of GalNAcNH2. Replicates are indicated in blue. 
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Figure 40. Histogram of yields of GalNAcNH2. Skewness test not triggered. 

 

Figure 41. Plot of GalNAcNH2 with residuals of yields versus the normal probability of the 

distribution. 
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Figure 42. Plot of observed values versus predicted values for yields of GalNAcNH2. 

 

 

Figure 43. Overview plot of yields of LacNH2. Replicates are indicated in blue. 

 



Appendix 

 

174 

 

 

Figure 44. Histogram of yields of LacNH2. Skewness test not triggered. 

 

 

 

Figure 45. Plot of LacNH2 with residuals of yields versus the normal probability of the distribution. 
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Figure 46. Plot of observed values versus predicted values for yields of LacNH2. 

 

 

Figure 47. Overview plot of yields of GlcANH2. Replicates are indicated in blue. 
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Figure 48. Histogram of yields of GlcANH2. Skewness test not triggered. 

 

 

Figure 49. Plot of GlcANH2 with residuals of yields versus the normal probability of the distribution. 
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Figure 50. Plot of observed values versus predicted values for yields of GlcANH2. 

 

 

Figure 51. Overview plot of yields of FucNH2. Replicates are indicated in blue. 
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Figure 52. Histogram of yields of FucNH2. Skewness test triggered. No transformation performed. 

 

 

Figure 53. Plot of FucNH2 with residuals of yields versus the normal probability of the distribution. 
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Figure 54. Plot of observed values versus predicted values for yields of FucNH2. 
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16.2 Supporting Information of Chapter 8: Functional Glyco-

Nanogels for Multivalent Interaction with Lectins 

 

 

Figure 55. ESI-MS spectrum of LacMAm. 
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Figure 56. ESI-MS spectrum of MelMAm. 
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Figure 57. ESI-MS spectrum of FucMAm. 
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Figure 58. 1H NMR spectrum of LacMAm. 
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Figure 59. 13C NMR spectrum of LacMAm. 

 

Figure 60. 1H NMR spectrum of MelMAm. 
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Figure 61. 13C NMR spectrum of MelMAm. 

 

Figure 62. 1H NMR spectrum of FucMAm. 
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Figure 63. 13C NMR spectrum of FucMAm. 

 

 

Figure 64. SEM image of MG-4. Scale bar: 1 µm. 
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Figure 65. SEM image of MG-5. Scale bar: 1 µm. 

 

Figure 66. AFM image of G-1.  
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Figure 67. AFM image of MG-0. 

 

Figure 68. AFM image of MG-1. 
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Figure 69. AFM image of MG-2. 

 

Figure 70. AFM image of MG-4. 
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Figure 71. AFM image of MG-5. 

 

Figure 72. AFM image of FG-1. 
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Figure 73. AFM image of FG-2. 

  

                     (a)                         (b) 
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          (c)                               (d) 

Figure 74. Cetrimid Agar plates of PA incubated with MG-1 (a and b) FG-1 (c and d). (a) and (c) 

fluorescence image, (b) and (d) white light image. FG-1 inhibits pyoverdine, but is not acting 

antimicrobial. Less colonies are found with MG-1 due to higher dilution. 10-4 to 10-6 for MG-1 and 

undiluted to 10-2 for FG-1. 
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16.3 Supporting Information of Chapter 9: Protection group- free 

synthesis of α- mannopyranosyl methacrylamide 

16.3.1 1H NMR spectroscopic data 

 

Figure 75. 1H NMR spectrum of α-mannopyranosyl azide 2. 

 

 

Figure 76. 1H NMR spectrum of 2-(diphenylphosphonyl)phenyl methacrylate 4. 
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Figure 77. 1H NMR spectrum of α-mannopyranosyl methacrylamide 5. 

 

 

Figure 78. 1H NMR spectrum of β-mannopyranosyl methacrylamide 5. 
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16.3.2 ESI-MS data 

 

Figure 79. ESI-MS spectrum of α-mannopyranosyl azide 2. 
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Figure 80. ESI-MS spectrum of 2-(diphenylphosphonyl)phenyl methacrylate 4. 
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Figure 81. ESI-MS spectrum of α-mannopyranosyl methacrylamide 5. 
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16.3.3 HPLC elugrams  

 

Figure 82. HPLC elugram of reaction entry 1. 

 

 

Figure 83. HPLC elugram of reaction entry 2. 
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Figure 84. HPLC elugram of reaction entry 3. 

 

 

Figure 85. HPLC elugram of reaction entry 4. 
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Figure 86. HPLC elugram of reaction entry 5. 

 

 

Figure 87. HPLC elugram of reaction entry 6. 
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Figure 88. HPLC elugram of reaction entry 7. 
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16.4 Supporting Information of Chapter 10: Microwave-assisted 

synthesis of 5’-O-methacryloylcytidine using the immobilized 

lipase Novozym 435 

 

Figure 89. 1H NMR of 5'-O-methacryloylcytidine. 

 

 

Figure 90. 13C NMR of 5'-O-methacryloylcytidine. 
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Figure 91. 2D COSY NMR of 5'-O-methacryloylcytidine. 

 

Figure 92. 2D HSQC NMR of 5'-O-methacryloylcytidine. 
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Table 15. Effect of the substrate choice. Reaction conditions: 12.7 wt% Novozym 435, 95 °C, 

1:35 cytidine to substrate molar ratio. 

Substrate Time (min) Yield 

(%) 

Methyl 

methacrylate 

30  9,4 

60 14,1 

120 7,2 

Vinyl 

methacrylate 

30 36,2 

60 13,1 

120 7,5 

 

Table 16. Effect of enzyme concentration with 1:35 molar ratio vinyl methacrylate. 

Concentration of 

lipase (wt%) 

Time (min) Temperature 

(°C) 

Yield 

(%) 

5.5 30  95 7.2 

60 2.8 

45 2.4 

60 95 7.8 

120 95 4.2 

12.7 30 95 36.2 

60 28.4 

45 11.4 

60 95 13.1 

120 95 7.5 

22.5 30 95 21.2 

60 95 11.0 

120 95 9.9 
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Table 17. Effect of reaction temperature with a vinyl methacrylate molar ratio of 1:35. 

Temperature (°C) Concentratio

n of lipase 

(wt%) 

Time (min) Yield 

(%) 

45 5.5 30  2.4 

12.7 30 11.4 

60 6.6 

120 9.8 

60 5.5 30 2.8 

12.7 30 28.4 

60 19.4 

120 9.1 

95 5.5 30 7.2 

12.7 30 36.2 

60 13.1 

120 7.5 

120 12.7 30 9.5 

60 4.1 

120 3.6 
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Table 18. Effect of reaction time with a 1:35 molar ratio of vinyl methacrylate. 

Time (min) Concentratio

n of lipase 

(wt%) 

Reaction 

temperature 

(°C) 

Yield 

(%) 

10 12.7 95 11.6 

20 12.7 95 19.9 

30 5.5 95 7.2 

12.7 45 11.4 

60 28.4 

95 36.2 

120 9.5 

22.5 95 21.2 

45 12.7 95 17.2 

60 5.5 95 7.8 

12.7 45 6.6 

60 19.4 

95 13.1 

120 4.1 

22.5 95 9.9 

120 5.5 95 4.2 

12.7 45 9.8 

60 9.1 

95 7.5 

120 3.6 

22.5 95 7.5 

300 12.7 95 6.4 
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Table 19. Effect of molar ratio at a reaction temperature of 95 °C. 

Substrate molar 

ratio 

Enzyme 

concentratio

n (wt%) 

Time (min) Yield 

(%) 

1:35 12.7 30  36.2 

60 13.1 

120 7.5 

300 6.4 

1:76 12.7 30 7.8 

60 15 

120 12.6 

22.5 120 17.3 

300 4.8 
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16.5 Supporting Information of Chapter 11: Synthesis and self-

assembly of cytidine- and guanosine-based copolymers 

Calculation methods 

Monomer conversion was calculated following eq. 2 from the crude reaction mixture. 

ʃH(polymer) equals the integration of the polymer backbone peak, ʃH(monomer) the peak integration 

of the vinyl proton of the monomer.  

                                                    𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =  
ʃ𝐻(𝑝𝑜𝑙𝑦𝑚𝑒𝑟)

ʃ𝐻(𝑚𝑜𝑛𝑜𝑚𝑒𝑟)+ʃ𝐻(𝑝𝑜𝑙𝑦𝑚𝑒𝑟)

× 100 %                                       (2) 

The calculation of the theoretical molecular weight (Mn, theory, NMR) is based on the 

conversion using eq. 3: 

                                          𝑴𝒏,𝒕𝒉𝒆𝒐𝒓𝒚,𝑵𝑴𝑹 = (
𝒄𝒎𝒐𝒏𝒐𝒎𝒆𝒓

𝒄𝑪𝑻𝑨
 × 𝒄𝒐𝒏𝒗𝒆𝒓𝒔𝒊𝒐𝒏 × 𝑴𝒎𝒐𝒏𝒐𝒎𝒆𝒓) + 𝑴𝑪𝑻𝑨                                   (3) 

 

where cmonomer and cCTA are the initial concentrations of monomer and CTA. Mmonomer and MCTA 

indicate the molecular masses of monomer and CTA. “Livingness” was determined with 

following eq. 4: 

                                                                     𝐿 =  
𝑐𝐶𝑇𝐴

𝑐𝐶𝑇𝐴+2𝑓𝑐𝐼(1−𝑒−𝑘𝑑𝑡)(1−
𝑓𝑐
2

)
 × 100                                                 (4) 

 where cCTA and cI are the initial concentrations of CTA and initiator. The expression "2" refers 

to the formation of two primary radicals with a certain efficiency f from one initiator molecule. 

The expression "2" refers to the formation of two primary radicals from one initiator molecule 

with a certain efficiency f, which is typically 0.5 for diazo-initiators. The resulting chain number 

at radical termination is given as "1-fc/2", where fc is the coupling factor. kd describes the 

decomposition coefficient of the initiator, while t is the reaction time. 
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Mn,UV-Vis was determined using a Specord 210 spectrophotometer. by using Beer-

Lambert eq. 5: 

                                                                𝐴 = 
𝜀𝑑𝑐𝑚𝑎𝑠𝑠

𝑀𝑛,𝑈𝑉−𝑉𝑖𝑠
                                                                (5) 

where A is the absorption, ε the extinction coefficient, d the optical path length and cmass the 

concentration.  
𝜀𝑑

𝑀𝑛,𝑈𝑉−𝑉𝑖𝑠
 represents the slope, which results in the calculation of Mn, UV-Vis with 

the following eq. 6: 

                                                              𝑀𝑛,𝑈𝑉−𝑉𝑖𝑠 = 
𝜀×𝑑

𝑠𝑙𝑜𝑝𝑒
                                                     (6) 

The average hydrodynamic radius and therefore the diameter of the formed aggregates 

were derived from the Stokes-Einstein eq. 1: 

                                                      𝑟 = 𝑘𝐵𝑇/6𝜋ηD                                                                   (1) 

where kB is the Boltzmann’s constant, T the absolute temperature, η the dynamic viscosity and 

D the diffusion coefficient.  

 

Table 20. Analytical data of pHPMA 10. 

Monomer Conversion Polymer Mn, theory, NMR Mn, NMR Mn, UV-Vis Mn, SEC
a PDI 

10 75 % 9 7.8 kDa 38.7 kDa 

(DP: 267) 

38.2 kDa 

(DP: 263) 

9.1 kDa 1.66 

aDMF, PMMA standard. 

 

Figure 93. a) UV-Vis spectrum of pHPMA 10 at different concentrations and b) linear fit of 

absorbance maximum to concentration. 
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Figure 94. 1H NMR spectrum of HPMA 10 in D2O. 

 

 

Figure 95. 1H NMR spectrum of iC-COOH 3 in D2O. 

 

 

Figure 96. 1H NMR spectrum of iG-COOH 4 in D2O. 
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Figure 97. 1H NMR spectrum of monomer iCPMA 1 in D2O. 

 

 

Figure 98. 1H NMR spectrum of monomer iCPMA 1 in DMSO-d6. 

 

 

Figure 99. 13C NMR spectrum of monomer iCPMA 1 in D2O + DMSO-d6. 
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Figure 100. 1H NMR spectrum of monomer iGPMA 2 in D2O. 

 

 

Figure 101. 1H NMR spectrum of monomer iGPMA 2 in DMSO-d6. 

 

 

Figure 102. 13C NMR spectrum of monomer iGPMA 2 in D2O + DMSO-d6. 
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Figure 103. 1H NMR spectrum of homopolymer piCPMA 5 in DMSO-d6. 

 

 

Figure 104. 1H NMR spectrum of deprotected homopolymer pCPMA 7 in DMSO-d6. 

 

 

Figure 105. 1H NMR spectrum of homopolymer piGPMA 6 in DMSO-d6. 
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Figure 106. 1H NMR spectrum of deprotected homopolymer pGPMA 8 in DMSO-d6. 

 

 

Figure 107. 1H NMR spectrum of pHPMA 9 in DMSO-d6. 

 

 

Figure 108. 1H NMR spectrum of blockcopolymer pHPMA-b-piCPMA 11 in DMSO-d6. 
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Figure 109. 1H NMR spectrum of deprotected pHPMA-b-CPMA 13 in DMSO-d6. 

 

 

Figure 110. 1H NMR of blockcopolymer pHPMA-b-piGPMA 12 in DMSO-d6. 

 

 

Figure 111. 1H NMR spectrum of depreotected pHPMA-b-pGPMA 14 in DMSO-d6. 
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Figure 112. SEC analysis of piCPMA 5 (orange) and piGPMA 6 (blue) synthesized in 

DMF/H2O (straight) or 1,4-dioxane/H2O (dashed), respectively.  

 

Figure 113. SEC analysis of pHPMA 9. 

 

Figure 114. SEC analysis of a) pHPMA-b-piCPMA 11 and b) pHPMA-b-piGPMA 12. 
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Figure 115. AFM images of (a) pHPMA-b-pCPMA 13, (b) pHPMA-b-pGPMA 14, (c) mixture of 13 

and 14 before heating and (d) mixture of 13 and 14 after heating. 
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