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Abstract 

 

In the presented work fundamental questions are investigated, which arise from the structure of the 

glycocalyx, a dense layer of carbohydrates which decorates almost all kind of cells, and its interaction 

with non-enveloped viruses. One of the important underlying questions is on how viral surface proteins 

and, ultimately, entire viruses communicate with cell surfaces and thus infect cells using carbohydrates. 

The often very low affinities of individual carbohydrates to receptor proteins of viral surfaces are 

overcome by multivalent effects in the so-called cluster glycoside effect resulting in an overall increase 

of avidity. However, the analysis of the structure and composition of the glycocalyx poses a barrier due 

to structural complexity. One way to elucidate fundamental processes of virus-carbohydrate interactions 

is the synthesis of simplified, multivalent glycomimetics composed of an artificial scaffold with 

carbohydrate side chains and their use as model compounds in binding assays. 

In this work the solid phase polymer synthesis was used to obtain monodisperse sequence-defined 

oligoamides as highly defined scaffolds for the multivalent presentation of carbohydrate ligands. 

Through the stepwise assembly of tailor-made building blocks site selective introduction of different 

functional groups within the scaffold is achieved that can then be used for further functionalization with 

carbohydrate ligands. The major goal of this work was to explore whether the avidity of multivalent 

glycomimetics can generally be influenced, ideally increased, by changing and adapting selected 

structural parameters (Figure 1): In the first part, the synthesis of branched glycomimetics was 

developed to allow for systematic comparison with their linear counterparts. In the second part of the 

thesis mono- and trisaccharide ligands are attached to a scaffold via different hydrophobic linkers. In 

the third part of the thesis different types of carbohydrate ligands are combined to realize 

heteromultivalency.  
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Figure 1: Overview of the three parts of the work presented. A: General principle of solid phase 
synthesis with tailor-made building blocks and functionalized carbohydrates; B: Comparison of 
linear and branched molecules; with varying number of branches, made via a split & combine

approach; C: Comparison of equivalent glycomacromolecules with different ligand and linker 
combinations; D: Synthesis of structure-defined, macromolecular conjugates of heparin fragments
and sialylated glycans using solid phase synthesis; E: Legend of carbohydrates used. 
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In the first part of the work, (Baier et al., Chem. Eur. J. 2018, 24, 1619-1630), a series of linear and 

branched mannose-functionalized glycooligo(amidoamines) was obtained by means of a 

“split-and-combine”-approach thereby combining solid phase synthesis-derived branches of different 

sugar-valencies with different scaffolds on solid phase. For this purpose, the new, azide-functionalized 

building block BADS was developed. The building block was obtained in high quantities of more than 

20 g out of one batch in an overall yield of 34 % over seven reaction steps. BADS was used in the solid 

phase synthesis of four linear and six branched glycomacromolecules, all of them differing in valency 

and degree of branching. Binding to model system Con A was determined via a direct binding assay in 

surface plasmon resonance (SPR). The obtained results suggest that not only a higher valency of the 

investigated molecules causes an increase in affinity, but also the degree of branching with higher 

degrees of branching giving higher affinities. 

In the second part of the work, (Baier et al., manuscript submitted) a focus is put on sialic acid 

(Neu5Ac), which was used as propargyl- and azide-functionalized monosaccharide as well as part of 

the sialyllactose trisaccharide in the solid phase synthesis of multivalent glycooligo(amides) for the first 

time. Structures were designed to target the outer capsid of the Trichodysplasia spinulosa-associated 

polyomavirus (TSPyV). Furthermore, it has been shown for similar sugar-recognizing proteins that 

binding affinity can be increased using secondary interactions by incorporation of aromatic linkers. The 

combination of both elements results in the synthesis of sequence- and structure-defined, divalent, 

sialylated glycooligomers, in which the ligand as well as the linker are varied systematically. The 

structures were then tested for their ability to interact with capsid proteins-pentamers (VP1) of the 

TSPyV by co-crystallisation experiments. Crystal structures were only obtained for oligomers based on 

a longer, aromatic linker with both, sialic acid as well as sialyllactose where for the monosaccharide 

also parts of the linker, up to the phenyl motif, were detectable in the x-ray structure. In case of the 

sialyllactose-derivative, the structure of the whole trisaccharide could be revealed. Thus, it could be 

shown that sialic acid with an appropriate linker, in this case consisting of a triazole and a phenyl motif, 

can occupy the same sites in the crystal as sialyllactose.  

In the third part of the thesis, (Baier et al., Chem. Commun. 2018, 54, 10487 – 10490) the synthesis of 

highly-controlled carbohydrate-polymer based hybrid compounds consisting of heparin fragments, 

sialic acid derivatives and solid phase polymer synthesis-derived oligo(amidoamines) is presented. One 

strategy for generating binding selectivity is to combine different sugars in heterogeneous systems to 

exploit multivalent effects to increase binding affinity. Previously it has been shown that Merkel cell 

polyomavirus (MCPyV) capsids bind to two distinct classes of carbohydrates, namely 3’-sialyllactose 

and heparin fragments. Using the oligo(amidoamine) platform, both sugar classes are chemically linked 

to test whether they are jointly involved in the binding event. Three macromolecular conjugates were 

obtained by combining heparin fragments of different length with sialic acid or sialyllactose ligands in 

solid phase synthesis. The obtained molecules were tested in first saturation transfer difference NMR 
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(STD-NMR) experiments against the MCPyV capsid showing that both types of carbohydrate ligands 

still bind when attached to an oligo(amidoamine) scaffold. However, when combining both types of 

ligands covalently only binding of sialyllactose was detectable.  

Overall this thesis extends the platform of solid phase polymer synthesis to obtain a variety of 

glycomimetic structures that allow for systematic structure-property studies. Special focus was devoted 

to develop high affinity ligands binding to capsid proteins of non-enveloped viruses. The first 

generation of glycomimetics in this work revealed a number of critical parameters to realize high 

affinity such as the introduction of aromatic linker motifs and use of branched scaffolds. Based on the 

findings of this work, next generation glycomimetics will be developed in the future to also address full 

virus capsids and potentially be used as inhibitors of viral adhesion and thereby infection.  
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Kurzzusammenfassung 
 

Die vorliegende Arbeit beschäftigt sich mit grundlegenden Fragestellungen, die sich aus der Struktur 

der Glykokalyx, einer Zellen umhüllenden Schicht von Kohlenhydraten, und ihrer Wechselwirkung mit 

unbehüllten Viren ableiten. Eine der wichtigen zugrundeliegenden Fragestellungen ist, wie virale 

Oberflächenproteine und letztendlich ganze Viren mit Zelloberflächen kommunizieren und zu einer 

Infektion der Zelle mittels Kohlenhydraten führen. Die oft sehr geringen Affinitäten einzelner 

Kohlenhydrate, wie zum Beispiel jener der Glykokalyx zu Rezeptorproteinen, werden beim 

sogenannten Cluster-Glykosideffekt durch multivalente Effekte überwunden. Leider stellt die Analyse 

der Glykokalyx, aufgrund ihrer komplexen Struktur, eine Hürde dar, sodass eine Vereinfachung dieser 

Strukturen angestrebt wird. So sollen grundlegende Erkenntnisse über das Zusammenspiel von 

Kohlenhydrat-Liganden und Rezeptor-Proteinen gesammelt werden. Ein Weg, diese grundlegenden 

Prozesse aufzuklären, ist die Synthese multivalenter Glykomimetika bestehend aus einem künstlichen 

Gerüst mit Kohlenhydrat-Seitenketten und deren Verwendung als Modellverbindungen in 

Bindungsexperimenten. 

In dieser Arbeit wurde die sogenannte Festphasen-Polymersynthese verwendet, um monodisperse 

sequenzdefinierte Oligoamide als hoch definierte Gerüste für die multivalente Präsentation von 

Kohlenhydratliganden zu erhalten. Durch die stufenweise Aneinanderreihung maßgeschneiderter 

Bausteine wird eine ortsspezifische Einführung verschiedener funktioneller Gruppen innerhalb des 

Gerüsts erreicht, welche dann zur weiteren Funktionalisierung mit Kohlenhydratliganden genutzt 

werden können. Das Hauptziel dieser Arbeit war es zu untersuchen, wie die Avidität multivalenter 

Glykomimetika im Allgemeinen durch Ändern und Anpassen ausgewählter Strukturparameter 

beeinflusst, idealerweise erhöht, werden kann (Abbildung 1): Im ersten Teil dieser Arbeit wird die 

Synthese von verzweigten Glykomimetika gezeigt, um einen systematischen Vergleich dieser mit ihren 

linearen Pendants zu ermöglichen. Im zweiten Teil werden Mono- und Trisaccharid-Liganden über 

verschiedene hydrophobe Linker an ein Gerüst gebunden. Im dritten Teil der Arbeit werden 

verschiedene Arten von Kohlenhydratliganden kombiniert um Heteromultivalenenz zu realisieren. 
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Abbildung 1: Überblick über die drei Teile der vorgestellten Arbeit. A: Darstellung des 
generellen Prinzips der Festphasensynthese mit maßgeschneiderten Bausteinen und 
funktionalisierten Kohlenhydraten; B: Vergleich von linearen und verzweigten Molekülen, mit 
mehr und weniger Verzweigungen, hergestellt durch einen Split & Combine Ansatz; C: 
Vergleich von gleichvalenten Glykomakromolekülen mit unterschiedlichen Kombinationen 
von Ligand und Linker; D: Synthese von strukturdefinierten, makromolekularen Konjugaten 
aus Heparinfragmenten und sialylierten Glykanen mittels Festphasensynthese; E: Legende der 
eingesetzten Kohlenhydrate. 
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Im ersten Teil der Arbeit (Baier et al., Chem. Eur. J. 2018, 24, 1619-1630) wurde eine Reihe von 

linearen und verzweigten Mannose-funktionalisierten Glykooligoamiden mittels eines 

„Split-and-Combine“-Ansatzes (Aufteilung und Kombination) erhalten. Hierzu wurden lineare Arme 

unterschiedlicher Zuckervalenz auf dem Festphasenharz mit verschiedenen Rückgraten kombiniert. Zu 

diesem Zweck wurde der neue, Azid-funktionalisierte Baustein BADS entwickelt. Der Baustein konnte 

in Mengen über 20 g aus einem Ansatz in einer Gesamtausbeute von 34% verteilt über sieben 

Reaktionsschritte gewonnen werden. BADS wurde in der Festphasensynthese von vier linearen und 

sechs verzweigten Glykomakromolekülen verwendet, die sich alle in ihrer Valenz und ihrem 

Verzweigungsgrad unterscheiden. Die Bindung an das Modellsystem Con A wurde über ein 

Direktbindungsexperiment mittels Oberflächenplasmonenresonanz (SPR) bestimmt. Die erhaltenen 

Ergebnisse legen nahe, dass nicht nur eine höhere Valenz der untersuchten Moleküle eine Erhöhung 

der Affinität bewirkt, sondern auch der Verzweigungsgrad, wobei ein höherer Verzweigungsgrad 

ebenfalls zu einer Erhöhung der Affinität führt. 

Im zweiten Teil der Arbeit (Baier et al., Manuskript eingereicht) wird ein Schwerpunkt auf Sialinsäure 

(Neu5Ac) gelegt, die als Propargyl- und Azid-funktionalisiertes Monosaccharid und als Teil des 

Trisaccharids Sialyllactose zum ersten Mal in der Festphasensynthese von multivalenten 

Glykooligoamiden eingesetzt wurde. Die Molekülstrukturen wurden so gewählt, dass diese an das 

Kapsid des Trichodysplasia spinulosa-assoziierten Polyomavirus (TSPyV) binden. Für ähnliche 

zuckererkennende Proteine wurde bereits gezeigt, dass die Bindungsaffinität durch sekundäre 

Wechselwirkungen durch den Einbau aromatischer Linker erhöht werden kann. Die Kombination 

beider Elemente führt zur Synthese einer Reihe von sequenz- und strukturdefinierten, zweiwertigen 

sialylierten Glykooligomeren, in denen sowohl der Ligand als auch der Linker systematisch variiert 

wurden. Die Strukturen wurden dann auf ihre Fähigkeit getestet, in Co-Kristallisationsexperimenten 

mit Kapsidprotein-Pentameren (VP1) des TSPyV zu interagieren. Kristallstrukturen wurden jedoch nur 

für Oligomere auf der Basis eines längeren aromatischen Linkers sowohl mit Sialinsäure als auch mit 

Sialyllactose erhalten. Während für das Monosaccharid auch Teile des Linkers bis hin zum Phenylmotiv 

in der Röntgenstruktur nachweisbar waren, konnte im Falle des Sialyllactose-Derivats sogar die 

Struktur des gesamten Trisaccharids aufgezeigt werden. Es konnte so gezeigt werden, dass Sialinsäure 

mit einem geeigneten Linker, in diesem Fall bestehend aus einem Triazol- und einem Phenylmotiv, die 

gleichen Stellen im Kristall wie Sialyllactose besetzen kann. 

Im dritten Teil der Arbeit (Baier et al., Chem. Commun. 2018, 54, 10487 - 10490) wurde die Synthese 

von hochkontrollierten Kohlenhydrat-Polymer-Hybridverbindungen bestehend aus Heparin-

fragmenten, Sialinsäure-Derivaten und festphasenpolymersynthese-basierter Oligo(amidoamine) 

vorgestellt. Eine Strategie zur Erzeugung der Bindungsselektivität kann darin bestehen, verschiedene 

Zucker in heterogenen Systemen zu kombinieren, um so multivalente Effekte zur Erhöhung der 

Bindungsaffinität zu nutzen. Bisher wurde gezeigt, dass das Merkelzell-
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Polyomavirus (MCPyV) - Kapsid an zwei unterschiedliche Kohlenhydratklassen bindet. Diese sind 

3'-Sialyllactose- und Heparinfragmente. Unter Verwendung der Oligo(amidoamin)-Plattform wurden 

beide Zuckerklassen chemisch kovalent miteinander verbunden, um zu testen, ob diese gemeinsam 

binden. Drei makromolekulare Konjugate wurden durch Kombination von Heparinfragmenten 

unterschiedlicher Länge mit Sialinsäure- und Sialyllactose-Liganden mittels Festphasensynthese 

erhalten. Die erhaltenen Moleküle wurden in ersten Sättigungs-übertragungsdifferenz-NMR (STD-

NMR) Experimenten gegen das MCPyV-Kapsid getestet, was zeigte, dass beide Arten von 

Kohlenhydratliganden immer noch binden, wenn sie an ein Oligo(amidoamin)-Gerüst gebunden sind. 

Wenn allerdings beide Arten von Liganden kovalent miteinander verbunden vorliegen, konnte nur die 

Bindung der Sialyllactose nachgewiesen werden. 

Insgesamt erweitert die vorliegende Dissertation die Plattform der Festphasen-Polymersynthese um 

eine Vielzahl von glykomimetischen Strukturen, welche die systematische Untersuchung von Struktur-

Wirkungs-Beziehungen ermöglichen. Ein besonderer Schwerpunkt lag auf der Entwicklung hochaffiner 

Liganden, die an Kapsidproteine von unbehüllten Viren binden. Die erste Generation von 

Glykomimetika in dieser Arbeit offenbarte eine Reihe kritischer Parameter zum Erhalt einer hohen 

Affinität, wie beispielsweise die Einführung aromatischer Linker-Motive und die Verwendung von 

verzweigten Gerüsten. Basierend auf den Erkenntnissen dieser Arbeit sollen zukünftig Glykomimetika 

der nächsten Generation entwickelt werden, welche auch an vollständige Viruskapside binden und 

möglicherweise als Inhibitoren der Virusadhäsion und damit der Infektion eingesetzt werden können. 
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1. General introduction 
 

Infectious organisms and toxins are called pathogens, which in turn are all capable, in their own way, 

of damaging the affected organism. Pathogens include in ascending complexity parasitic prions, 

transponsons, viroids and viruses as well as higher evolved bacteria, fungi and parasites.[1] Whereas 

prions and transponsons cause deadly diseases,[2, 3] but have also been proven to have a non-self-

beneficial biological benefit,[4-8] viroids and viruses are self-serving and only carry information of their 

own replication, to which these turn cells into machines of their own replication.  

Fungal infections can be treated by default with antimycotics and bacterial infections with antibiotics; 

however, the treatment of diseases caused by non-self-reproducing pathogens like viruses is still in its 

early stages for a variety of reasons. The inability to break a lifecycle in a virus makes it necessary to 

explore new routes. Effective methods of combating viral infections are so far mainly vaccinations, so 

the acquaintance of an organism with the virus to allow this a faster response to the intruder. Second, 

antimetabolite drugs such as Aciclovir® [9, 10] or Abacavir® and Lamivudine®,[11, 12] which, in their 

phosphorylated form, for Herpes Simplex Virus (HSV) and Human Immunodeficiency Virus (HIV) 

serve as nucleotides and are incorporated into the genome of the virus and lead to its inactivation are in 

use. Third, the treatment or prophylaxis of e.g. Influenza virus infections with neuraminidase inhibitors 

such as Zanamivir® [13] or Oseltamivir®,[14] represents a currently pursued treatment possibility. 

 

 

Table 1 : Guanosine and cytidine-mimicking antimetabolite drugs and sialic acid-like neuraminidase inhibitors 
as examples of drugs used against viral infections. In the lower line the naturally occurring analogon is shown. 
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1.1. Viruses and glycans 
 

In 1892, Dmitri Ivanovsky first described a non-bacterial pathogen infecting tobacco plants, which was 

later identified as the tobacco mosaic virus by Martinus Beijerinck.[15, 16] The first virus was thus 

discovered. This was the starting point for the emergence of a new science: Virology.  

Viruses are small infectious agents, which can be found in almost every ecosystem on Earth. They 

spread outside of cells by transmission, but multiply only within a suitable host cell. The program for 

their own propagation is inherent to viruses. They are not able to replicate by themselves, do not possess 

any own metabolism and are therefore dependent on the metabolism of the host cell. Viruses are 

therefore generally not counted as living beings, but, even not independently, show the ability to 

replicate.  

Independent Virus particles outside of cells are called virions, these are particles that consist of nucleic 

acids, either deoxyribonucleic acids (DNA) or ribonucleic acids (RNA), and mostly a protein shell, 

termed capsid. In addition, some virions are surrounded by a lipid bilayer interspersed with viral 

membrane proteins called the viral envelope. The replication cycle of a virus generally begins with the 

adsorption of a virion to surface proteins on a host cell that are used by the virus as receptors. This 

initial contact is based on an interaction of surface proteins of the capsid with glycans of the cell surface, 

which are part of the so-called glycocalyx.[17, 18]  

 

1.1.1. Viruses bind to glycans 
 

Of the four fundamental building blocks of life, proteins, carbohydrates, lipids and nucleic acids, 

probably carbohydrates are the least well understood and the most underappreciated.[18, 19] Glycans 

append to a wide variety of biological molecules and are found almost everywhere in Biology. Besides 

energy storage and contribution to physical and structural integrity, where their function is well 

understood, they are involved into extracellular matrix formation, signal transduction, protein folding, 

information exchange between cells, and pathogen uptake.[20, 21] They are found on cell surfaces as N- 

and O-linked glycans, as well as sphingolipids, glycosaminoglycans (GAGs), and 

glycophospholipids.[20, 22, 23] However, we know little about many of these functions because glycans 

are difficult to synthesize, to analyze and to work with. Unlike nucleic acids and proteins, they cannot 

be cloned and sequenced, are not always commercially available and information about their biological 

behavior is limited. Furthermore, in an aqueous medium, glycans take on a variety of different 

conformations, of which in most cases only one shows biological activity.[24] Due to the low affinity of 

glycans for specifically binding proteins, the so-called lectins as well as glycosaminoglycan-binding 
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proteins, Nature makes use of the principle of multivalency.[25, 26] Lectins exclusively bind to terminal 

mono- or oligosaccharides,[27, 28] whereas glycosaminoglycan-binding proteins bind to acidic, sulfated 

side chains of the disperse polysaccharides.[19] Adequate avidity is achieved only by the multiple 

presentation of the same binding motif. [28] 

The lack of knowledge about glycan structure and function contrasts with their importance for 

biological processes; this is particularly obvious when investigating the life cycle of a virus.[29-31] 

Attachment is a key determinant of this cycle, as it helps to regulate the entry pathway used by the virus. 

First, a virus must attach to one or several receptors at the host cell surface. Figure 2 shows a simplified 

cell surface with attached glycans to which a virus approach. Sialic acid-terminated glycans as well as 

heparan sulfate are known to act as initial receptors for viruses and are most relevant for the initial 

virus-host cell interaction for a great number of the studied viruses. Viral glycan ligands such as sialic-

acid containing carbohydrates [25, 32-36] and glycosaminoglycans [37-40] are often negatively charged, but 

neutral glycans such as histo-blood group antigens (HBGAs) are also known to mediate cell attachment 

e.g in the case of noroviruses.[41, 42] However, little is known about affinities between a virus and its 

counterpart glycan receptor, as current technologies are often limited for determining critical parameters 

such as dissociation constants of weak affinity interactions. Moreover, densities and distribution 

patterns of glycans on cell surfaces are not well understood.  

Figure 2: Simplified cell surface with attached glycans to which a virus approach. Above all, sialic acid-
terminated glycans and heparan sulfate are known to act as initial receptors for viruses. 
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1.1.2. First contact - Sialic acids in virus-cell interaction 
 

Sialic acid has first been discovered and characterized in the early 1940’s and short after it became clear 

that N-acetylneuraminic acid (Neu5Ac) is the major member of a family of differently substituted 

compounds.[43] Until now, still N-acetylneuraminic acid and sialic acid are used synonymously. Sialic 

acid is a 9-carbon carboxylated sugar and generally occurs as terminal monosaccharide of many 

different animal cell surface glycans.[20, 44] Sialic acids are ubiquitously expressed in higher vertebrates 

and are attached at terminal ends of N- and O-glycans as well as glycolipids and glycoproteins.[43] In 

Figure 3 the structure of sialic acid (Neu5Ac) is shown in its α-form highlighting positions on which 

variations can occur in yellow. Furthermore, common mammalian sialylated N- and O-glycans are 

presented.  Studies show that each cell carries up to several million sialic acids and their high 

hydrophilicity as well as their high negative net charge cause cell repellence and morphological 

stabilization of these cells.[45-47] Moreover, Neu5Ac is involved in key interactions between cells and 

many different viruses as well as other pathogens at various points in their infection and transmission 

life cycle. A great number of viruses, as well as bacteria, specifically bind to host sialic acids and use 

them as primary receptors for infection,[48-51] where they are involved in cell-cell adhesion and cell 

signalling.[18, 52, 53] Usually, interactions of virus surface proteins with single sialylated glycans are of 

low affinity and thus strongly make use of multivalent effects in order to increase avidity.[25, 26] Neu5Ac 

is most common in humans, but various modifications such as acetylation, [20, 54] 
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methylation or sulfation at C4, C5, C7, C8 and C9 give rise to more than 50 different sialic acid variants 

(Figure 3), not all of which occur in all species.[44, 50, 55, 56] Sialic acids are usually connected via α2,3- 

or α2,6-glycosidic linkages to galactose (Gal) or N-acetylgalactosamine (GalNAc) so that functional 

groups such as carboxylate, glycerol, N-acetyl and hydroxyl groups in the case of Neu5Ac are easily 

accessible for engagement.[36, 53, 57] Furthermore, two sialic acid resiudues can be connected one to 

another via α2,8- or α2,9-linkages, and thus sialic acids can also occupy internal positions within 

glycoconjugates. For example, di- and tri-sialic acid motifs are common in the context of human b- and 

c-series gangliosides.[58] Even longer chains of sialic acids, so-called polysialic acids or colominic acids, 

can modify proteins such as neural cell adhesion molecules (NCAM) and are expressed divergently in 

tumors.[59-63]  

The biology of sialic acids is complex, but so is their synthesis.[64] Problems arise from the particular 9-

cabon form, the relative acid instability of the glycosidic bond, the base instability e.g. of the amide at 

the 5-position as well as in the instability of various modifications. Chemical sialylation is probably one 

of the most elaborate and challenging glycosylation, due to difficulties in accessing the anomeric center, 

the presence of the electron-withdrawing carboxyl group at the anomeric center, and the lack of a 

directing vicinal group.[50] Nevertheless, structural modifications at every position within the sialic acid 

corpus have successfully been elaborated.[65, 66]  

In the following, possibilities for the glycosylation of sialic acids will be discussed, which provide 2-

substituted derivatives, as they are predominantly found terminally on human cells glycans. Except for 

the cytidine-5’-monophospho-Neu5Ac (CMP-Neu5Ac), the activated form of Neu5Ac used by 

sialyltransferases, all naturally occurring sialic acids are bound α-glycosidically.[67-69] In addition to the 

already mentioned problem of a missing directing group at C3, the carboxylate on C2 makes sialic acid 

very sensitive to 2,3-eliminations. For glycosylation, sialyltransferases can generally be used.[70] The 

advantages here are the specificity with respect to an α2,3- or α2,6-linkage and that no protective groups 

are required. The possibility to convert ManNAc chemoenzymatically into Neu5Ac, which in turn can 

be converted into CMP-Neu5Ac chemoenzymatically, makes this route appealing.[70]  

For the chemical preparation of O-sialosides, the choice of the activating group at C2 is crucial.[70] In 

analogy to the CMP-Neu5Ac, phosphites [70-72], xanthates [73, 74], thio-compounds [75, 76] and the 2-chloro-

derivative of sialic acid are used in particular.[77, 78] The latter is the easiest to synthesize, the least 

hazardous and offers, if used in large quantities, no odor nuisance compared to sulphur-containing 

molecules. High yields, high selectivity as well as high reactivities are generally aimed. Sialic acid 

modifications at C1 and C3 have therefore led to selective and highly reactive compounds, but, in turn, 

are associated with more synthesis steps and a greater synthetic effort.[70, 79, 80] In this way, 

oligosaccharides, all kind of sialylated biomolecules but also functionalizations of sialic acid with 

alkyne- or azide-derivatives, which can be used in so-called click reactions have been accomplished.[77, 
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81] In addition to the O-glycosidic sialosides, especially N, S, and C modifications to C2 are common 

and offer the advantage of being resistant to enzymatic degradation.[77, 82] The use of an azide as the 

nucleophile allows straightforward access to a "clickable" azido-sialic acid derivative.[77, 83-86]  

Click reactions are one of the most commonly used reactions to attach carbohydrates, whether mono- 

or oligosaccharides, to previously built molecular scaffolds. Click reactions are generally classified as 

high yield-reactions, they are stereospecific, provide no or well-separable side-products, do not require 

harsh conditions and have been applied extensively e.g. for the synthesis of carbohydrate-peptide-

conjugates.[87-90] Probably the most important of all click reactions up to date is the copper(I)-catalyzed 

alkyne azide cycloaddition (CuAAC), which affords 1,4-substituted 1, 2, 3-triazoles as conjugation 

pattern and which is based on the 1,3-dipolar cycloaddition reported by Huisgen.[91-95] Other 

representatives of the click reactions include the strain-promoted alkyne-azide cycloaddition 

(SPAAC),[96-98] Staudinger ligations,[99-102] thiol-ene [103-106], thiol-yne [107-109] and thiol-Michael 

reactions,[105] oxime [110, 111] and thiazolidine ligations,[112-114] as well as all types of Diels-Alder 

cycloadditions.[115-118] Scheme 1 shows the biologically activated form of the sialic acid: β-CMP-

Neu5Ac, possible functionalizations starting from unfunctionalized sialic acid and, e.g., two 

functionalized sialic acids which later can be used in copper-click reactions.  

 

Scheme 1: A: The biologically activated form of the sialic acid: β-CMP-
Neu5Ac. B: Possible functionalizations starting from unfunctionalized 
sialic acid and. C and D: Two functionalized sialic acids for later click 
reactions. 
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1.1.3. Heparan sulfate mediating viral infections 
 

Heparan sulfate (HS) belongs to the class of glycosaminoglycans (GAGs), it is found as glycan strands 

on the plasma membrane of all animal cells and is attached to the protein backbone of proteoglycans, 

where it reaches molecular weights of up to 50 kDa with an average of 30 kDa.[119, 120] HS is a linear 

polysaccharide consisting of heterogeneously N-acetylated and / or N-sulfated glucosamines as well as 

uronic acids, which form the disaccharide-repeating unit.[121-124] These modifications give rise to 

domains with high acetylation and low sulfation content (‘NA-domains’) and highly sulfated domains 

(‘S-domains’).[125, 126] Generally, it is believed that interactions of heparan sulfate with proteins are 

strongly dependant on the degree of sulfation in the different domains and the orientation of the carboxyl 

groups.[127-129] An omnipresent topic is the electrostatic interaction of the HS chains with protein ligands, 

which affects metabolism, transport, information transfer, support and regulation in all organ 

systems.[19, 130] A distinction must be made between heparan sulfate and heparin at this point, the latter 

showing a similar sulfation pattern but which does not occur in the plasma membrane and is formed 

and stored by mast cells.[124] However, difficulties in evaluating the role of heparin and heparan sulfate 

in vivo may be ascribed to a lack of information of the detailed structure and sequence of these 

polysaccharides. One of the best-studied examples of heparin-activity is the activation of the serine 

protease inhibitor antithrombin by a specific pentasaccharide sequence.[131, 132] This pentasaccharide, 

which specifically binds to positively charged amino acids in the protein, is nowadays accessed 

synthetically and used as an anticoagulant named Fondaparinux®.[133-137] Binding results in a 

conformational change of the protein, which affects coagulation e.g. in the case of factors IIa and Xa. 

Figure 4 shows the chemical structure of heparan sulfate and the synthetic pentasaccharide 

Fondaparinux® for comparison.  
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Since HS is found on the surface of most mammalian tissues, its involvement in viral binding and entry 

mechanisms is not surprising.[125, 130, 138] Docking to sulfated GAGs such as heparin is a strategy shared 

by a wide variety of pathogens such as viruses, bacteria, parasites, and fungi as already discussed 

above.[139] They use GAGs to promote their attachment and invasion of host cells, movement from one 

cell to another, and to protect themselves from immune attack. First studies showed that human blood 

inhibits Herpes Simplex Virus infection.[138, 140] Later on this effect could be attributed to heparin, which 

is found in human blood.[138] In another example evidence has been found that heparin has multiple anti-

HIV activities.[141, 142] This activity was clearly attributed to the presence of sulfates by desulfation 

experiments.[143] The minimum-sized heparin fragment involved in specific binding was identified as a 

hexasaccharide in this case, but binding affinity increases with increasing oligosaccharide size up to 18 

saccharide residues required to reach heparin affinity.[144] Similar circumstances have been identified 

so far in case of Flaviviruses, members of which are yellow fever virus, west Nile virus and dengue 

fever virus.[145] Papillomaviruses,[146, 147] of which the member HPV16 (Human papillomavirus Virus 

type 16) is well-known favouring the occurrence of cervical cancer. Furthermore, the Merkel cell 

polyomavirus (MCPyV),[148-152] which is the unique member in the family of Polyomaviruses that 

requires highly sulfated glycosaminoglycans such as heparan sulfate for infection and is a presumable 

cause for the occurrence of Merkel cell carcinoma, in which it was first found.[153, 154] 

To approach specific interactions between GAGs and complementary receptor proteins, complexity of 

this polysaccharides needs to be broken down. This is one way to gain deeper insights into structure-

activity relationships for findings that later might pave the way for the development of drugs or 

therapeutic approaches.[124] Here, the possibilities of enzymatically degraded oligosaccharide fragments 

or the use of defined GAG fragments as in the case of Fondaparinux® are given.[40, 155-157] Both methods 

are very complex and provide the desired products only in small amounts, but both ways remain the 

only accesses to this special class of carbohydrates.[112, 158-160]
  

While it is already complicated to isolate GAG-fragments, it is even more challenging to convert them 

into glycoconjugates. There are four ways to perform couplings on them. These include binding to the 

non-reducing and reducing end [161-163] as well as the conversion of the carboxylic acids of the uronic 

acids or the amines of the glucosamine-residues.[161, 164-167] Binding to the non-reducing end is for 

example achieved via ozonolysis followed by oxidative or reductive work-up, binding to the reducing 

end typically is performed via reductive amination. Both approaches will not be further discussed here. 

Possible coupling methods are shown in Scheme 2. Amide bond formation with the carboxylic acids 

or with the amines particularly demands special characteristics on the coupling reagent used. Due to the 

high number of sulfates and the associated exclusive solubility of the GAG-fragments in water or 

aqueous solutions, the coupling reagents must tolerate aqueous media as a fundamental prerequisite. 

The only two common representatives are EDC / NHS and DMTMM.[166, 168-170] 1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) is a water-soluble carbodiimide-representative and is first 
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converted to O-acylisourea with a carboxylic acid, before this intermediate is further converted to the 

NHS-ester by replacement with N-hydroxysuccinimide (NHS). Thereby urea is formed. In the last step, 

the NHS-active ester is converted to the amide by release of N-hydroxysuccinimide. DMTMM (4-(4,6- 

dimethoxy-1,3,5-triazin-2-yl)-4-methyl-morpholinium chloride), in turn, first reacts by forming an 

active ester and release of one molecule of N-methylmorpholine. The triazine-active ester is then 

attacked by the amine yielding the desired amide and one molecule of 4,6-dimethoxy-1,3,5-triazin-2-

ol. Both methods have shown to be suitable for the synthesis of GAG-conjugates. However, DMTMM 

provides slightly better results.[166, 168-170] The amide coupling mechanisms of both EDC / NHS as well 

as DMTMM mediated coupling are presented in Scheme 3 exemplarily based on the example of 

glucuronic acid, to which an amine is coupled. Both ways provide the same the desired glucuronic acid 

amide, but DMTMM as coupling reagent requires less reaction steps and is therefore easier to handle 

with regards to the reaction conditions. 

 

 

 

 

 

Scheme 2: Enzymatically degraded heparan sulfate and possible ways of 
functionalization. 
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1.2. Multivalent glycomimetics 
 

1.2.1. Basic principles of glycomimetics and multivalency 

effects 
 

To gain basic knowledge from the interplay of the glycocalyx and the receptor protein counterpart, one 

major idea is to simplify the complexity of the glycocalyx to the essentials. Thus, it is possible to derive 

fundamental structure-activity relationships and mechanistic insights from the research with artificial 

glycan-carrying structures, so-called glycomimetics, for which the glycocalyx is far too complicated to 

work with because of its structural complexity.[171-174] For this purpose, it is used that lectins, proteins 

that bind specifically bind to carbohydrates, typically bind only to a certain type of carbohydrates, 

usually a single terminal mono- or short oligosaccharide. The smallest possible unit to which binding 

is still possible is named the minimum binding epitope. This binds to the carbohydrate recognition 

domain (CRD) of the lectin typically in a shallow cavity which allows the carbohydrate easily to unbind 

when displaced by competing binders such as additional carbohydrates or solvent molecules. Glycan 

mimetics are designed in a way so that glycan binding epitopes are presented on an artificial scaffold, 

either mono- as well as multivalently, homo- as well as heterogeneously as both cases shown 

exemplarily in Figure 5.[21] 

Scheme 3: Exemplary glucuronic acid amide forming via two ways: A: EDC / NHS mediated coupling. B: 
DMTMM mediated coupling. 
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Taking into account today’s knowledge about multivalent binding modes, four major multivalent 

binding mechanisms of glycosylated compounds can be distinguished in the binding of multivalent 

constructs to receptors.[175-181] These four multivalent binding mechanisms are chelation, statistical 

rebinding, clustering and steric shielding as exemplarily shown in Figure 6 for a trivalent ligand binding 

which binds to a trivalent receptor.  

Chelation refers to the multiple binding of a multivalent ligand to a multivalent receptor. The advantage 

of this binding is that ligand and receptor have already been brought into contact and translational and 

rotational entropic losses must be paid only once.[182, 183] But this strictly only holds true for ligands 

Figure 5: Glycan mimetics based on Glycans displayed on a random cell surface (A). Different sugar types can
be presented homo- as well as heterogeneously on artificial scaffolds, such as GAG-fragments (B), terminal
mono-or oligosaccharides (C and D) as well as a combination of both types (E). 

 

Figure 6: Multivalency effects visualized for a trivalent ligand binding to a trivalent
receptor. 
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based on rigid scaffolds. Considering ligands with flexible linkers and scaffolds equal entropic losses 

have to be paid for every individual ligand as investigated by Whitesides et al.[184] Aspects such as the 

distance and the accessibility of the binding motifs or the binding pockets, respectively, strongly 

influence avidity.[185, 186] Statistical rebinding refers to the reversible binding of binding motifs to 

binding pockets. This phenomenon happens because sugar-protein interactions are usually weak so that 

individual carbohydrates are not tightly bound. Another binding carbohydrate in close proximity to the 

formerly bound moiety can displace the previously bound binding partner, thereby increasing the total 

binding strength.[183, 187] Furthermore, binding sites are typically shallow depressions and highly 

accessible for solvent molecules. Clustering is the common aggregation of multivalently bound 

compounds. Depending on the concentrations of ligand and receptor, these form agglomerates. Steric 

shielding describes the case that unbound parts of a partially bound multivalent construct are able to 

shield the previously formed carbohydrate-lectin complex from competing ligands, thereby conserving 

and stabilizing the original state.[175, 177, 188, 189]  

The appearance of each of these multivalency effects usually results in an increase in binding affinity 

by up to several orders of magnitude, but multivalent effects do not necessarily occur cooperatively.[177] 

Negative cooperativity has been described for numerous receptor-ligand pairs as in the early case of 

binding of insulin to its counterpart receptor,[190] but is hardly detectable for receptor-carbohydrate-

ligand pairs due to low affinities. However, Dam et al. reported evidence of negative cooperativity of 

the investigated mannose-carrying small dendrimers and the receptor lectins Con A and Dioclea 

grandiflora lectin (DGL) when investigated in isothermal titration calorimetry assays (ITC) and Hill-

plotting.[191] Apart from the sheer number of binding partners, their distance, density, the nature of the 

linker and the scaffold, even the compounds architecture, play a crucial role. Furthermore, it is of 

importance in which medium or in which form the binding partners occur. Here, it makes a difference 

whether both binding partners are both dissolved, or only one and the other is suspended or dispersed, 

or whether one of the partners has been covalently immobilized on a surface such as in the natural 

glycocalyx for example.  

From a synthetic point of view, different classes of glycomimetics need to be differentiated depending 

on the scaffold used to attach the glycan epitopes. In the following, four classes of multivalent 

glycomimetics will be discussed exemplary with respect to their synthesis, structure and properties, 

highlighting selected examples from literature. Specifically, glycopolymers will be discussed as well as 

glycopeptides, glycodendrimers and sequence-defined glycooligo(amidoamines).  
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1.2.2. Glycopolymers 
 

Glycopolymers are generally based on the principle of carbohydrate-functionalized side chains on a 

polymeric backbone.[192-194] Glycopolymers are characterized by a rather simple synthesis, a great 

variability and by their high availability, but also show intrinsic disadvantages. Classical polymers are 

always disperse, are homogeneously linked in the rarest cases and, in contrast to biological 

macromolecules such as DNA or proteins, typically form random coils in solution and do not take over 

defined superstructures.[195, 196] Biological activity must always be considered in the context of the three-

dimensional structure of the investigated molecules, whether a defined structure or a random coil. 

Although the synthesis of homopolymers from glycofunctionalized monomers results in precise 

knowledge of the sequence, it usually provides over-functionalized polymers having a too high density 

of sugars for appropriate binding. These tend to interfere with one another in inter- and intramolecular 

clustering rather than resulting in an increase in avidity as shown in the case of mannose in its interplay 

with Concanavalin A (Con A).[197-202] Lower densities of sugars, higher molecular weights and variable 

functionalities are achieved by running copolymers-approaches. However, copolymers create further 

intrinsic problems such as a lack of knowledge on the exact sequence of different monomer units 

incorporated. Figure 7 gives a short view on glycopolymers exemplary based on acrylic acid or acrylic 

amide on three ways. The possibility of using highly developed polymerization methods, which lead, 
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for example, to low dispersities or controlled sequences remain unaffected, moreover, also graft 

polymers appear a promising approach,[203-205] nowadays even using ‘green chemistry’.[206] However, 

neither chain-growth, nor step-growth nor graft polymers allow for a total structure and sequence-

control. Generally, the number and distance of the incorporated sugars, their density, their position on 

the backbone and the nature of the linker determine the ability of glycopolymers to bind to lectins.[207, 

208]
 Glycopolymers have for example been applied in numerous therapeutical applications as has 

recently been reviewed by Spain et al.[209] The synthesis and application of glycopolymers have been 

described in detail from Becer et al.,[210] selected examples of sialic acid based glycopolymers are given 

by Suzuki et al. [211] and Totani et al. [212] Glycosaminoglycans have been used in Glycopolymers as 

well, what has been reviewed by Miura et al.[213] 

 

1.2.3. Glycopeptides 
 

Synthetic glycopeptides offer the opportunity to present glycan epitopes in many ways due to the 

synthetic flexibility of assembling peptide scaffolds. Parameters such as the architecture of the scaffold, 

the structure of the linker, and the type of sugar can be adjusted in a rather simple way.[214] For example, 

natural N- or O-glycosidic linkages can be used as well as non-natural linkages as e.g. a result from 

click chemistry approaches. However, a distinction must be made between different ways to synthesize 

these macromolecules, which in turn strongly influences their properties. Short, defined sequences can 

e.g. be produced by solid phase synthesis and either can be glycofunctionalized by incorporation of 

glyco-functionalized amino acids, they can be glycosylated either resin-bound or after cleavage, 

respectively.[215, 216] Thus, it is possible to isolate both homo- and heteromultivalent constructs by 

iterative, step-wise coupling and functionalization or by making use of orthogonal protecting group 

strategies, but this research area still is in its infancy.[21] Longer sequences can be obtained, for example, 

by cloning protein domains or by chain growth polymerization of amino acid N-carboxyanhydrides, [217-

219] but glycofunctionalizations of these structures is not complete because of their polymer analogy. In 

principle, there is also the possibility of targeting a secondary structure such as α-helices or β-sheets,[220-

223] which, in turn may also occur unintentionally. Just a precisely defined secondary of glycopeptides 

can serve for the targeted presentation of glycans, the unwanted, accidental formation of superstructures 

would significantly influence interactions.[224, 225] Furthermore, synthetic glycoproteins are always risky 

with respect to the organism response. Most-likely, these structures will be digested by the organism 

and / or lead to an immune response of the organism when tested in vivo.[226, 227] In selected applications, 

such as in the research and testing of drug-delivery systems or in the field of synthetic vaccines, this is 

desirable and limits to use of glycoproteins in general.[228-233] 
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1.2.4. Glycodendrimers 
 

A unique class of multivalent molecules, more specifically multivalent glycofunctionalized molecules, 

are glycodendrimers. The structure of each dendrimer resembles a tree in which the trunk and the inner, 

supporting branches represent the framework of the dendrimer and the outer branches represent the 

attached glycans. The divergent synthesis progresses by the stepwise attachment of multiple layers to a 

core molecule, which is typically associated with the use of protecting groups or at least two 2 functional 

group pairs. These need to be installed alternately, ultimately the synthesis ends with the decoration of 

the terminal functional groups with sugar moieties. In the convergent synthesis, functional 

glycoclusters, here called glycodendrons, are synthesized first. In the last step, these are bound to a 

multifunctional core molecule. While dendrimers are highly functional, they are often limited in their 

three-dimensional structure resulting in mainly globular shapes. In Figure 8, both the divergent as well 

as the convergent reation route are visualized.[234]  

The high degree of functional groups has proven advantageous in numerous applications. When looking 

at glycomimetics presenting sialic acid motifs, important examples on the use of a dendritic scaffold 

were presented by Rene Roy and coworkers. Examples are here the synthesis of hyperbranched 

glycodendrimers using α-thiosialosides based on a gallic acid core,[235] or  a 3,3'-iminobis(propylamine)-

core,[236] respectively, which were then tested for their binding behavior towards a specific sialic acid-

binding lectin from Limax Flavus revealing an increase in inhibitory potency with increasing 

valency.[237] Likewise, dendritic sialic acid macromolecules were also synthesized based on solid phase 

synthesis.[238] Further results were gained by evaluating the ability of sialic acid-functionalized 

carbosilane dendrimers to act as influenza neuraminidase inhibitors.[239] Furthermore, Dominguez-

Rodriguez et al. e.g. reported glycosaminoglycan-based dendrimers.[240] They synthesized dendritic 

Chondroitin sulfate mimetics and tested them against growth factor midkine. 

Figure 8: Glycodendrimer synthesis via the divergent and the convergent route. Every new generation 
requires previous activation of functional group a and subsequent coupling of b to a resulting in 
functionality c. Figure modified from Carlmark et al.[234] 
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1.2.5. Monodisperse, sequence-defined 

Glycooligo(amidoamines) 
 

A very special class of multivalent glycomimetics, namely the glycofunctionalized 

oligo(amidoamines), in short glycooligo(amidoamines) will be emphasized in detail below. 

Glycooligo(amidoamines) have several advantages compared to the classes of compounds discussed so 

far. Poly(amidoamines), from which oligo(amidoamines) derive, are classically of dendritic type but 

also linear approaches have been elaborated.[241-243] Like dendrimers, they can be prepared both 

divergently and convergently. In both cases, at least bifunctional building blocks are used, which give 

a polymer consisting of amides as well as free amines in the backbone and thus have generally a basic 

character. Poly(amidoamines) show high biocompatibility and have been and are being used, for 

example, as drug delivery agents or in gene therapy approaches.[241, 242, 244-246] 

Oligo(amidoamines) are a hybrid class of macromolecular compounds that combine the advantages of 

poly(amidoamines) with those of polypeptides.[247, 248] They are characterized by a defined sequence of 

the building blocks and they are aimed to be monodisperse. Unlike poly(amidoamines), they are not 

built up like dendrimers, but rather linearly using peptide solid phase synthesis (SPS) as introduced by 

Merrifield in the early 60’ies.[249] Glyco-functionalization of oligo(amidoamines) is achieved either by 

coupling functionalized carbohydrates to solid-phase-compatible building blocks prior to their use, or 

to resin-bound,  macromolecular constructs, or by coupling them to already cleaved oligomers. 

Following this approach, homo- as well as heterogeneous glycooligo(amidoamines) can be obtained.  

 

1.2.5.1. Solid phase synthesis 
 

The technique of solid phase synthesis (SPS) makes it possible to grow an arbitrarily large number 

(usually not more than 40-50 units) of, like Merrifield did, amino acids, iteratively as pearls on a string, 

thus isolating the ready oligopeptide as a sequentially and structurally defined entity after cleavage from 

solid support. Merrifield's first publication in this regard dealt with the synthesis of a synthetic 

tetrapeptide.[249]  

Generally, solid phase synthesis requires a functional resin to which molecules are iteratively coupled 

by activation, coupling and deprotection reaction sequences to finally obtain a macromolecular entity 

of high purity after cleavage from the resin. In particular, solid phase synthesis is characterized by 

nearly quantitative conversion in every step due to the use of high excesses of reagents and spatial 

separation of the functional groups on the functionalized resin, what, in turn, precludes aggregation. 

Excess starting materials, degradation products of the activating reagents and catalysts are easily 
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removed by washing the resin without time-consuming and yield-lowering chromatographic 

purification or extraction processes. Likewise, solvents can be changed by simple rinsing. In this way, 

high molecular weight, structure and sequence-defined, ideally almost pure products are obtained, 

nowadays even fully automated using peptide synthesizers.  

The resins used in the solid phase synthesis must be stable and inert to standard synthesis conditions 

and towards the building blocks, reagents, catalysts and solvents used; they must also have adequate 

pore size and swelling capacity so that the reagents can diffuse unhindered and quantitative coupling of 

the building blocks is achieved. Typically, as already used by Merrifield, poly(styrene-co-

divinylbenzene) copolymer resins are used today.[249] So-called linkers, sometimes with an additional 

spacer, are grafted to remaining vinyl-groups, which serve to attach the first building block onto the 

resin. The spacer determines whether rather hydrophobic or hydrophilic building blocks can be coupled 

particularly well and thus influences the yield and purity of the target structure. Furthermore, an 

additional spatial separation is thereby achieved. The linker, in turn, determines the cleavage conditions. 

Linkers are designed so that the desired product is obtained either by acidic, basic, hydrogenolytic, 

enzymatic, palladium-catalyzed, photochemical or oxidative and reductive treatment. Special types of 

linkers are traceless- and safety-catch-linkers. 

Today, the field of solid phase synthesis has developed enormously. By choosing a suitable resin with 

an appropriate linker, the cleavage conditions, but also the resulting end-group functionality of the 

cleavage group are specified. Furthermore, spacers allow for the reduction of steric hindrance and the 

adaption of hydrophilic and hydrophobic properties. The use of newly developed protecting groups and 

coupling reagents, with appropriate adaptation of the synthesis conditions, allow for the resin-bound 

synthesis of complex linear as well as non-linear, complex organic molecules such as peptides, 

oligonucleotides, oligosaccharides or drugs. Solid phase synthesis was thus elevated to a universal tool, 

which goes far beyond the synthesis of peptides, although originally intended for this purpose.[250-255] 

Scheme 4 depicts the general principle of solid phase synthesis giving access to highly pure 

macromolecules.  

Scheme 4: General principle of solid phase synthesis allowing for the synthesis of complex molecules. 
Exemplary a TentaGel® S RAM resin is shown which is made up of a crosslinked poly(styrene-co-
divinylbenzene) resin, a polyethylene glycol spacer and a rink-amide- linker allowing for cleavage under acidic 
conditions. 
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Nowadays, solid phase synthesis is predominantly based on Fluorenylmethoxycarbonyl (Fmoc) 

protecting groups along the main chain. This was introduced by Carpino et al.[256, 257] Fmoc as main 

chain protection strategy successfully pushed through for several reasons. Initially it tolerates the use 

of non-nucleophilic bases to activate coupling in every step and is itself particularly labile to secondary 

amines. The use of the latter, after successful coupling of the Fmoc-protected building block, cleaves 

off the Fmoc-group. This allows for the activation of the carboxylic acids of the building blocks in 

excess in- as well as outside the reactor with highly evolved coupling reagents with which then the free 

amine of the peptide sequence is reacted. Therefore, primarily acid-labile linker systems were 

developed. To what extent which development has affected another resembles the question of the 

chicken and the egg. Parallel development of protecting groups, coupling reagents and linkers of the 

resins used makes it possible to run the synthesis of extremely complex organic macromolecules today. 

The process of building up a peptide on the solid phase occurs in three repetitive steps. Activation of 

the carboxylic acid, coupling of the resulting active ester to the resin-bound, free amine, and 

deprotection of the newly introduced N-terminus. Finally, the resulting product must be cleaved from 

the solid phase. As coupling reagents, carbodiimides such as DCC (dicyclohexyl carbodiimide), DIC 

(diisopropyl carbodiimide) or EDC (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide) are used. 

Nowadays, however, mainly cationic conjugates of hydroxybenzotriazole (HOBt), 

hydroxyazabenzotriazole (HOAt) and ethyl (hydroxyimino) cyanoacetate (OxymaPure®) on the one 

hand and tripyrrolidinophosphine or tetramethydiaminomethane on the other hand, together with a non-

nucleophilic counterion such as hexafluorophosphate are used.  Common representatives are PyBOP 

(benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate), HATU (1-

[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate) or 

PyOxim (Ethyl cyano(hydroxyimino)acetate-O2]tri-1-pyrrolidinylphosphonium hexafluorophosphate). 

These usually couple without racemization of amino acids, faster, more efficiently and are less toxic 

then carbodiimides. Recent developments include triazine-based coupling reagents such as DMTMM 

(4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methyl-morpholinium chloride), which couple equally well 

and allow for the use of aqueous media. 

Hartmann et al. introduced the solid phase assisted synthesis of oligo(amidoamines), similarly to the 

solid phase synthesis reported by Merrifield. These compounds are synthesized by stepwise coupling 

of tailor-made building blocks to a functional polystyrene resin and final cleavage of the assembled 

macromolecule. Early work was done with the resin-bound synthesis of poly(amidoamines) for example 

for gene therapy approaches by alternating incorporation of linear multi-amine-functional building 

blocks and succinic acid elements.[247, 258, 259] Subsequent work dealt with the further development of the 

synthesis of poly(amidoamines) to sequentially and structurally defined oligo(amidoamines), in which 

diamine and succinic acid building blocks were pre-condensated, Fmoc-protected and further 
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functionalized before coupling to solid support.[199, 201, 260-263] Various tailor-made building blocks were 

developed in succession, the synthesis of which will be described in detail in the next sub-chapter. 

 

1.2.5.2. Tailor-made building blocks for the synthesis of 

glycooligo(amidoamines) 
 

The building blocks for the synthesis of glycooligo(amidoamines) can be subdivided into spacer and 

functional building blocks. Both types are based on linear, diamino-functional, and in the case of 

functional building blocks, linear triamino-functional molecules. These are converted into their final, 

free carboxy- and Fmoc-protected amino-group carrying form in multistep syntheses. One of the most 

commonly used spacer building blocks is called EDS ((Ethylenedioxy)bis(ethylamine) succinic acid 

amide), which incorporates a short, flexible and amphiphilic diethylene glycol unit. In a 4-step 

synthesis, 2,2'-(ethylenedioxy)bis(ethylamine) is first protected on one amine using trityl chloride 

before the second amine is reacted with Fmoc-Cl. The initially trityl-protected amine is subsequently 

deprotected with dilute trifluoroacetic acid before the resulting free amine is reacted under basic 

conditions with succinic anhydride in a ring-opening reaction. After protonation of the resulting 

carboxylate, the desired building block EDS is thereby obtained via crystallization from ethyl acetate. 

Initially, the synthesis was reported by Ponader et al.,[199] but using the Boc instead of the Trt protecting 

group. Further development of the synthesis, now using the Trt protecting group, was published by 

Ebbesen et al.[264] Further spacer building blocks used within the Hartmann group are SDS (Short 

ethylenediamine succinic acid amide) and ODS (Octanediamine succinic acid amide), in which the 

diamine used in the EDS synthesis are replaced by ethylenediamine or octanediamine, respectively.[265] 

The synthesis of functional building blocks typically occurs in a linear 7-step sequence. 

Diethylenetriamine is first selectively protected by using trityl chloride on one primary amine before 

the remaining primary amine is converted to the corresponding trifluoroacetamide using ethyl 

trifluoroacetate. The remaining, central, free, secondary amine is then reacted with a functional, short-

chained carboxylic acid using either a coupling reagent such as PyBOP (Benzotriazol-1-yl-

oxytripyrrolidinophosphonium hexafluorophosphate) or by making use of the corresponding acid 

chloride. Thereafter, in a 2-step sequence, the trifluoroacetimidate is first replaced by the Fmoc 

protecting group, before the trityl group is replaced by succinic acid in a final 2-step sequence in analogy 

to the EDS synthesis. Up to date, a series of functional building blocks have been elaborated and 

published in this way. Examples are TDS [199] (triple bond-functionalized diethylenetriamine succinic 

acid amide), DDS [262] (double bond-functionalized diethylenetriamine succinic acid amide), MDS [266] 

(Methylsuccinyl diethylenetriamine succinic acid amide), BDS and ADS [260, 261] (Boc (tert-

butyloxycarbonyl) and Alloc (allyloxycarbonyl)-functionalized diethylenetriamine succinic acid 
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amide). In this order, access is gained to terminal alkynes, alkenes, carboxylic acids and, in the case of 

BDS and ADS, to free backbone amines in two different ways. TDS and MDS allow to link azide-

functionalized carbohydrates either via a copper(I)-catalyzed alkyne azide cycloaddition (CuAAC) or 

via a Staudinger ligation, respectively.[266] DDS, in turn, gives access to thiol-ene click-approaches of 

thiol-modified carbohydrates. BDS and ADS carry a Boc and an Alloc protecting group on the central, 

secondary amine, thus allowing orthogonal access to free amines in the backbone.  The discussed spacer 

as well as functional building blocks are shown in Figure 9. 

1.2.5.3. Solid phase polymer synthesis of 

oligo(amidoamines) 
 

In the following, the typical synthesis of an oligo(amidoamine) scaffold will briefly be described as 

shown in Scheme 5. The first building block is to be bound to the amine-functionalized resin by means 

of an amide linkage. In case of PyBOP-mediated coupling, which serves as an example here, the 

activation of the carboxylic acid of the first building block occurs first by deprotonation with the 

Hünig’s base DIPEA (diisopropylethylamine), before the resulting carboxylate attacks the positively 

charged phosphorus of PyBOP and releases the hydroxybenzotriazolate. The resulting carboxylic acid-

phosphoric acid anhydride now reacts in an aminolysis either with release of the tripyrrolidino 

phosphine oxide with the free amine of the resin, or alternatively previously reacts with the first released 

Figure 9: Spacer (A) and functional (B) building blocks developed and applied within the Hartmann’s 
group for solid phase synthesis purposes of oligo(amidoamines). 
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hydroxybenzotriazolate to the corresponding activated ester. This, in turn, also reacts in an aminolysis 

to the desired amide. Hydroxybenzotriazole and the salt of the Hünig’s base and hexafluorophosphoric 

acid are released. The deprotection of the N-terminus in case of Fmoc-based SPS is carried out with 

dilute piperidine solution. Piperidine deprotonates the fluorene at the non-aromatic ring-carbon, 

resulting in aromatization, which represents the driving force here. In an E1CB-mechanism-initiated 

cascade, carbon dioxide and 9-methylene fluorene are released, the latter of which is trapped by excess 

piperidine in a Michael-like electrophilic addition reaction. After renewed intensive washing, the next 

building block can be coupled. In Scheme 5 the exemplary solid phase coupling- and Fmoc-

deprotection mechanism circle for the functional building block TDS is shown using PyBOP and 

Hünig’s base as coupling reagents and piperidine as Fmoc deprotection agent. 

The cleavage from the resin is discussed with reference to a Rink Amide linker. Usually a mixture of 

trifluoroacetic acid in dichloromethane is used for cleavage of amides, amines or carboxylates. The 

linker bears the initial, Fmoc-protected amine to which, after prior deprotection, the first building block 

is coupled, at a central carbon, which is activated with two substituents, 2,4-dimethoxyphenyl and 4-

methoxyphenol, via the latter the linker is grafted to the resin as depicted above in Scheme 4. Cleavage 

releases the aimed macromolecule and leaves the cationic, conjugated linker with trifluoroacetate as 

counterion. To avoid reacting the cationic linker with nucleophilic groups of the macromolecule, a 

hydride-donating scavenger such as triisopropylsilane is used. This reduces the carbocation and further 

reacts in a second step with the trifluoroacetate anion to unreactive trifluoroacetic acid triisopropylsilyl 

ester. 

Scheme 5: Exemplary TDS building block coupling mechanism with PyBOP as coupling agent. 
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1.2.5.4. Glycooligo(amidoamines) as glycan mimetics 
 

The first examples for glycooligo(amidoamines) were predominantly based on the two previously 

presented functional building blocks TDS and DDS, a series of spacer building blocks, but mostly EDS, 

and the three monosaccharides mannose, glucose and galactose. These glycooligo(amidoamines) all 

have in common that they are linearly built up and that they were primarily synthesized to test their 

binding behavior to the tetrameric plant lectin Concanavalin A.[199, 201, 208, 261-263, 266] This lectin is isolated 

from the jack bean and binds selectively to mannose and glucose in different intensities and explicitly 

not to galactose.  

An azide-functionalized mannose was the first carbohydrate derivative to multivalently be coupled in 

solid phase polymer synthesis to TDS-containing oligo(amidoamines). Part of the compounds were 

tested in an SPR assay against Con A showing higher affinity for higher functionalization-degrees.[199] 

It turned out that these compounds non-linearly bind better the more sugar moieties they contain, 

compared to methyl-α-D-mannopyranoside and that the type of backbone and sugar density are of 

significant importance. On the one hand, following publications revealed that multivalent, alkene-

functionalized oligomers can be fully reacted with a thiol-functionalized monosaccharide in a 

photochemical thiol-ene reaction in a continuous-flow reactor.[261, 262] On the other hand, not only homo-

multivalent glycooligo(amidoamines) were synthesized, but also hetero-multivalent representatives in 

applying the above-mentioned three monosaccharides mannose, glucose and galactose. These were 

coupled in a defined number and position along the backbone and the resulting glycomacromolecules 

again tested in their binding behavior towards Con A.[201] Surprisingly it was found in SCP-RICM (Soft 

colloidal probe reflection interference contrast microscopy) experiments that heteromultivalent 

compounds with combinations of Man and poor binding sugars Glc and Gal can bind better than 

homomultivalent representatives, which exclusively carry the best binding sugar mannose. 

Furthermore, evidence was found in dynamic light scattering (DLS) studies that 

glycooligo(amidoamines) can cluster lectins. Further research has led to the development of 

azabenzene-based photo switchable precision glycooligomers, which, depending on their configuration, 

exhibit a differential binding behavior towards lectins thus proving the architecture of the 

macromolecules, independently from size and valency, to influence binding affinity .[263] Recent studies 

focused on the effects of varying interligand spacing and linker functionalities on the binding behavior 

of mannosylated glycomacromolecules to Con A using isothermal titration calorimetry (ITC) [208] and 

the bacterial lectin Fim H. Recently, orthogonal access to sequence-defined, monodisperse and 

heteromultivalent glycomacromolecules on solid support was examined using Staudinger ligation and 

copper(I)-catalysed click reactions.[266] 
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In a collaborative project with glycobiologists, glycooligo(amidoamines) could be shown to mimic cell 

surface polysaccharides of the bacterium Clostridium Difficile and to provoke an immune response in 

mice.[233] The disaccharide rhamnose α1->3 glucose, which is found in three variants on the surface of 

the above-mentioned bacterium, was pentavalently presented on an oligo(amidoamine) via standardized 

protocols. In the context of this study, the isolated molecule was injected into mice. Thus, when 

naturally occurring disaccharides are compared with the artificial pentavalent oligo(amidoamine), 

antibody avidity as a measure of antigenicity increases by about five orders of magnitude. Figure 10 

gives an overview on selected glycooligo(amidoamines) taken from the discussed publications. [199] [201] 

[233]    

Figure 10: Three examples of glycooligo(amidoamines). A: Homotrivalent α-D-
mannopyranoside macromolecule;[201] B: Heterotrivalent β-D-galacto- and α-D-
mannopyranoside macromolecule;[199] C: Both oligopeptide and pentavalent rhamnose-
α1->3-glucopypanoside disaccharide containing glycomacromolecule.[233] 

 



General introduction 

24 

Using glycooligo(amidoamines) derived from solid phase, recently, Hartmann and co-workers have 

shown different bottom-up approaches to derive more complex glycofunctionalized materials. For 

example, Gerke et al. synthesized di-cysteine-functionalized glycooligo(amidoamines) and then reacted 

them with di-alkene-functionalized oligomers in a poly-thiol-ene-reaction yielding sequence-controlled 

glycopolymers.[202] The resulting mannose-bearing polymers were tested for their binding behavior 

investigating the effect of sequence-controlled copolymers with alternating binding and non-binding 

blocks on lectin-binding in precipitation as well as surface plasmon resonance assays. It turned out here, 

that at a certain level of ligand valency a further increase in receptor clustering cannot be achieved by 

an increase in sugar valency. Furthermore, when keeping valency constant, an increase in ligand size 

does not increase binding affinity. A second example is given by Boden et al.[265] Here, the authors use 

cysteine-functionalized glycooligo(amidoamines) to coat gold nanoparticles to test the effect of 

hydrophobicity of the backbone of the oligomers-coated nanoparticles on the binding intensity to Con A 

by applying UV-Vis, dynamic light scattering as well as surface plasmon resonance experiments. 

Carbohydrate-coated gold nanoparticles showed increased binding compared to free ligands as well as 

an impact of the backbone-properties. Examplary glycooligo(amidoamine)- macromolecules of both 

publications are shown in Figure 11. [202, 265] 

  

 

Figure 11: Two examples for advanced glycooligo(amidoamines). A: Sequence-controlled block-
glycopolymer via step-growth thiol-ene polyaddition.[202] B: Precision glycomacromolecule for gold-
nanoparticle coating.[265] 
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2. Aims and Outline 
 

In the group of Hartmann, glycooligo(amidoamines) were developed as glycan mimetics to study 

fundamental aspects of multivalency and develop novel bioactive polymeric materials.  

Glycooligo(amidoamines) are derived via solid phase synthesis giving monodisperse and sequence-

defined scaffolds that allow for controlled sugar composition, sugar valency, sugar distance and sugar 

density using different coupling strategies. So far glycooligo(amidoamines) have been mainly tested for 

their binding to model lectin Con A and for targeting bacterial lectins. However, it is well known that 

also viruses use glycans as attachment factors. Therefore, in this thesis, glycooligomers targeting viral 

lectins should be synthesized and characterized in terms of their lectin binding properties.  

First, attachment of glycan and glycan fragments relevant for targeting viral lectins must be realized to 

the oligomer scaffold. However, so far mainly azide-functionalized sugars were used and attached to 

an established alkyne-functionalized building block. Especially for more complex sugars like sialic acid 

or short sialylated oligosaccharides such as 3’-sialyllactose, it is much easier to introduce an alkyne on 

the sugar. Therefore, in order to stay with the well-developed use of CuAAC, a novel azide-displaying 

building block should be developed. Another important class of glycans involved in viral interactions 

are glycosaminoglycans (GAGs). Thus, methods should be developed to attach GAG fragments onto 

oligomeric scaffolds. Here, the use of the GAGs carboxylic acids appears promising as point of 

attachment by applying amide-formation strategies. The possibility of synthesizing hetero-multivalent 

glycooligo(amides) incorporating both sialic acid derivatives as well as heparin fragments should be 

investigated against the background that both sugar classes, as demonstrated in case of the Merkel cell 

polyomavirus, influence viral entry. 

In previous studies looking at the binding of glycooligomers to Con A, the influence of the type, number 

and position of glycan fragment have been shown. It is known from literature that such effects also take 

place when targeting viral lectins. However, what is less known, are the effects of linker chemistry and 

scaffold architecture. Work on glycooligomers targeting bacterial lectins have shown that the 

introduction of hydrophobic moieties can engage in secondary binding close to the carbohydrate 

binding domain leading to an increase in affinity. Therefore, the effect of selectively changing the linker 

composition should be tested in this work. It was shown that the architecture of the scaffold also 

contributes significantly to the binding properties of the compounds. Above all, branched structures 

seem to bind better to lectins than linear ones. This serves as the basis for the development of branched 

systems. Here, it is necessary to develop a solid-phase-compatible approach for the synthesis of 
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branched glycooligo(amides) and to quantify the binding properties of the resulting molecules with 

suitable assays. 

Together with collaboration partners from virology, the derived glycooligomers should then be tested 

for their binding to non-enveloped viruses such as polyomaviruses and papillomaviruses to gain first 

insights into the design of glycooligo(amides) targeting viral lectins. Powerful analytical techniques 

such as X-ray diffraction of receptor-ligand co-crystals as well as STD NMR measurements will give 

first insights into the binding mechanisms of viral lectins to glycan mimetics. 
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3. Conclusion 
 

The overarching goal of this work was the development of glycooligo(amides) targeting non-enveloped 

viruses such as polyoma- and papillomaviruses.  

In the first part, special focus was devoted to the synthesis of branched glyco(oligoamidoamines) to 

investigate the effect of scaffold architecture on receptor affinity. Therefore, a novel azide-

functionalized building block was developed. The synthesis-sequence proceeded analogously to the 

TDS synthesis as previously described by Ponader et al[202] but reversing the two-stage deprotection 

and functionalization sequences in their order to avoid isomerization as shown in Scheme 6. BADS was 

obtained in an overall yield of 34% in amounts up to 20 g per batch and excellent purities greater than 

98% by recrystallization from acetone after successful conversion in the last step of the synthesis. When 

following the original synthesis sequence for the azide building block, the constitutional isomer 

IsoBADS was obtained. In the latter case, the central, secondary amine ultimately bears the Fmoc 

protecting group and the functional side chain decorates one of the primary amines of the 

diethylenetriamine-backbone. Coupling efficiency studies revealed a coupling efficiency of 98% of the 

BADS building block when applying PyBOP- and DIPEA-mediated coupling in dimethylformamide 

and using five equivalents of the building block as well as the coupling agent.  

Both building blocks, BADS and IsoBADS, were successfully applied in solid phase polymer synthesis 

to gain access to branched glycomacromolecules as well as for the introduction of alkyne-functionalized 

sialic acid derivatives. Applying the newly developed BADS building block in solid phase polymer 

synthesis, a series of linear and branched precision glycomacromolecules were synthesized by means 

Scheme 6: Synthesis routes of both azide-containing building blocks BADS and IsoBADS, respectively. Only
an inversion of the former for the functional TDS building block published route leads to the desirerd BADS 
building block. Otherwise IsoBADS is obtained due to an isomerization within the synthesis sequence. 
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of a split-and-combine approach. Here, multiple azide-functionalized oligo(amides) are built up 

iteratively on solid support, and this approach is divided into two parts prior to functionalization with 

propargyl-functionalized α-D-mannopyranoside. One part, the so-called backbone, is end capped and 

serves to later couple the arm. The other part, the so-called arm, is glyco- and end-functionalized, 

cleaved from the resin and purified before being coupled to the previously separated backbone. The 

exemplary synthesis of compound 2X2 is shown in Scheme 7. In this case a divalent framework is first 

built up, which after partial functionalization with mannose is coupled twice to the corresponding 

backbone, so that finally a tetravalent structure is formed. In the second step, this approach allows for 

a straightforward combination of different backbones and arms. 

In the synthesis of the branched glycomacromolecules, it turned out that certain limitations in terms of 

size and purity must be taken in consideration and thus limit applicability of this approach. While the 

smallest arm with only one mannose unit per macromolecule could be coupled quantitatively to a 

trivalent backbone, the divalent arm could only be quantitatively combined with a divalent backbone 

thus limiting yield and making chromatographic purification necessary. In general, it was found that 

factors such as the choice of solvent, the number of equivalents used, the concentration of the arms as 

well as the reaction time tremendously affect conversion, whereas the equivalents of the catalyst used 

in case of the applied copper-click reaction showed no effect.  

The obtained linear and branched glycomacromolecules were then measured for their binding affinities 

to immobilized Con A in a surface plasmon resonance direct binding assay (Figure 12). The obtained 

results indicate that not only higher valency contributes to higher binding affinities, but also the degree 

of branching. On a macromolecular scaffold terminal sugars can act most likely free from spatial 

constriction and shielding, compared to sugars in the midst of a linear, multivalent compound. The 

introduction of the concept of an effective valence seems meaningful and expedient, which expresses 

how many sugars are effectively involved in a binding event. Absolutely, the hexavalent molecule 3X2 

binds best, in which six mannose units are distributed over three branching arms. Above all, this 

molecule binds better than compound 2X3, where 6 mannose units are attached to 2 arms. The binding 

constants normalized to the number of mannoses per molecule are the highest for compounds 2X2 and 

3X2, both better than compounds arm3 and 2X3, both molecules with less points of branching. The 

obtained results are in line with already published results that cautiously perceive the degree of 

branching at constant valency as enhancing binding strength.[267] 
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Scheme 7: Exemplary synthesis of compound 2X2 by means of a split & combine approach. A: Solid phase 
peptide synthesis; B: Glycofunctionalization via CuAAC; C: Endfunctionalization via SPPS; D: Cleavage of 
the arm from solid support; E: Combination of backbone and arms via CuAAC on solid support. 
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In a second part of this thesis, the BADS building block as well as its isoform IsoBADS were also used 

to attach glycan fragments onto the oligoamide scaffold. Here, special focus was devoted to sialic acid 

and 3’-sialyllactose as glycan fragments and previously identified minimal binding epitopes of 

clinically relevant Trichodysplasia spinulosa-associated polyomavirus (TSPyV). TSPyV was first 

discovered in 2010 and is associated with the occurrence of Trichodysplasia spinulosa, a rare skin 

disease occurring in immunocompromised individuals.[268] TSPyV binds both sialic acid itself in its 

α-form, as well as 3'- and 6'-sialylated glycans such as 3'-sialyllactose and 6'-sialyllactose.[269] The 

TSPyV virus capsid consists of 72 VP1 pentamers of which each presents five carbohydrate binding 

sites that have been shown to undergo multivalent binding. In this work, a first generation of divalent 

glycomacromolecules targeting VP1 pentamer was synthesized explicitly not looking at maximizing 

multivalency effects but rather at the structural impact of selectively changing the linker composition 

and glycan fragment by X-ray crystallography of the ligand-protein complex. Applying solid phase 

polymer synthesis, four divalent glycooligomers differing in their combination of ligand and linker were 

synthesized (Figure 13).  

Two of the macromolecules were synthesized using propargylated sialic acid and differ in the use of 

different building blocks for coupling of the carbohydrate derivative. One was synthesized using 

previously discussed BADS and the other with IsoBADS, thereby extending the distance to the 

backbone by one moiety of ethylene. A third macromolecule was synthesized using the established, 

Figure 12: Binding constants obtained from a SPR-direct binding assay with multivalent glycomacromolecules 
in the mobile phase and immobilized tetrameric receptor protein Con A. (A) KA1 values (black bars) and KAtotal 
values (blue bars) obtained from the two-state reaction for all analyzed compounds. (B) Mannose normalized KA1 
values (black bars) and KAtotal values (orange bars) obtained from the two-state reaction for all analyzed 
compounds. Constructs of higher valency bind multivalently better than constructs of lower valency; constructs 
with more branches are relatively superior to compound with less branches. Figure taken from Baier et al., 
Chem. Eur. J. 2018, 24, 1619-1630.  
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alkyne-displaying building block TDS and complementary, azide-functionalized sialic acid. Since the   

azide in this, easier to synthesize sialic acid, is connected directly to the anomeric carbon, coupling of 

the carbohydrate to TDS via CuAAC leads to the formation of a 1, 2, 3-triazole, which is directly bound 

to the sugar. Here, the linker, in comparison to the above-described compound, shortens. Moreover, 

most likely the whole structure loses flexibility. The last of the four compounds was prepared using the 

Figure 13: Exemplary structures of sialylated divalent glycooligomers intended for crystal 
soaking experiments with the VP1 of Trichodysplasia spinulosa-associated polyomavirus 
(TSPyV). A: Linker made up of propargylated sialic acid and BADS; B: Linker made up of 
propargylated sialic acid and IsoBADS; C: Linker made up of azido-sialic acid and TDS; D: 
Two propargylated 3’-SL trisaccharide-residues connected to BADS. 

 



Conclusion 

32 

propargylated 3'-SL derivative and BADS which are both known from previous parts of the work. 

Combination of the latter results in an artificially linked construct but with the naturally occurring 

trisaccharide as linker. Single crystal structure analyses of both the propargylated and the azide-carrying 

sialic acid derivatives were obtained by X-ray diffraction thereby verifying their absolute configuration. 

Two of the three molecules studied in crystallization studies provided high-resolution co-crystal 

structures. These are shown in Figure 14. The combination of propargylated sialic acid and BADS 

provided a crystal structure in which not only the terminal sialic acid could be solved, but also the 

triazole and phenyl ring-containing linker up to the backbone. This clearly demonstrates the linker being 

involved in the binding. The second molecule that provided a crystal structure was the 3’-sialyllactose-

bearing structure connected to the BADS building block. Here, the entire trisaccharide, but without 

linker, could be resolved. The glycomacromolecule, which was formed from the combination of 

azidated sialic acid and TDS, did not give any co-crystal structure. Either the triazole on the sugar is 

sterically too bulky or too inflexible for occupation of the binding site, alternatively the entire linker is 

too short for a stable bond. Furthermore, electronic reasons cannot be ruled out since the triazole shifts 

the electron density of the sugar appreciably. 1H NMR spectra also hint at such effects, where a 

pronounced downfield shift for both hydrogens at sialic acid-C3 compared to propargylated sialic acid-

derivative were observed. The sialic acids carboxylic acid, which is involved in binding to the protein 

as it can be seen in the crystal structures, thus is likely to change in its electronic properties. All in all, 

these results clearly indicate that linker in general, but above all the examined artificial ones consisting 

of 1, 2, 3-triazoles and/or phenyl rings, are able to replace parts of naturally occurring oligosaccharides. 

Molecular dynamics (MD) simulations and dynamic light scattering (DLS) experiments revealed 

distances of the terminal sialic acids of 15-27 Å in the examined glycomacromolecules, which is smaller 

than the distance between two neighboring sialic acid binding pockets in the investigated TSPyV-VP1 

pentamers of 35 Å. Therefore, no multivalent binding for these structures can be expected but based on 

the findings concerning the role of linker and glycan fragment, higher valent glycomacromolecules can 

be synthesized in the future and should then also be tested for the affinity towards VP1 e.g. by 

establishing and performing suitable SPR assays. 

In the third part of this thesis, ligands addressing another important non-enveloped virus, the Merkel 

cell polyomavirus (MCPyV), were developed.[148, 150, 270] MCPyV is a non-enveloped virus related to the 

occurrence of highly aggressive Merkel cell carcinoma in immunocompromised individuals, in which 

it was first found in 2008.[153, 271] The virus outer capsid consists of 72 VP1 protein pentamers, each of 

which exhibits five shallow binding sites for sialylated glycans, notably 3'-sialyllactose.[148, 270] In 

addition, binding sites for highly sulfated heparin/heparan sulfate lie in the canyons between the VP1 

pentamers, thus making the whole capsid a receptor for the latter discussed carbohydrate class, but not 

for individual VP1.  
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Figure 14: Structure of the glycooligomer - TSPyV VP1 complexes. Models on the top refer to the complexed 
O1, the lower ones to O4. Left: The structure of the bound ligand is shown in the context of the crystallographic
asymmetric unit, with VP1 depicted in cartoon representation and as a transparent surface, with one chain colored 
in purple. Glycooligomer moieties are drawn as sticks with carbon atoms colored in orange, nitrogen in blue and 
oxygen in red. Right: Close-up view of the binding sites. In both cases the Neu5Ac part of the glycooligomer is 
recognized by residues of the VP1 surface loops BC2 and DE (ccw). Hydrogen bonds, here represented as dashed 
lines, between the compounds and protein residues are colored in dark grey, between the compounds and water 
(cyan spheres) in cyan and within the compounds in orange. 
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These circumstances make the MCPyV generally an excellent model for the study of homo- and 

heteromultivalent effects.[180, 181, 272, 273] In this work, special focus was devoted to developing strategies 

to directly attach GAG fragments to the olioamide scaffolds without the need for further 

functionalization of the glycan fragment prior to conjugation. This is especially relevant for GAG 

fragments as their site-selective sulfation should be maintained but is known to be instable e.g. under 

too harsh acidic conditions. Furthermore, for the first time, heteromultivalent constructs covalently 

linking both GAG fragments and sialic acid ligands were synthesized giving the opportunity to 

investigate the role of both carbohydrate motifs simultaneously in binding to MCPyV. 

For this purpose, the two propargyl-functionalized sialic acid derivatives discussed above were applied, 

and two heparin fragments were used. The heparin-disaccharide dp2 was obtained via enzymatic 

degradation of heparin provided from a co-worker and the synthetic pentasaccharide Fondaparinux® 

was chosen. The latter is used postoperatively under the trade name Arixtra® as an anticoagulant. 

Three hybrid, structurally defined glycomacromolecules were obtained by coupling previously 

synthesized, glycosylated as well as non-glycosylated oligo(amidoamines) to heparin fragments in 

solution-phase. DMTMM was used as the coupling agent, thus allowing for coupling in aqueous 

mixtures. One of these glycomacromolecules carries two heparin-dp2 fragments connected by an 

oligo(amidoamine) chain. The other two compounds are composed of Fondaparinux®, to which two 

free carboxylic acids coupling of sialylated oligo(amidoamines) was achieved. These hybrid structures 

were obtained in yields of up to 86% and in relative purities of 98% based on integration of spectra 

from RP-HPLC and SAX-HPLC measurements. Mass spectrometry proved that the sulfates of the 

heparin fragments do not hydrolyze and remain intact during both the coupling as well as purification 

protocols. All obtained hybrid glycomacromolecules and their synthesis are shown in Scheme 8. Two 

of them were finally screened using saturation transfer difference NMR (STD NMR) experiments for 

their ability to bind to the MCPyV outer capsid. The latter has been shown before to bind both the 

unmodified dp2 fragment as well as Fondaparinux®, and the 3'siallyllactose epitope. For the dp2-

functionalized glycomacromolecule, binding of the dp2-fragments to the capsid was shown as well as 

binding to the exposed 3'-SL epitopes in the 3'-SL bearing construct. In the latter case, however, no 

binding of the Fondaparinux®-scaffold was observed. A conclusive reason why both sugar classes do 

not bind simultaneously cannot yet be drawn. Further studies, especially with the help of further binding 

assays and systematic variation of selected parameters such as linker type and linker length would be 

required. An important finding is that heparin dp2-fragments seem to be able to bind to the MCPyV 

capsid when bound to a macromolecular scaffold. Previous studies suggested that only longer GAG 

fragments can bind in their free form. Furthermore, simple methylation experiments of the 

Fondaparinux® carboxylic acids and subsequent binding experiments could give insights if these 

functional groups are required for binding or if the sulfates provide enough affinity.  
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Scheme 8: Exemplary synthesis and structures of hybrid glycomacromolecules made up of 
oligo(amidoamines), heparin fragments as well as sialic acid or propargylated 3’-sialyllactose. A:
Two heparin dp2-fragments are connected to a di-lysin-functionalized oligo(amidoamin); B: Two 
sialic acid-functionalized glycooligo(amidoamines) are connected to Fondaparinux®; C: Two 
3’-SL-functionalized glycooligo(amidoamines) are connected to Fondaparinux®. 
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Interestingly, the conjugated dp2-fragments bind to the capsid although the carboxylic acid moieties are 

converted to amides. Co-crystallization experiments potentially would give further insights on how the 

carbohydrates are involved in the binding event. When both examined compounds are compared, only 

terminal carbohydrates show binding, whereas Fondaparinux®, in its function as backbone, remains 

inactive in the STD NMR experiment. Overall, these results would support results from the first part of 

the thesis, where terminal carbohydrates are believed to participate easier in binding due to less sterical 

restraints. 

Looking at all three parts of this thesis, one lesson learned is that the type of presentation of sugar-

ligands is of crucial importance. There are three aspects to be distinguished, all of which make their 

contribution in this field. First, it matters whether sugars are placed terminally on an oligo(amidoamine) 

scaffold or in the middle of the construct. Thus, of the investigated branched compounds, those with 

the most branching bind best. Secondly, the chemical nature of the linker to which a sugar is covalently 

bound, and which links it to the scaffold plays another important role. Hereby, aromatic linkers have 

the advantage that, as especially studied for bacterial lectins in detail, they contribute in affinity in 

secondary binding modes and thus lead to a better binding. This principle could here be applied to viral 

lectins and, above all, aromatic linkers were able to replace natural linkers consisting of additional sugar 

units as shown in the case of 3’-silalyllactose. A third finding is that binding sugars, as in the case of 

the Fondaparinux®, can become non-binding when chemically conjugated, raising the general question 

of whether ligands can always be attached to a linker without losing binding specificity and/or affinity. 

In addition to initial success in the synthesis and evaluation of the aimed molecules towards their 

potential to bind to virus surface proteins, in future work, well-known concepts should be combined to 

give the best binding ligands for viruses. One possibility would be the synthesis of branched sialylated 

oligo(amidoamines) and their use as inhibitors ultimately also in vitro and in vivo experiments. 

Additionally, further research is needed to investigate the effect of differently sized GAG fragments on 

their binding properties when connected to an amidoamine scaffold. A chemically challenging approach 

would be the attachment of differently sized GAG fragments to oligo(amidoamines). For example, four 

dp2 fragments on one scaffold could be compared with two dp4 fragments, each consisting of a 

tetrasaccharide, on another scaffold and both could be compared with a dp8 octasaccharide. In brief, 

four disaccharides vs. two tetrasaccharides vs. one octasaccharide all of them linked covalently. 

Overall this work has demonstrated the use of solid phase polymer synthesis to develop glycomimetic 

ligands addressing viral lectins. Based on this first generation of glycooligo(amidoamines) ongoing 

development has the potential to derive high affinity and selective ligands to then act as inhibitors of 

viral adhesion. 
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Split-and-Combine Approach Towards Branched Precision
Glycomacromolecules and Their Lectin Binding Behavior

Mischa Baier, Markus Giesler, and Laura Hartmann*[a]

Abstract: Previously, monodisperse and sequence-controlled

oligo(amidoamine) scaffolds were synthesized based on the

step-wise assembly of tailor-made building blocks on a solid

support that allow for the multivalent presentation of sugar

ligands. Here, we extend on this concept using a split-and-

combine approach to gain access to a small library of linear

and branched glycomacromolecules. Azide side chains were

introduced in the scaffold by the use of a novel building

block allowing for copper-mediated azide-alkyne cycloaddi-

tion (CuAAC) of readily available propargyl-functionalized

glycans. In the first stage, after assembly of the linear scaf-

fold on solid support, the batch was divided into two. One

part of the resin-bound oligomers was end-capped and fur-

ther used as backbone and the other part was functionalized

with propargylated a-d-mannopyranoside in the sidechain,

end capped with an alkyne functionality and finally cleaved

from solid support to give the branching arm. In the second

stage, the linear, glycosylated and alkynylated arms were

then coupled to the end capped backbone via CuAAC. In

this way, branched glycomacromolecules with two and three

branches, respectively, have been synthesized carrying from

two to six sugar residues per molecule. Both, linear arms

and branched glycomacromolecules were then subjected to

a lectin binding assay using surface plasmon resonance

(SPR) and model lectin Concanavalin A (Con A) showing the

effect of branching as well as valency on the binding kinet-

ics.

Introduction

Many important cell processes are regulated by the cell sur-

face, that is, cell–cell communication, pathogen recognition, or

cell differentiation.[1] In particular, the glycocalyx, a dense layer

of carbohydrates on the cell surface, plays a key role in media-

ting such interactions. The glycocalyx constitutes a multitude

of different carbohydrate structures such as polysaccharides,

glycoproteins and glycolipids that can act as binding sites for

other biomolecules.[2] Indeed, many cell interactions do not

result from addressing a single binding site but rather from

the interplay of several ligands and receptors simultaneously.

Such multivalency effects especially contribute to the weak in-

teraction of carbohydrates with lectins resulting in the so

called cluster-glycoside effect.[3] Here, several carbohydrate li-

gands or glycans interact with several binding sites leading to

an overall increase in avidity. Nature benefits in different ways

from the occurrence of multivalency, that is, through the locali-

zation of several glycans on the cell surface or on a protein

scaffold. In the latter case, several glycans are linked onto a

protein backbone leading to a comb-like structure as known

for mucins.[4] This concept not only holds true for the natural

constructs, but can also be applied to create biomimetic mole-

cules by attaching glycans to a synthetic, polymeric scaffold.[5]

Such polymeric glycomimetics have been used as model com-

pounds to study multivalency effects based on glycan interac-

tions but also give straightforward access to glycomimetics

with increased avidity.[3g,i, 6] One of the limitations of such poly-

meric glycomimetics is their intrinsic dispersity stemming from

their synthesis through classical polymerization methods. Previ-

ously, we have introduced the so-called solid phase polymer

synthesis (SPPoS), now giving access to monodisperse, se-

quence-controlled oligo(amidoamine) scaffolds suitable for the

presentation of different carbohydrate ligands.[7] Inspired by

the solid phase synthesis (SPS) as introduced by Merrifield in

1963[8] and further developed by Carpino et al.[9] with the intro-

duction of the fluorenylmethoxycarbonyl (Fmoc) protective

group, in combination with a library of tailor-made building

blocks, we can synthesize scaffolds presenting a defined

number of functional groups at defined positions along the

main chain allowing for conjugation of carbohydrate li-

gands.[7, 10] Through combination of different conjugation

methods, we can also obtain heteromultivalent glycomacromo-

lecules presenting diverse carbohydrate ligands at specific po-

sitions within the sequence.[11] Here, we now extend the con-

cept of the so-called precision glycomacromolecules from

linear to branched structures. In nature, branched structures

are found for various carbohydrates and carbohydrate-conju-

gates, for example, polysaccharides as well as glycoproteins.

Also for glycomimetics, branched structures have been realized
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and applied as model systems to study the effect of branching

on the interactions with carbohydrate recognizing proteins

such as lectins.[12] For example, Lin et al.[13] found that the poly-

mer architecture of a mannose glycopolymer strongly affected

the mannose binding lectin (MBL) interaction: A branched

polymer carrying on average 14 mannose residues showed a

90 times higher avidity than a linear polymer with the same

valency. To evaluate the role of the scaffold’s architecture more

closely, here we present the synthesis of a series of branched

precision glycomacromolecules specifically varying the degree

of branching, overall valency as well as valency per branch.

Therefore, we established a so-called “split-and-combine” ap-

proach based on the previously established solid phase poly-

mer synthesis (Figure 1). In the first step, using a novel build-

ing block, a scaffold with azide side chains was assembled on

solid phase. In the second step, this scaffold was either conju-

gated with mannose ligands through Cu-mediated azide

alkyne cycloaddition (CuAAC) and end-group functionalized

with an alkyne group giving the arm of latter branched glyco-

macromolecule or directly used as the backbone for conjuga-

tion of the previously synthesized arm side chains. This ap-

proach is similar to the “arm-first” synthesis of dendrimers or

mictoarm polymers.[14] Using the presented split-and-combine

approach, different arms and backbones can be combined

using CuAAC to create branched glycomacromolecules with

varying degree of branching and valency. Finally, this series of

branched structures was subjected to binding studies using

model lectin Con A studying the influence of branching on the

lectin-binding behavior.

Results and Discussion

Synthesis of the azide-containing building block

To allow for a split-and-combine approach using CuAAC as the

coupling method for both conjugation of the carbohydrate as

well as the grafting of the arm onto the backbone, a novel

building block carrying an azide group in the side chain was

developed. The choice of an aromatic side chain can be ex-

plained by the following reasons. Firstly, dealing with low mo-

lecular weight azides is not trivial and the molecule to be syn-

thesized should not be below a certain C:N ratio for safety rea-

sons.[15] First attempts towards a building block with an ali-

phatic linker showed difficulties during purification of the final

building block (data not shown), whereas the aromatic linker

was readily installed. Secondly, several studies have shown hy-

drophobic areas in the vicinity of the carbohydrate binding

site of Con A, which favor the binding of sugars with hydro-

phobic, especially aromatic linkers resulting in higher affini-

ties.[16]

The azide containing building block p-(azidomethyl)benzoyl

diethylenetriamine succinic acid (BADS) was synthesized fol-

lowing a general protocol previously established in our group

(Scheme 1)[7] starting from key intermediate 1, a triphenyl-

methyl- (Trt) and trifluoroacetamide- (TFA) protected diethyle-

netriamine (Scheme 1). The free, secondary amine of 1 was

used to couple the 4-(azidomethyl) benzoic acid through an

amide bond formation. Here, two reaction conditions showed

comparable results regarding the yield: one condition imple-

ments the conversion of 4-(azidomethyl) benzoic acid (2) to

the corresponding acid chloride by the use of oxalyl chloride

and dimethylformamide as catalyst. The acid chloride was then

coupled to the free amine. The alternative route makes use of

the well-established coupling agents benzotriazol-1-yl-oxytri-

pyrrolidinophosphonium hexafluorophosphate (PyBOP) and

hydroxybenzotriazole (HOBt) for active ester formation. The

azide-functionalized product (3) was then subjected to an ex-

change of protecting groups. Therefore, in a first attempt, fol-

lowing the previously established procedure, the TFA protect-

ing group was removed by using a potassium carbonate solu-

tion in a biphasic mixture of methanol and water at room tem-

perature. The reaction was completed after five days, but after

the addition of the Fmoc group, a rearrangement within the

molecule during the deprotection procedure giving two Fmoc-

functionalized isomers (4 and 4b) was observed and could not

be prevented. Further removal of the trityl group followed by

functionalization with succinic anhydride was carried out with-

out problems, but only 5b could be isolated through multiple

recrystallization steps. A likely reason for the observed rear-

rangement during the deprotection step could be the fast iso-

merization of the intermediary primary amine: The free primary

amine intramolecularly adds to the azide-bearing functional

group in an SN2t reaction and, after elimination, leaves the free

secondary amine in the center of the molecule. Additionally,

the reaction could be favored by the five-membered ring tran-

sition state. The previously established TDS building block as

described by Ponader et al.[7] reacts more rapidly and the iso-

Figure 1. Split-and-combine approach for solid phase synthesis of branched

precision glycomacromolecules.
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merization appears to be less favored. Therefore, the reaction

sequence was changed to overcome the isomerization prob-

lem. Intermediate 3 was first set to the deprotection of the

trityl group and the subsequent functionalization with succinic

anhydride. Acid 6 was obtained in high yield and was used for

the final TFA deprotection procedure. Due to the fact that

compound 6 shows higher hydrophilicity than compound 3,

TFA deprotection in an aqueous potassium carbonate solution

was much faster, so that the deprotection was complete after

12 h at room temperature. Furthermore, the reaction could be

carried out in a 10% aqueous potassium carbonate solution

without any addition of methanol. The desired product 5 was

isolated in high yield and high purity after two cycles of recrys-

tallization. 1H NMR, 13C NMR and reversed-phase HPLC (RP-

HPLC)confirm the structure of 5 and give no indication for the

undesired isomer 5b (see the Supporting Information for iso-

merization kinetics and spectra). The 1H NMR as well as the
13C NMR spectra show a broadening of the signals as well as

the appearance of several bands for chemically equivalent pro-

tons and carbons in all steps of the building block synthesis

that we attribute to the presence of rotational isomers. The
1H NMR spectra were therefore additionally recorded at 100 8C

leading to coalescence and signal sharpening (see the Sup-

porting Information for spectra).

Solid phase synthesis of glycomacromolecules

With the new building block BADS (5) in hand, a series of pre-

cision glycomacromolecules were synthesized following previ-

ously established protocols for solid phase polymer synthesis.

In addition to the new BADS building block, EDS (7) as adapt-

ed from Ebbesen et al.[17] (see Supporing Information) was

used as spacer building block introducing a short ethylene

glycol unit within the scaffold (Scheme 2). All building blocks

carry a free carboxylic acid and a Fmoc-protected amine group

that allow for stepwise coupling on solid support using stan-

dard Fmoc peptide chemistry. In short, activation and coupling

of a building block onto the resin followed by on-resin depro-

tection prior to the activation and coupling of the next build-

ing block gives a monodisperse sequence-controlled oligo(ami-

doamine) scaffold. Depending on the sequence of building

blocks during assembly, the number and position of azide

groups is controlled. To achieve such control, building blocks

have to couple with nearly quantitative yield for every addition

step. Therefore, for the new building block BADS, coupling effi-

ciency was evaluated and optimized according to Fmoc cou-

pling protocols using the test sequence BADS-EDS-BADS and

three different coupling conditions: PyBOP and N,N-diisopropy-

lethylamine (DIPEA); (1-[Bis(dimethylamino)methylene]-1H-

1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate)

(HATU) and DIPEA and diisopropylcarbodiimide (DIC) and ethyl

(hydroxyimino)cyanoacetate (OxymaPureS), respectively. The

Scheme 1. Synthesis of BADS building block (5) for solid-phase synthesis: a) synthesis of the azide-functionalized intermediate 3 ; b) first route leading to the

rearrangement product 5b ; c) second route leading to the targeted compound 5.
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DIPEA-catalyzed amide coupling using PyBOP or HATU as cou-

pling reagent nowadays is one of the most efficient coupling

conditions, whereas the use of DIC represents a more classical

approach with a lower expected efficiency.[18] All couplings

were performed using 5 equiv. of the respective building block

and the coupling reagents along with 20 equiv. of DIPEA re-

garding the resin loading. PyBOP and HATU showed similarly

good results with coupling efficiencies of about 98%. A combi-

nation of DIC and OxymaPureS did not exceed 60% coupling

efficiency in the first step. For the trimeric test structure based

on these coupling efficiencies, a theoretical maximum purity of

93.9% could be achieved and confirmed by RP-HPLC analysis

of the oligomer after cleavage from the support (see the Sup-

porting Information for determination of coupling efficiency

and chromatograms). Using the optimized coupling conditions,

six different oligomers were synthesized varying between 2–6

building blocks in length and introducing 1–3 azide groups

(Table 1). The nomenclature of the precision glycomacromole-

cules follows the previously introduced scheme: A(B)-C-D, in

which (A) stands for the introduced side chain functionality

and (B) for its position within the oligomer chain. After the first

hyphen (C), the total length (number of used building blocks)

is given and after the second hyphen (D), a potential end func-

tionality is listed. The split-and-combine approach is imple-

mented as follows: in the first stage, after assembly of the

linear scaffold on solid support, the resin beads are divided

into two parts. One of these parts is end-capped and further

Scheme 2. Schematic representation of the solid phase synthesis of precision glycomacromolecule arms and backbones. a) synthesis of backbone ; b) synthe-

sis of arm.

Table 1. List of all synthesized macromolecular backbones and arms.

Compound Name Yield[a]

[%]

Purity

[%][c]
MW

[Da]

backbone 1 N3(1,3)-3 –[b] 94 878.1

backbone 2 N3(1,3,5)-5 –[b] 87 1552.7

arm 1 Man(1)-2-PA 51 96 890.0

arm 2 Man(1,3)-4-PA 62 98 1682.8

arm 3 Man(1,3,5)-6-PA 41 96 2475.6

arm 4 Gal(1,3)-4-PA 85 97 1682.8

[a] Yields were determined after preparative RP-HPLC based on the resin

loading. [b] Scaffolds were not isolated quantitatively. [c] Purities were de-

termined by RP-HPLC (MeCN in H2O, linear gradient from 5–50% in 30

min) without (backbone) or after preparative purification (arms).
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used as resin-bound backbone. The other part is further func-

tionalized with propargylated a-d-mannopyranoside (8), which

was synthesized adapting a protocol by Bergeron-Brlek

et al. ,[19] or with propargylated b-d-galactopyranoside (9),

which was synthesized according to the method described by

Spicer et al.[20] (see the Supporting Information). Then the oli-

gomer was end capped introducing a terminal alkyne group

and, after catalytic deprotection of all carbohydrate moieties,

finally cleaved from solid support to be used as arm. Four

alkyne-functionalized glycomacromolecules (arms 1–4) were

obtained with molecular weights from 0.9 to 2.5 kDa, which

were then combined with the backbones 1–2. Before grafting

of the arms 1–4, they were purified by preparative HPLC lead-

ing to purities +96%. For arm 1 and arm 2 after purification,

we identified by-products as glycomacromolecules which par-

tially contain the rearranged BADS building block. The previ-

ously observed isomerization of the newly developed building

block BADS can potentially also take place on solid phase

during basic Fmoc deprotection and thus leads to a mixture of

molecules with the same m/z ratio but different retention

times (see the Supporting Information). For arm 3, a deletion

sequence was identified as a by-product missing one spacer

building block EDS (see the Supporting Information). Arm 4

partially contains a-galactose side chains as the propargylated

b-d-galactopyranoside contained 8% a-anomer.

In the second step, the linear, glycosylated and alkynylated

macromolecules were then grafted onto the scaffolds using

CuAAC (Scheme 3). Different reaction conditions were tested

for the tetravalent compound 14 (2X2) to determine the most

suitable conditions in terms of conversion and quantity of

used material. Solid phase synthesis often requires excess of

reagent during the coupling step to assure high conversion.

However, to minimize loss of the previously synthesized arms,

excess during coupling should be minimized. Overall, the

effect of reaction time, catalyst concentration, solvent mixture

and excess of reagent (arms) was evaluated (Table 2). Reaction

times of 24 h and 120 h were compared showing that longer

reaction times increased overall conversion. An increase in the

catalyst concentration above two equivalents had no effect on

the conversion, which is an indication that the catalyst remains

active at long reaction times and is not a limiting factor.

Four different solvent mixtures were tested: A 1:1 mixture of

DMF and water or tBuOH and water, as well as a 2:2:1 mixture

of DMF and water or tBuOH and water with DCM. An aprotic

and a protic water-miscible solvent were chosen with DMF and

tBuOH. DCM was added to increase swelling of the resin. Here,

a 1:1 mixture of water and DMF showed the best results in

terms of coupling efficiency. An increase of the equivalents of

the coupling partner (arm) from three to four in conjunction

with higher concentrations during coupling by decrease of sol-

vent resulted in complete conversion. Thus, these conditions

were then applied for all following macromolecule coupling re-

actions. Combining the arms 1–4 and backbones 1–2,

branched glycomacromolecules 13–18 were synthesized and

isolated in yields from 56–77% after purification through prep-

arative HPLC (Table 3). Hexavalent compound 15 was isolated

Scheme 3. Combination of backbone and arms by CuAAC on solid support.

Table 2. Detected ratios of the double-coupled product A, the semi-con-

verted product B, and the non-converted scaffold C after the variation of

the following parameters: Reactant concentration, reaction time, catalyst

concentration, solvent, and the reactant concentration. All reactions were

performed on a 10 mmol scale.

Oligomer

[equiv]

Reaction

time [h]

Cat.

conc.[a]

[equiv]

Solvent Oligomer

conc.

[mM]

Formed

product

A/B/C[b]

[%]

3 24 2 DMF/H2O=1:1 2.5 40/7/53

3 24 2 tBuOH/H2O=1:1 2.5 75/0/25[c]

3 24 2 DMF/H2O/

DCM=2:2:1

2.5 35/3/62

3 24 2 tBuOH/H2O/

DCM=2:2:1

2.5 0/0/100

3 24 2 H2O 2.5 10/8/82

3 24 4 tBuOH/H2O=1:1 2.5 32/0/68[c]

3 24 4 DMF/H2O=1:1 2.5 35/4/62

3 120 2 DMF/H2O=1:1 2.5 72/7/22

3 24 2 DMF/H2O=1:1 7.5 55/6/39

4 120 2 DMF/H2O=1:1 2.5 98/0/2

4 120 2 DMF/H2O=1:1 7.5 100/0/0[d]

[a] CuSO4/sodium ascorbate=1:1.25. [b] Product ratios were obtained by

integration of the absolute RP-HPLC signal intensities (MeCN in H2O,

linear gradient from 5–50% in 30 min) of the product after microcleav-

age. [c] The use of tBuOH led to irreproducible results due to a separation

of layers within the syringe reactor. [d] Reaction conditions used for all

following solid phase assisted macromolecule couplings.
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Table 3. List of synthesized branched glycomacromolecules.

Oligomer

[#]

Yield[a]

[%]

Purity[b]

[%]

PDI[c] MW [Da],

found m/z[d] (calc.)

68 98 1.03
2758.0

690.3 (690.3)

2X1 (13)

77 94 1.03
4343.7

869.5 (869.6)

2X2 (14)

32 88 1.05
5926.4

989.2 (989.0)

2X3 (15)

58 83 1.04
4222.6

845.5 (845.4)

3X1 (16)

67 96 1.03
6601.1

1101.1 (1100.9)

3X2 (17)

56 87 1.06
4343.7

869.7 (869.6)

2X2Gal (18)

[a] Yields were determined after preparative RP-HPLC. [b] Purities were determined by RP-HPLC (MeCN in H2O, linear gradient from 5–50% in 30 min).

[c] PDIs were analyzed by GPC-RI-LS. [d] Monoisotopic mass.
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in a lower yield of 32% because no quantitative conversion

during coupling of the arms was achieved in this case. MS

analysis of the final compounds shows the desired products

(see the Supporting Information). However, we detect multiple

peaks in the HPLC-MS chromatogram giving the same m/z in

the mass spectrum. We attribute this finding to the presence

of side-products that cannot be separated during preparative

HPLC: The molecules that contain arm 1 and arm 2, namely

2X1, 2X2, 3X1 and 3X2, contain partially rearranged BADS

building block as previously identified for the single arm mac-

romolecules. For the final branched structures, this leads to

multiple peaks in the chromatogram with similar m/z as deter-

mined by HPLC-MS (see Supporting Information). As additional

by-products, deletion sequences missing EDS spacer building

block were identified stemming from incomplete coupling

during scaffold synthesis. For compound 2X3, 10.2% of the by-

products could be assigned to EDS-deletion sequences. EDS is

partially missing in both the arm 3 branches, as well as in the

backbone, but never more than one unit per glycomacromole-

cule. Values for purities given in Table 3 only refer to the main

peak not including isomers or deletion sequences.

To obtain additional information on the dispersities of

branched macromolecules 13–18, these were further analyzed

by GPC-RI-LS (gel permeation chromatography with refractive

index and light scattering detectors). The obtained GPC elu-

grams show dispersities for all glycomacromolecules between

1.03 and 1.06 with an estimated error limit of 5% and thus are

in good agreement with the data from the HPLC. Overall our

data show that the split-and-combine approach has been suc-

cessfully implemented giving a first series of six branched gly-

comacromolecules. The purities range from 83–98%, so we do

not call these molecules monodisperse. Nevertheless, the

degree of branching and overall valency of the obtained mole-

cules is highly controlled and they can be further used for

binding studies looking into their structure–property correla-

tions when binding to model lectin Con A.

Lectin binding behavior of linear versus branched glycoma-

cromolecules

All obtained glycofunctionalized compounds, linear arms as

well as branched glycomacromolecules, were subjected to a

SPR direct binding assay measuring their binding towards

model lectin Con A. All glycomacromolecules were measured

in the single cycle mode showing binding to the Con A func-

tionalized chip surface to give association constants (KA ; Fig-

ure 2A, Table 4). The compounds were subdivided into four

groups according to the arm that was used during synthesis.

The Langmuir 1:1 steady state model (A+BÐAB), which is

often used to evaluate carbohydrate-lectin interactions[16j, 21]

and which we have used in previous work on linear precision

glycomacromolecules and -polymers,[10c,22] does not seem to

satisfy the requirements in this case. In the steady state, only

the absolute response is of importance, but not the association

and dissociation behavior of the compounds. Similarly, MuÇoz

et al.[23] argue and use a bivalent binding model instead of the

steady state analysis for their glycodendrimers. This seems to

be particular useful for the investigated compounds, as long as

relatively spherical structures are assumed, in which the hydro-

philic sugar units decorate the surface and the more hydro-

phobic framework lies inside.[24] In our case, the association

and dissociation behavior of the branched glycomacromole-

cules also suggests a multi-stage binding behavior. We there-

fore assume a two-state reaction model for the branched

glycomacromolecules (A) binding to Con A (B): A+

BÐABÐAB*.[25] All sensograms were fitted accordingly giving

KA1 and KAtotal for the arms and branched glycomacromolecules

(Table 4). For arm 1, the monovalent compound, fitting accord-

Figure 2. (A) Exemplary SPR sensograms of the three selected compounds

arm 2, 2X2, and 3X2 ; (B) KA1 values (black bars) and KAtotal values (blue bars)

obtained from the two state reaction for all analyzed compounds. (C) Man-

nose normalized KA1 values (black bars) and KAtotal values (orange bars) ob-

tained from the two-state reaction for all analyzed compounds.
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ing to a two-step process does not give reproducible values.

This makes sense according to the model ; for a monovalent

compound, no two-step process can occur. As negative con-

trol, galactose-containing molecules (arm 4 and 2X2Gal) were

tested and showed no binding to Con A (Table 4). The highest

values in KA1 and KAtotal were obtained for branched glycoma-

cromolecule 3X2. Interestingly, compound 2X3 with the same

valency but different degree of branching shows a clear de-

crease in KA1 and KAtotal and rather similar values to compound

2X2, although the latter one carries less sugar ligands. It seems

as if a higher degree of branching affects the observed protein

binding more strongly than the absolute valency of the struc-

tures. This is in agreement with previous studies[3f,g,26] discus-

sing that depending on the accessibility of the sugar ligands

within the construct, the introduction of additional sugar li-

gands does not lead to a further increase in binding affinity.

Our data thus would suggest that an increased valency within

the arms does not increase binding due to insufficient accessi-

bility of the ligands for branched glycomacromolecules of our

study. Comparing the di- and trivalent arms (arm 2 and arm 3)

with the di- and trivalent branched glycomacromolecules (2X1

and 3X1), here the non-branched arms show increased KA1 and

KAtotal. This might point again to a less favorable presentation

of the sugar ligands if they are presented within an oligo(ami-

doamine) side chain and located rather closely to the back-

bone. To further evaluate the importance of valency versus the

effect of branching, all values were normalized for the number

of mannose ligands attached to the macromolecules (Table 4).

Again, we see that compounds 3X2 and 2X2 give the highest

binding values, however, their normalized values are now

rather similar. This suggests that sugars in these constructs

have a similar accessibility based on the similar structure of

the side chains. Similarly, the trivalent arm (arm 3) and com-

pound 2X3 presenting the same arm two times on a backbone

give similar normalized values. Divalent arm 2 and trivalent

compound 3X1 show similar normalized values with com-

pound 2X1 giving the lowest normalized values, being less fa-

vorable in both, branching and valency. Overall our data show

that an increase in valency by increasing the branching (e.g. ,

going from 2X2 to 3X2) leads to higher binding with Con A,

whereas an increase in valency by elongating the side chains

(e.g. , going from 2X2 to 2X3) does not lead to elevated bind-

ing suggesting that the location of sugars within the macro-

molecule makes them more or less accessible for contact with

the protein receptor.

Conclusions

In summary, we were able to establish a split-and-combine ap-

proach for solid phase polymer synthesis to give access to

branched glycomacromolecules. Firstly, a novel azide-function-

alized building block was introduced now allowing for the

direct introduction of azide moieties during solid phase poly-

mer synthesis. By combining this new building block with pre-

viously established protocols for the synthesis of precision gly-

comacromolecules, a series of glycofunctionalized arms and

backbones of varying length and valency were obtained. Using

optimized CuAAC conjugation, arms and backbones were com-

bined giving differently branched glycomacromolecules. These

were then subjected to a binding study using model lectin

Con A looking at the influence of branching on the protein

binding properties. We have seen that a higher degree of

branching leads to increased protein binding. However, for gly-

comacromolecules with similar degree of branching increasing

the valency within the arms did not lead to further increase in

binding. At this point, we attribute this to a potentially re-

Table 4. Con A binding of linear and branched glycomacromolecules as determined by direct binding assay using SPR.

Group Compound Structure Valency KA1
[a]

[103 m@1]

KAtotal
[a]

[103
m

@1]

KA1
[a]

[103
m

@1]

per Man

KAtotal
[a]

[103
m

@1]

per Man

Arm 1

Arm 1 1 – – – –

2X1 2 3.1:0.2 3.4:0.3 1.5:0.1 1.7:0.1

3X1 3 24.2:3.2 25.9:3.5 8.1:0.1 8.6:1.2

Arm 2

Arm 2 2 12.9:0.9 13.4:0.9 6.5:0.4 6.7:0.4

2X2 4 73.2:9.7 83.0:11.4 18.3:2.4 20.8:2.8

3X2 6 117.7:10.8 145.3:15.6 19.6:1.8 24.2:2.6

Arm 3

Arm 3 3 33.3:2.2 36.0:0.3 11.1:0.8 12.0:0.1

2X3 6 66.2:22.5 87.9:5.4 11.0:3.7 14.7:0.9

Gal

Arm 4 2 n.b.[b] n.b. n.b. n.b.

2X2Gal 4 n.b. n.b. n.b. n.b.

[a] KA values obtained from fitting SPR sensograms with a two-state reaction model. Errors were obtained from the deviations of the mean values of two

independent measuring series. [b] Galactose-containing molecules did not show any binding in the assay.
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duced accessibility of sugar ligands placed in the arms closer

to the backbone. Future studies will extend on this concept

creating branched precision glycomacromolecules presenting

different carbohydrate ligands at the tip of the arm versus the

ligands located closer to the scaffold to further evaluate our

findings.

Experimental Section

Surface plasmon resonance (SPR): SPR measurements were per-

formed with a Biacore X100 instrument from GE Healthcare Life

Sciences. Con A was immobilized on a CM5 carboxymethyl dextran

matrix sensor chip using 1-ethyl-3-(3-dimethylaminopropyl)carbo-

diimide (EDC) and N-hydroxysuccinimide (NHS) to 4000 response

units (RU). The immobilization was performed in acetate buffer

with pH 4.5. Sensograms were recorded with the Biacore X100

Control Software and evaluated with the Biacore X100 Evaluation

Software. The sensograms were measured in 2 series of 3 cycles, at

least one day between the series. Lectin Binding Buffer (LBB,

10 mM HEPES, 50 mM NaCl, 1 mM MnCl2, 1 mM CaCl2, pH 7.4 in

MilliQ water) was used as the running buffer. The flow rate was set

to 30 mLmin@1, and the contact and dissociation times were 105

and 180 s, respectively. After injecting concentration series, the

sensor chip was regenerated by injecting 0.8 M a-d-methyl-manno-

pyranoside in LBB buffer twice at a flow rate of 10 mLmin@1, to

completely dissociate the bound ligand from the immobilized Con

A. The compounds were injected at concentrations of 20, 60, 180,

540, and 1620 mM for arm 1 and 6.67, 20, 60, 180, 540 mM for all

other compounds. Kinetic data of all glycomacromolecules were

obtained using a two state reaction model.

General solid phase synthesis amide coupling protocols as well as

solid phase assisted glycopyranoside CuAAC protocols are applied

from established protocols and provided in the Supporting Infor-

mation.[7, 17]

General CuAAC protocol for glycomacromolecule coupling : To a

syringe reactor was added 20 mmol of the resin bound oligomeric

structure scaffold 1–2, 30 mmol (1.5 equiv.) of arms 1–4 per azide

group, 10 mg (2 equiv.) of CuSO4, and 10 mg (2.5 equiv.) of sodium

ascorbate, all in their dry form. 0.8 mL of a DMF/H2O=1:1 mixture

were drawn up to the syringe and the mixture was shaken for

5 days. Subsequently, the resin was washed extensively with water,

a 23 mM solution of sodium diethyldithiocarbamate in DMF/H2O=

1:1, DMF and DCM.

Synthesis of 2,2,2-trifluoro-N-(2-((2-(tritylamino)ethyl)amino)eth-

yl)-acetamide (1) according to the method described by Ponader

et al. :[7] Triphenylmethyl chloride (69.7 g, 250 mmol) was dissolved

in dichloromethane (150 mL) and added dropwise to an ice-cooled

solution of diethylenetriamine (103.2 g, 1000 mmol) in dichlorome-

thane (250 mL) over a period of 3 h. After complete addition, the

solution was allowed to reach room temperature and stirred for

additional 3 h. Then the mixture was concentrated to half volume,

washed with saturated sodium bicarbonate solution (3V100 mL),

brine (100 mL), dried over magnesium sulfate, and concentrated in

vacuo. The resulting yellowish gel was used without further purifi-

cation. The gel-like product was dissolved in tetrahydrofuran

(250 mL) and cooled to 0 8C before ethyl trifluoroacetate (39.1 g,

275 mmol) was added in one portion. The mixture was allowed to

reach room temperature and stirred for an additional 18 h before

all volatiles were removed in vacuo. The resulting white foam was

recrystallized from dichloromethane (200 mL), to which one drop

of water was added. Compound 1 (99.6 g, 226 mmol, 90%) was

isolated in excellent yield as a white powder. m.p. 106–108 8C;

1H NMR (300 MHz, [D6]DMSO): d=9.15 (s, 1H, NH-TFA), 7.44–7.13

(m, 15H, aryl-H), 3.34 (m, 2H, NH), 3.22 (t, 3J=6.5 Hz, 2H, CH2), 2.63

(t, 3J=6.1 Hz, 2H, CH2), 2.54 (t, 3J=6.5 Hz, 2H, CH2), 2.06 ppm (t,
3J=6.1 Hz, 2H, CH2) ;

13C NMR (75 MHz, [D6]DMSO): d=156.04 (q,
3J=35.8 Hz, CO-CF3), 146.19 (3C), 128.40 (6C), 127.65 (6C), 126.01

(3C) (18C, all aryl-C), 117.88 (CF3), 70.23 (CPh3), 49.09, 47.49, 43.06,

39.39 ppm (4C, all CH2) ; IR (ATR): ñmax=3349 (w), 2847 (w), 1705 (s),

1147 (s), 694 cm@1 (s) ; MS for C24H26F3N3O (ESI, 4 eV) m/z : [M++H+]:

442.2; found: 442.2.

Synthesis of 4-(azidomethyl)benzoic acid (2) according to the

method described by Wrobel et al. :[27] P-toluic acid (102 g,

750 mmol), N-bromosuccinimide (133 g, 750 mmol), and benzoyl

peroxide (0.24 g, 1.0 mmol) were dissolved in tetrachloromethane

(1.5 l), before the mixture was refluxed for 6 h under rigorous stir-

ring and afterwards dried in vacuo. The brominated product was

isolated quantitatively after recrystallization from ethanol. This

compound was then suspended in dimethylformamide under rig-

orous stirring (1.0 l), before sodium azide (98.5 g, 1.5 mol) was

added in one portion. After 24 h the suspension was dried careful-

ly. Caution: Azide bearing low molecular weight compounds

tend to have explosive properties due to heat and impact sensi-

tivity. The white solid was dissolved in water (500 mL) and concen-

trated hydrochloric acid was added dropwise until no white solid

precipitated anymore. The white solid was filtered off, washed with

hydrochloric acid (0.1 M) and dried in vacuo. Compound 2 (100.4

g, 567 mmol, 76%) was isolated as white granular powder. m.p.

129–131 8C; 1H NMR (600 MHz, [D6]DMSO): d=7.95 (d, 3J=8.1 Hz,

2H, aryl-H), 7.44 (d, 3J=8.2 Hz, 2H, aryl-H), 5.18 (s, 1H, CO2H),

4.53 ppm (s, 2H, CH2-N3) ;
13C NMR (151 MHz, [D6]DMSO): d=167.61

(CO-Ph), 139.72 (1C), 132.33 (1C), 129.65 (2C), 128.17 (2C) (6C, all

aryl-C), 53.20 ppm (CH2-N3) ; IR (ATR): ñmax=3390 (b), 2550 (m), 2107

(ss), 1675 (ss), 1288 (ss), 750 cm@1 (s) ; GC-MS for C8H7N3O2 (EI,

70 eV) Rt=7.5 min, m/z (%): 135 (100) [M@N3
@] , 148 (99)

[M@N2H
@] , 177 (21) [M+] .

Synthesis of 4-(azidomethyl)-N-(2-(2,2,2-trifluoroacetamido)eth-

yl)-N-(2-(tritylamino)ethyl)benzamide (3): Compound 3 was syn-

thesized using two different methods.

A : Compound 2 (4.87 g, 27.8 mmol) was suspended in dichlorome-

thane (100 mL) and dimethylformamide (5 mL) with rigorous stir-

ring under nitrogen atmosphere. A solution of oxalyl chloride

(3.83 g, 30.3 mmol) in dichloromethane (5 mL) was carefully added

dropwise into the solution of 2. Meanwhile, compound 1 was dis-

solved in dichloromethane (100 mL) and triethylamine (10 mL) and

cooled in an ice bath to 0 8C, to which the crude mixture of 2 was

added dropwise using a dropping funnel over a period of 1 h.

After complete addition, the ice bath was removed and the mix-

ture was stirred for one more hour at room temperature. The reac-

tion was quenched by the addition of saturated sodium bicarbon-

ate solution (200 mL) before the organic layer was washed with

water (3V100 mL), saturated sodium bicarbonate solution (100 mL)

and brine (100 mL), dried over magnesium sulfate and concentrat-

ed in vacuo. The crude product (12.2 g, 20.2 mmol, 81%) was ob-

tained after column chromatography (EtOAc/nHex=1:1, Rf=0.80)

as a white foam and further recrystallized from diethylether. Pure

compound 3 (10.8 g, 18.0 mmol, 72%) was isolated as a white

powder. m.p. 111–113 8C; 1H NMR (600 MHz, [D6]DMSO, 100 8C): d=

9.14 (s, 1H, NH-TFA), 7.52–7.10 (m, 19H, aryl-H), 4.51 (s, 2H, CH2-N3),

3.57–3.50 (m, 2H, alkyl-CH2), 3.46–3.36 (m, 4H, 2 alkyl-CH2), 3.00 (s,

1H, NH-Trt), 2.25 ppm (s, 2H, alkyl-CH2) ;
13C NMR (75 MHz,

[D6]DMSO): d=170.95 (CO-Ph), 156.36 (q, 3J=35.8 Hz, CO-CF3),

145.85 (3C), 136.55 (2C), 128.17 (8C), 127.70 (6C), 126.84 (2C),

126.10 (3C) (24C, all aryl-C), 117.88 (CF3), 70.28 (CPh3), 53.21 (CH2-

N3), 49.17, 44.07, 42.66, 37.17 ppm (4C, all CH2) ; IR (ATR): ñmax=
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3262 (m), 3100 (w), 2840 (w), 2097 (m), 1724 (s), 1625 (s), 1183 (s),

1142 (s), 707 cm@1 (s) ; HRMS for C33H31F3N6O2 (ESI-TOF) m/z : [M++H+

]: 601.2533; found: 601.2547; elemental analysis calc.d (%) for

C33H31F3N6O2 : C 65.99, H 5.20, N 13.99; found: C 66.07, H 5.45, N

13.98.

B : Compound 1 (11.0 g, 25.0 mmol) and 2 (4.84 g, 27.8 mmol),

PyBOP (14.4 g, 27.8 mmol), and hydroxybenzotriazole (0.37 g,

2.8 mmol) were dissolved in dimethylformamide (200 mL) before

diisopropylethylamine (13 mL, 75 mmol) was added in one portion.

After complete conversion (18 h, the reaction progress was moni-

tored by thin layer chromatography; EtOAc/nHex=1:1, Rf=0.80)

the mixture was poured into water (400 mL) and the solvents were

decanted off. The resulting white residue was dissolved in ethyl

acetate (100 mL) and water (100 mL). The organic layer was

washed with water (2V100 mL) and brine (100 mL), dried over

magnesium sulfate, concentrated in vacuo and redissolved in di-

ethylether (100 mL). The resulting white crystals (tripyrrolidinium-

phosphoxide) were filtered off and the remaining solution was

concentrated in vacuo, purified using column chromatography and

recrystallized from diethylether. Compound 3 (10.3 g, 17.1 mmol,

69%) was isolated as white powder.

Synthesis of (9H-fluoren-9-yl)methyl (2-(4-(azidomethyl)-N-(2-

(tritylamino)ethyl)benzamido)ethyl)carbamate and (9H-fluoren-

9-yl)methyl (2-(4-(azidomethyl)benzamido)ethyl)(2-(tritylami-

no)ethyl)-carbamate (4 and 4b): Compound 3 (13.2 g, 21.9 mmol)

was dissolved in methanol (200 mL) and an aqueous potassium

carbonate solution (30 g, 220 mmol) in deionized water (20 mL)

was added in one portion under rigorous stirring. The complete

conversion of the starting material was confirmed by TLC after

5 days (EtOAc/nHex=1:1), at which point all solvents were re-

moved in vacuo and the resulting white foam was dissolved in a

mixture of tetrahydrofuran (200 mL) and water (100 mL). Fmoc-

chloride (5.95 g, 23.0 mmol) was added in one portion and the

mixture was stirred for 1 h at room temperature. After complete

conversion, as monitored by TLC, tetrahydrofuran was removed in

vacuo and ethyl acetate (200 mL) was added. The organic layer

was washed with water (3V100 mL) and brine (100 mL), dried over

magnesium sulfate and concentrated in vacuo. 4 and 4b were ob-

tained quantitatively as a crude mixture as a slightly yellow foam

and were used without further purification.

Synthesis of 7-(4-(azidomethyl)benzoyl)-1-(9H-fluoren-9-yl)-3,11-

dioxo-2-oxa-4,7,10-triazatetradecan-14-oic acid (5)

6!5 : Compound 6 was dissolved in potassium carbonate solution

(6.0 g, 43 mmol) in water (60 mL). The reaction progress was moni-

tored by RP-HPLC (linear gradient from 0–50% eluent B in 12 min

at 25 8C). The reaction was stopped after 12 h at room temperature

or after 2.5 h at 40 8C, when all starting material was consumed

and almost no rearrangement product could be observed. Then

tetrahydrofuran (180 mL) was added to the crude mixture before

Fmoc-chloride (3.70 g, 14.3 mmol) was added in one portion. The

mixture was then stirred for 4 h. Once the reaction was completed

(monitored by TLC, EtOAc/nHex=1:1) a 20% citric acid solution

was added until pH 3–5 was reached. The product was then ex-

tracted with ethyl acetate (3V100 mL) and the organic phase was

washed with brine (100 mL), dried over magnesium sulfate and

concentrated in vacuo. After recrystallization from acetone, com-

pound 5 (5.57 g, 9.5 mmol, 73%) was obtained as a white powder.

m.p. 119–121 8C; 1H NMR (600 MHz, [D6]DMSO, 100 8C): d=11.59 (s,

1H, -CO2H), 7.86 (d, 3J=7.5 Hz, 2H, Fmoc-H), 7.66 (d, 3J=7.4 Hz,

2H, Fmoc-H), 7.63 (s, 1H, NH-Fmoc), 7.41 (t, 3J=7.5 Hz, 2H, Fmoc-

H), 7.39–7.34 (m, 4 aryl-H), 7.34–7.30 (t, 3J=7.4 Hz, 2H, Fmoc-H),

6.99 (s, 1H, NH-CO), 4.47 (s, 2H, CH2-N3), 4.30 (d, 3J=6.5 Hz, 2H,

Fmoc-CH2), 4.21 (t, 3J=6.6 Hz, 1H, Fmoc-CH), 3.41 (m, 4H, 2x alkyl-

CH2), 3.26 (m, 2H, alkyl-CH2), 3.19 (m, 2H, alkyl-CH2), 2.44 (t, 3J=

7.0 Hz, 2H, succinyl-CH2), 2.34 ppm (t, 3J=7.0 Hz, 2H, succinyl-CH2) ;
13C NMR (75 MHz, [D6]DMSO): d=173.85 (CO2H), 170.68 (2C, CO,

CO-Ph), 156.40 (carbamate-C), 143.92 (2C), 140.76 (2C), 136.66,

128.12 (2C), 128.04, 127.62 (2C), 127.06 (2C), 126.95 (2C), 125.13

(2C), 120.12 (2C) (18C, all aryl-C), 65.39 (Fmoc-CH), 53.21 (CH2-N3),

48.56 (CH2), 46.69 (Fmoc-CH2), 44.60 (CH2), 38.46 (CH2), 36.37 (CH2),

30.07 (succinyl-CH2), 29.09 ppm (succinyl-CH2) ; IR (ATR): ñmax=3290

(m), 3067 (w), 2953 (w), 2098 (m), 1730 (m), 1683 (m), 1604 (s),

1540 (m), 1276 (s), 1170 (s), 732 cm@1 (s) ; HRMS for C31H32N6O6 (ESI-

TOF) m/z : [M++H+] calcd: 585.2456; found: 585.2457; elemental

analysis calcd (%) for C31H32N6O6 : C 63.69, H 5.52, N 14.38; found: C

63.90, H 5.77, N 14.05; RP-HPLC (linear gradient from 0–75%

eluent B in 30 min at 258 C): tR=18.9 min. Determined purity: 98%.

Synthesis of 4-((2-((((9H-fluoren-9-yl)methoxy)carbonyl)(2-(4-

(azido-methyl)benzamido)ethyl)-amino)ethyl)amino)-4-oxobuta-

noic acid (5b)

4 and 4b!5b : The crude mixture of 4 and 4b and triethylsilane

(3.9 mL, 24.6 mmol) was dissolved in dichloromethane (200 mL)

and cooled to 0 8C before trifluoroacetic acid (20 mL) was added

dropwise. The mixture was allowed to warm to room temperature

and stirred for additional 2 h. Toluene (20 mL) was added and all

volatiles were removed in vacuo. The resulting yellow-brown slurry

was dissolved in dichloromethane (100 mL) and precipitated in di-

ethylether (400 mL). The resulting yellow solid was filtered off and

dried in vacuo to obtain the ammonium salt intermediate, which

was dissolved in a solution of trimethylamine (9.3 mL, 67.2 mmol)

and dichloromethane (200 mL) before succinic anhydride (2.47 g,

24.5 mmol) was added in one portion. The reaction was complete

after 1 h (Ninhydrin test on TLC). Once the reaction was complet-

ed, a 10% citric acid solution was added until pH 3–5 was reached.

Then the product was extracted with ethyl acetate (2V100 mL),

washed with brine (100 mL), dried over magnesium sulfate and

concentrated in vacuo. The raw product was purified using column

chromatography (DCM/MeOH=1:1, Rf=0.9) and subsequent re-

crystallization from acetone. Compound 5b (5.93 g, 10.1 mmol,

45%) was isolated as a white powder, 5 was not obtained and

washed away. m.p. 150–152 8C; 1H NMR (600 MHz, [D6]DMSO): d=

12.03 (s, 1H, -CO2H), 8.72–8.49 (m, 1H, NH-Fmoc), 7.87 (t, 3J=

6.6 Hz, 2H, Fmoc-H), 7.83 (t, 3J=8.3 Hz, 2H, Fmoc-H), 7.67 (dd, 3J=

7.5, 5.2 Hz, 2H, Fmoc-H), 7.50–7.34 (m, 5H, NH-CO, Fmoc-H, aryl-H),

7.34–7.29 (m, 2H, aryl-H), 4.54–4.49 (m, 2H, CH2-N3), 4.30 (dd, 3J=

12.0, 7.0 Hz, 2H, Fmoc-CH2), 4.21 (t, 3J=7.0 Hz, 1H, Fmoc-CH), 3.46–

3.31 (m, 6H, 3x 2 alkyl-CH2), 3.21–3.11 (m, 2H, alkyl-CH2), 2.59 (t,
3J=6.7 Hz, 1H, succinyl-CH), 2.55 (t, 3J=6.7 Hz, 1H, succinyl-CH),

2.45–2.40 ppm (m, 2H, succinyl-CH2) ;
13C NMR (151 MHz,

[D6]DMSO): d=173.98 (CO2H), 171.29 (CO), 165.95 (CO-Ph), 156.26

(carbamate-C), 143.87 (2C), 140.73 (2C), 138.66, 133.93, 128.17 (2C),

127.58 (2C), 127.55 (2C), 127.04 (2C), 125.08 (2C), 120.09 (2C) (18C,

all aryl-C), 65.45 (Fmoc-CH), 53.11 (CH2-N3), 47.15 (CH2), 46.73 (Fmoc-

CH2), 45.60 CH2), 38.85 (CH2), 37.45 (CH2), 29.27 (succinyl-CH2),

27.40 ppm (succinyl-CH2) ; IR (ATR): ñmax=3286 (m), 3153 (w), 2951

(m), 2101 (m), 1730 (s), 1697 (s), 1624 (s), 1218 (s), 739 cm@1 (s) ;

HRMS for C31H32N6O6 (ESI-TOF) m/z : [M++H+]: 585.2456; found:

585.2461; elemental analysis calcd (%) for C31H32N6O6 : C 63.69, H

5.52, N 14.38; found: C 63.61, H 5.62, N 14.25.

Synthesis of 4-((2-(4-(azidomethyl)-N-(2-(2,2,2-trifluoroacetami-

do)-ethyl)benzamido)ethyl)amino)-4-oxobutanoic acid (6): Com-

pound 3 (10.8 g, 18.0 mmol) was dissolved in dichloromethane

(100 mL) and triethylsilane (4.3 mL, 27.0 mmol) and cooled to 0 8C

before trifluoroacetic acid (20 mL) was added dropwise. The reac-

tion was allowed to reach room temperature and stirred for addi-

tional 2 h. After complete conversion the mixture was poured onto
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diethylether (200 mL) in which the desired product settled down

at 4 8C overnight. All solvents were decanted off and the resulting

brown gel was dissolved in a mixture of trimethylamine (7.5 mL,

54.0 mmol) and dichloromethane (100 mL) before succinic anhy-

dride (1.98 g, 19.8 mmol) was added in one portion. The reaction

was complete after 1 h (Ninhydrin test on TLC). Upon completion

of the reaction, a 10% aqueous citric acid solution was added until

pH 3–5 was reached. The product was extracted with ethyl acetate

(2V100 mL), washed with brine (100 mL), dried over magnesium

sulfate and concentrated in vacuo. The raw product was purified

by recrystallization from ethyl acetate. Compound 6 (5.94 g,

13.0 mmol, 72%) was isolated as a white powder. m.p. 127–129 8C;
1H NMR (600 MHz, [D6]DMSO, 100 8C): d=11.51 (s, 1H, -CO2H), 9.20

(s, 1H, NH-TFA), 7.67 (s, 1H, NH-CO), 7.41 (d, 3J=8.1 Hz, 2H, aryl-H),

7.38 (d, 3J=7.9 Hz, 2H, aryl-H), 4.51 (s, 2H, CH2-N3), 3.54 (m, 2H,

alkyl-CH2), 3.41 (m, 4H, 2x alkyl-CH2), 3.25 (m, 2H, alkyl-CH2), 2.43 (t,
3J=7.1 Hz, 2H, succinyl-CH2), 2.33 ppm (t, 3J=7.0 Hz, 2H, succinyl-

CH2) ;
13C NMR (75 MHz, [D6]DMSO): d=173.93 (CO), 173.90 (CO),

170.88 (CO-Ph), 156.40 (CO-CF3), 136.60, 136.41, 128.21, 126.86 (6C,

all aryl-C), 117.96 (CF3), 53.20 (CH2-N3), 48.14, 43.40, 37.06, 36.94 (4C,

all CH2), 29.90 (succinyl-CH2), 29.04 ppm (succinyl-CH2) ; IR (ATR):

ñmax=3299 (m), 3084 (w), 2955 (w), 2104 (m), 1730 (m), 1701 (s),

1610 (s), 1160 cm@1 (s) ; HRMS for C18H21F3N6O5 (ESI-TOF) m/z :

[M++H+] calcd: 459.1598; found: 459.1601; elemental analysis calcd

(%) for C18H21F3N6O5 : C 47.16, H 4.62, N 18.33; found: C 46.87, H

4.59, N 17.94.

EDS (7),[17] a-d-propargyl-mannopyranoside (8)[19] and b-d-proparg-

yl-galactopyranoside (9)[20] were synthesized according to previous-

ly described procedures.
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Materials and Methods 

Materials 

Diethylenetriamine (99%), 2, 2′-(Ethylenedioxy)bis(ethylamine) (98%), Ethyl trifluoroacetate (99%), Propargyl alcohol (99%), 

Succinic anhydride (>99%), Triethylsilane (99%), Triisopropylsilane (98%), (+)-Sodium-L-ascorbate (> 99.0%), Manganese (II) 

chloride tetrahydrate (>99%), 1-Hydroxybenzotriazole hydrate (>97%), HATU (O-(7-Azabenzotriazol-1-yl)-N,N,N′,N′-
tetramethyluronium-hexafluorphosphat, 97%), Oxyma pure (Ethyl (hydroxyimino)cyanoacetate, 97%) and N-(2-

Hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid (HEPES) (>99.5) were purchased from Merck (former Sigma Aldrich). D-(+)-

Galactose (>99%), Trityl chloride (98%), p-Toluic acid (98%), Piperidine (99%), copper (II) sulfate (98%), 4-Pentynoic acid (98%) 

were purchased from Acros Organics. Oxalyl dichloride (98%), p-Toluenesulfonic acid monohydrate (98%), Boron trifluoride 

diethyl etherate (>98%), β-D-Galactose pentaacetate (98%) and Sodium methoxide (98%) were purchased from Alfa Aesar. N-

Bromosuccinimide (99%) was purchased from Merck. Sodium azide (99%), Calcium chloride (≥ 97%) and diethyl dithiocarbamate 

(99%) were purchased from Applichem. PyBOP (Benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium hexafluorophosphat) was 

obtained from Iris Biotech. Acetic anhydride (99%) was purchased from VWR. D (+)-Mannose (99%) was purchased from 

Amresco. 9-Fluorenylmethyl chloroformate (Fmoc-Cl, 98%) was purchased from Chempur. N, N-Diisopropylethylamine (99%), 

was obtained from Roth. Diisopropylcarbodiimide (DIC, 98%) and Trifluoroacetic acid (TFA, 99%) were purchased from 

Fluorochem. Tentagel S RAM (Rink Amide) resin (Capacity 0.25 mmol/g) was purchased from Rapp Polymere. Peptide synthesis 

grade N,N-Dimethylformamide was used. All solvents were of p.a. reagent grade. 

 

Instrumentation 

Nuclear Magnetic Resonance spectroscopy (NMR)  
1H-NMR (300 MHz) spectra were recorded on a Bruker AVANCE III - 300. 1H-NMR (600 MHz) spectra were recorded on a Bruker 

AVANCE III - 600. Chemical shifts of all NMR spectra were reported in delta (δ) expressed in parts per million (ppm). For 1H-NMR 

the residual, non-deuterated solvent was used as internal standard. The following abbreviations are used to indicate the 

multiplicities: s, singlet; d, doublet; t triplet; m multiplet. 

 

Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR FTIR) 

IR spectra were recorded with a Nicolet 6700, attenuated total reflectance Fourier transform infrared spectroscopy (ATR FTIR) 
spectrometer from Thermo Scientific and spectra analyzed using Omnic software 7.4. 

 

Melting point 

Melting points were measured on a BÜCHI Melting Point B – 545 apparatus. 

 

Reversed Phase - High Performance Liquid Chromatography - Mass Spectrometry (RP-HPLC-MS)  
Measurements were performed on an Agilent 1260 Infinity instrument coupled to a variable wavelength detector (VWD) (set to 

214 nm) and a 6120 Quadrupole LC/MS containing an Electrospray Ionization (ESI) source (operated in positive ionization mode 

in a m/z range of 200 to 2000). As HPLC column a Poroshell 120 EC-C18 (3.0×50 mm, 2.5 μm) RP column from Agilent was 
used. The mobile phases A and B were H2O/ACN (95/5) and H2O/ACN (5/95), respectively. Both mobile phases contained 0.1% 

of formic acid. Samples were analyzed at a flow rate of 0.4 mL/min using a linear gradient starting with 100% mobile phase A 

reaching 50% mobile phase B within 30 min. The temperature of the column compartment was set to 25 °C. UV and MS spectral 

analysis was done within the OpenLab ChemStation software for LC/MS from Agilent Technologies. 

 

Ultra High Resolution - Mass Spectrometry (UHR-MS)  
UHR-MS measurements were performed with a Bruker UHR-QTOF maXis 4G instrument with a direct inlet via syringe pump, an 

ESI source and a quadrupole followed by a Time Of Flight (QTOF) mass analyzer. 

 

Gel Permeation Chromatography (GPC) analysis 

GPC was performed using an Agilent 1200 series HPLC system equipped with three aqueous GPC columns from Polymer 

Standards Service (PSS) Mainz, Germany (Suprema Lux analytical 8 mm diameter, 5 µm particle size, precolumn of 50 mm, 2 Å 

~ 100 Å of 300 mm, 1000 Å of 300 mm). MilliQ water with 50 mM NaH2PO4, 150 mM NaCl, 250 ppm NaN3 and of pH 7 + 30% 

ACN, filtered through an inline 0.1 µm membrane filter, was used as GPC eluent with a flow rate of 1 mL/min. Multi-angle light 

scattering- and differential refractive index spectra were recorded using a miniDAWN TREOS and Optilab rEX, respectively, that 

were both from Wyatt Technologies EU. Data analysis was performed using the Astra 5 software using a measured dn/dc value 

of 0.156 mL/g for all the glycooligo(amidoamine)s. 

 

Surface Plasmon Resonance (SPR) 

SPR measurements were performed with a Biacore X100 instrument from GE Healthcare Life Sciences. Con A was immobilized 

on a CM5 carboxymethyl dextran matrix sensor chip using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and 

N-hydroxysuccinimide (NHS) to 4000 response units (RU). The immobilization was performed in acetate buffer with pH 4.5. 

Sensograms were recorded with the Biacore X100 Control Software and evaluated with the Biacore X100 Evaluation Software. 

The sensograms were measured in 2 series of 3 cycles, at least one day between the series. Lectin Binding Buffer (LBB, 10mM 

Hepes, 50mM NaCl, 1mM MnCl2, 1mM CaCl2, pH 7.4 in MilliQ water) was used as the running buffer. The flow rate was set to 
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30 μL/min, and the contact and dissociation times were 105 and 180 s, respectively. After injecting concentration series, the 

sensor chip was regenerated by injecting 0.8 M α-D-methyl-mannopyranoside in LBB buffer at a flow rate of 10 μL/min twice to 

completely dissociate the bound ligand from the immobilized Con A. The compounds were injected at concentrations of 20, 60, 

180, 540 and 1620 µM for arm 1 and 6.67, 20, 60, 180, 540 µM for all other compounds respectively. 

 

Freeze dryer 

The final oligomers were freeze dried with an Alpha 1-4 LD plus instrument from Martin Christ Freeze Dryers GmbH. The main 

drying method was set to -55 °C and 0.1 mbar. 

 

General Methods 

Solid phase synthesis protocols  
The batch sizes for synthesizing the oligomers using solid phase synthesis varied from 10 µmol to 500 µmol. 

 

Fmoc cleavage  
The Fmoc protecting group of the resin as well as from the coupled building blocks or amino acid were cleaved by the addition of 

a solution of 25% piperidine in DMF. The deprotection was performed twice for 10 min. After that, the resin was washed thoroughly 

10 times with DMF.  

 

General coupling protocol  
Commercially available Tentagel S RAM (Rink Amide) resin was used as resin for solid phase synthesis. As an example 200 µmol 

of the resin were swollen in 10 mL of DCM for 20 min and subsequently washed five times with 10 mL of DMF. The Fmoc protecting 

group of the Tentagel S RAM resin was removed following the Fmoc cleavage protocol. A building block was coupled to the resin 

using a mixture of 1 mmol (5 eq.) of building block and 1 mmol PyBOP (5 eq.) dissolved in 4 mL DMF to which 2 mmol (10 eq.) of 

DIPEA were added. The mixture was shaken for 30 s under a nitrogen stream for activation and subsequently added to the resin. 

The resin with the coupling mixture was shaken for 1 h. After that, the resin was washed from excessive reagent 5 times with 

10 mL of DMF. 

 

Capping of N-terminal primary amine  
After successful assembly of the desired number of building blocks on solid phase, the N-terminal site was capped with an acetyl 

group. Therefore, 10 mL acetic anhydride were shaken with the resin for 30 min.  

 

General CuAAC protocol  
To 200 µmol of the resin loaded with the oligomeric structure, 400 µmol (2 eq.) of acetyl protected propargyl pyranoside 8-9 per 

azide group, dissolved in 3 mL DMF, were added. 5 mg (0.1 eq.) of CuSO4 per azide and 5 mg (0.125 eq.) of sodium ascorbate 

per azide were dissolved each in 1 mL of water and also added to the resin. This mixture was shaken overnight and subsequently 

washed extensively with water, a 23 mM solution of sodium diethyldithiocarbamate in DMF/H2O = 1:1, DMF and DCM.  

 

General CuAAC protocol for glycomacromolecule coupling 
To a syringe reactor exemplary 20 µmol of the resin bound oligomeric structure scaffold 1-2, 30 µmol (1.5 eq.) of arms 1-4 per 

azide group, 10 mg (2 eq.) of CuSO4 and 10 mg (2.5 eq.) of sodium ascorbate were added in their dry form. 0.8 mL of a DMF/H2O 

= 1:1 mixture were drawn up to the syringe and the mixture was shaken for 5 days. Subsequently, the resin was washed 

extensively with water, a 23 mM solution of sodium diethyldithiocarbamate in DMF/H2O = 1:1, DMF and DCM.  

 

On resin acetyl deprotection  
In order to remove the acetyl protective groups of the carbohydrate moieties, 10 mL of a 0.2 M solution of sodium methanolate in 

methanol were added to the resin and shaken for 1 h. Subsequently the resin was washed 5 times with 10 mL of DMF.  

 

Cleavage from solid phase  
13 mL of a mixture of 95% TFA, 2.5% of TIPS and 2.5% of DCM were added to the resin and shaken for 1 h. The filtrate was 

poured into 60 mL cold diethyl ether. The resin was washed with an additional 5 mL of the cleavage mixture which were also 

added to the cold ether. The resulting precipitate was centrifuged three times and the ether decanted. The crude product was 

dried over a stream of nitrogen, dissolved in 6 mL of H2O and lyophilized twice.  

 

General preparative purification protocol of the oligomers 

The oligomers were all purified by preparative Reversed Phase - High Performance Liquid Chromatography on an Agilent 1260 

Infinity instrument coupled to a variable wavelength detector (VWD) (set to 214 nm). As HPLC column a UG80 C18 (20mml.D.×250 

mm, 5 μm) RP column from Shiseido was used. The mobile phases A and B were H2O and ACN, respectively. Samples were 

purified at a flow rate of 20 mL/min using a linear gradient starting with 100% mobile phase A reaching 50% mobile phase B within 

12 min. The temperature of the column compartment was room temperature (18-23° C). UV analysis was done within the OpenLab 

ChemStation software for LC/MS from Agilent Technologies. 
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Figure S5: 1H-NMR (600 MHz, DMSO-d6) of compound 3 recorded at 25°C. 

Figure S6: 1H-NMR (600 MHz, DMSO-d6) of compound 3 recorded at 100°C. 
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Figure S7: 13C-NMR (151 MHz, DMSO-d6) of compound 3 recorded at 25°C. 

 

Figure S8. RP-HPLC (linear gradient from 0 - 75% eluent B in 30 min at 25°C) and HR-MS (ESI+ Q-TOF, positive mode) of compound 3. 
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Figure S9: 1H-NMR (600 MHz, DMSO-d6) of compound 5 recorded at 25°C. 

Figure S10: 1H-NMR (600 MHz, DMSO-d6) of compound 5 recorded at 100°C. 
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Figure S11: 13C-NMR (151 MHz, DMSO-d6) of compound 5 recorded at 25°C. 

 

Figure S12. RP-HPLC (linear gradient from 0 - 75% eluent B in 30 min at 25°C) and HR-MS (ESI+ Q-TOF, positive mode) of compound 5. 
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Figure S15: 13C-NMR (151 MHz, DMSO-d6) of compound 5b recorded at 25°C. 

 

Figure S16. RP-HPLC (linear gradient from 0 - 75% eluent B in 30 min at 25°C) and HR-MS (ESI+ Q-TOF, positive mode) of compound 5b. 
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Figure S19: 13C-NMR (151 MHz, DMSO-d6) of compound 6 recorded at 25° C. 

 

Figure S20. RP-HPLC (linear gradient from 0 - 75% eluent B in 30 min at 25°C) HR-MS (ESI+ Q-TOF, positive mode) of compound 6. 
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Spectra of EDS, α-D-propargyl-mannopyranoside and β-D-propargyl-galactopyranoside 

Figure S21: 1H-NMR (300 MHz, DMSO-d6) of compound 7. 

 

Figure S22: 13C-NMR (75 MHz, DMSO-d6) of compound 7. 
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Solid phase synthesis of oligomer arms 

Monovalent arm Man(1)-BADS-EDS-PA (arm 1) 

 

 

Arm 1 was synthesized in a 250 µmol scale. 114.5 mg (129 µmol, 51%) of a white and foamy solid were obtained after purification with 

preparative HPLC. For solid phase synthesis protocol see general methods. 

1H NMR (600 MHz, D2O) δ 8.15 – 8.14 (s, 1H, triazole-H), 7.44 (d, 3J = 7.9 Hz, 2H, aryl-H), 7.40 (d, 3J = 8.1 Hz, 2H, aryl-H), 5.70 (s, 2H, 

aryl-CH2-aryl), 4.98 – 4.97 (m, 1H, Man-H1), 4.84 (d, 2J = 12.6, 1H, propargyl-H), 4.73 (d, 2J = 12.6 Hz, 1H, propargyl-H), 3.94 – 3.91 (m, 

1H, Man-H2), 3.80 – 3.49 (m, 20H, 7x CH2, Man-H3-7, alkyne-H), 3.42 – 3.34  (m, 4H, all CH2), 3.23 (t, 3J = 5.6 Hz, 2H, CH2), 2.59 – 2.50 

(m, 4H, succinyl-CH2), 2.50 – 2.42 (m, 4H, pentinyl-CH2), 2.42 – 2.33 (m, 4H, succinyl-CH2). 

13C NMR (151 MHz, D2O) δ 177.38, 174.87, 174.67, 174.63, 174.42, 173.89, 143.91, 136.73, 135.14, 128.34, 127.31, 125.43, 99.58, 

83.31, 72.90, 70.44, 70.11, 69.94, 69.45, 69.43, 68.87, 68.81, 68.79, 66.60, 60.74, 59.85, 48.60, 44.44, 38.91, 37.13, 36.82, 34.37, 31.04, 

30.95, 30.90, 30.83, 30.75, 30.71, 30.20, 30.01, 14.51. 

HRMS for C40H59N9O14 (ESI-TOF) m/z: [M + H+] calc.: 890.4254; found: 890.4245. 

MS for C40H59N9O14 (ESI) m/z: [M + Na+]+ calc.: 912.41; found: 912., [M + H+]+ calc.: 890.42; found: 890.35, [M + 2H+]2+
 calc.: 445.72; 

found: 445.80, [M + 2H+-(C6H11O5 = Mannose)]2+
 calc.: 364.19; found: 364.80. 

RP-HPLC (linear gradient from 0 – 50% eluent B in 30 min at 25°C): tR = 10.6 min. Determined purity: 96%. 

Figure S30. 1H-NMR (600 MHz, D2O) of monovalent arm 1. 
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Figure S31. 13C-NMR (151 MHz, D2O) of monovalent arm 1. 

 

Figure S32. RP-HPLC (linear gradient from 0 - 50% eluent B in 30 min at 25°C), ESI-MS (positive mode) and HR-MS (ESI+ Q-TOF, positive mode) 

of arm 1. 
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Divalent arm Man(1,3)-[BADS-EDS]2-PA (arm 2)  

 

Arm 2 was synthesized in a 500 µmol scale. 520.9 mg (309 µmol, 62%) of a white and foamy solid were obtained after purification with 

preparative HPLC. For solid phase synthesis protocol see general methods. 

1H NMR (600 MHz, D2O) δ 8.16 – 8.11 (m, 2H, triazole-H), 7.43 (d, 3J = 7.3 Hz, 4H, aryl-H), 7.39 (d, 3J = 8.0 Hz, 4H, aryl-H), 5.68 (s, 4H, 

aryl-CH2-aryl), 4.97 (d, 3J = 1.9 Hz, 2H, Man-H1), 4.83 (d, 2J = 12.7 Hz, 2H, propargyl-H), 4.72 (d, 2J = 12.5 Hz, 2H, propargyl-H), 3.93 – 

3.90 (m, 2H, Man-H2), 3.80 – 3.46 (m, 39H, 14x CH2, 2x Man-H3-7, alkyne-H), 3.42 – 3.31 (m, 8H, all CH2), 3.22 (m, 4H, all CH2), 2.57 – 

2.51 (m, 8H, succinyl-CH2), 2.49 – 2.42 (m, 4H, pentinyl-CH2), 2.40 – 2.33 (m, 8H, succinyl-CH2). 

HRMS for C75H111N17O27 (ESI-TOF) m/z: [M + 2H+]2+
 calc.: 841.8990; found: 841.8995. 

MS for C75H111N17O27 (ESI) m/z: [M + 2Na+]2+
 calc.: 863.88; found: 863.90, [M + 2H+]2+

 calc.: 841.90; found: 842.05, [M + 3H+]3+
 calc.: 

561.60; found: 561.75, [M + 3H+-(C6H11O5 = Mannose)]3+
 calc.: 507.25; found: 507.80, [M + 3H+-2(C6H11O5 = Mannose)]3+

 calc.: 452.89; 

found: 453.75. 

RP-HPLC (linear gradient from 0 – 50% eluent B in 30 min at 25°C): tR = 12.1 min. Determined purity: 98%. 

 

Figure S33. 1H-NMR (600 MHz, D2O) of divalent arm 2. 
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Figure S34. RP-HPLC (linear gradient from 0 - 50% eluent B in 30 min at 25°C), ESI-MS (positive mode) and HR-MS (ESI+ Q-TOF, positive mode) 

of arm 2. 
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Trivalent arm Man(1,3,5)-[BADS-EDS]3-PA (arm 3)  

 

 

Arm 3 was synthesized in a 200 µmol scale. 202.8 mg (81.9 µmol, 41%) of a white and foamy solid were obtained after purification with 

preparative HPLC. For solid phase synthesis protocol see general methods. 

1H NMR (600 MHz, D2O) δ 8.15 – 8.12 (m, 3H, triazole-H), 7.45 – 7.36 (m, 12H, aryl-H), 5.71 – 5.62 (m, 6H, aryl-CH2-aryl), 4.98 – 4.96 

(m, 3H, Man-H1), 4.87 – 4.82 (m, 3H, propargyl-H), 4.71 (m, 3H, propargyl-H), 3.96 – 3.89 (m, 3H, Man-H2), 3.79 – 3.47 (m, 76H, 30x 

CH2, 3x Man-H3-7, alkyne-H), 3.42 – 3.31 (m, 12H, all CH2), 3.24 – 3.20 (m, 6H, all CH2), 2.56 – 2.50 (m, 12H, succinyl-CH2), 2.49 – 2.42 

(m, 4H, pentinyl-CH2), 2.40 – 2.34 (m, J = 3.7 Hz, 12H, succinyl-CH2). 

HRMS for C110H163N25O40 (ESI-TOF) m/z: [M + 3H+]3+
 calc.: 826.0580; found: 826.0578. 

MS for C110H163N25O40 (ESI) m/z: [M + 3H+]3+
 calc.: 826.06; found: 825.95, [M + 4H+]4+

 calc.: 619.80; found: 619.75, [M + 4H+-(C6H11O5 = 

Mannose)]4+
 calc.: 579.03; found: 579.2. 

RP-HPLC (linear gradient from 0 – 50% eluent B in 30 min at 25°C): tR = 12.7 min. Determined purity: 96%. 

Figure S35. RP-HPLC (linear gradient from 0 - 50% eluent B in 30 min at 25°C), ESI-MS (positive mode) and HR-MS (ESI+ Q-TOF, positive mode) 

of arm 3. 
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Divalent arm Gal(1,3)-[BADS-EDS]2-PA (arm 4) 

 

 

Arm 4 was synthesized in a 100 µmol scale. 143.2 mg (85.1 µmol, 85%) of a white and foamy solid were obtained after purification with 

preparative HPLC. For solid phase synthesis protocol see general methods. 

1H NMR (600 MHz, D2O) δ 8.15 – 8.12 (m, 2H, triazole-H), 7.43 (d, 3J = 7.3 Hz, 4H, aryl-H), 7.39 (d, 3J = 8.3 Hz, 4H, aryl-H), 5.69 (s, 4H, 

aryl-CH2-aryl), 5.01 (d, 2J = 12.6 Hz, 2H, propargyl-H), 4.87 (d, 2J = 12.6 Hz, 2H, propargyl-H), 4.49 (m, 2H, Gal-H1), 3.94 – 3.91 (m, 2H, 

Gal-H2), 3.77 – 3.48 (m, 39H, 14x CH2, 2x Gal-H3-7, alkyne-H), 3.42 – 3.31 (m, 8H, all CH2), 3.22 (m, 4H, all CH2), 2.56 – 2.51 (m, 8H, 

succinyl-CH2), 2.50 – 2.43 (m, 4H, pentinyl-CH2), 2.40 – 2.33 (m, 8H, succinyl-CH2). 

HRMS for C75H111N17O27 (ESI-TOF) m/z: [M + 2H+]2+
 calc.: 841.8990; found: 841.8995. 

MS for C75H111N17O27 (ESI) m/z: [M + 2Na+]2+
 calc.: 863.88; found: 864.05, [M + 2H+]2+

 calc.: 841.90; found: 842.00, [M + 3H+]3+
 calc.: 

561.60; found: 561.80, [M + 3H+-(C6H11O5 = Galactose)]3+
 calc.: 507.25; found: 507.80, [M + 3H+-2(C6H11O5 = Galactose)]3+

 calc.: 452.89; 

found: 453.70. 

RP-HPLC (linear gradient from 0 – 50% eluent B in 30 min at 25°C): tR = 11.8 min. Determined purity: 97%. 

 

Figure S36. RP-HPLC (linear gradient from 0 - 50% eluent B in 30 min at 25°C), ESI-MS (positive mode) and HR-MS (ESI+ Q-TOF, positive mode) 

of arm 4. 
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Solid phase synthesis of branched oligomers 

Man-2X1, (Man(1)-BADS-EDS-PA)(1,3)-BADS-EDS-BADS (13) 

 

Man-2X1 was synthesized in a 20 µmol scale. 37.1 mg (13.5 µmol, 68%) of a white and foamy solid were obtained after purification with 

preparative HPLC. For solid phase synthesis protocol see general methods. 

1H NMR (600 MHz, D2O) δ 8.14 – 8.10 (m, 2H, triazole-H), 7.83 (s, 2H, triazole-H), 7.43 – 7.34 (m, 16H, aryl-H), 5.66 (s, 4H, aryl-CH2-

aryl), 5.60 (s, 4H, aryl-CH2-aryl), 4.97 – 4.95 (m, 2H, Man-H1), 4.83 (m, 2H, propargyl-H), 4.71 (d, 2J = 12.5 Hz, 2H, propargyl-H), 3.92 – 

3.89 (m, 2H, Man-H2), 3.80 – 3.44 (m, 58H, 24x CH2, 2x Man-H3-7), 3.37 – 3.17 (m, 20H, all CH2), 2.98 (t, 3J = 7.1 Hz, 4H, pentinyl-CH2), 

2.59 (t, 3J = 6.9 Hz, 4H, pentinyl-CH2), 2.55 – 2.49 (m, 14H, succinyl-CH2), 2.39 – 2.32 (m, 14H, succinyl-CH2), 1.98 – 1.78 (m, 3H, acetyl-

CH3). 

HRMS for C124H181N33O39 (ESI-TOF) m/z: [M + 4H+]4+
 calc.: 690.3380; found: 690.3381. 

MS for C124H181N33O39 (ESI) m/z: [M + 3Na+]3+
 calc.: 942.10; found: 942.05, [M + 3H+]3+

 calc.: 920.11; found: 920.00, [M + 4H+]4+
 calc.: 

690.34; found: 690.30, [M + 5H+]5+
 calc.: 552.47; found: 552.55. 

RP-HPLC (linear gradient from 0 – 50% eluent B in 30 min at 25°C): tR = 12.8 min. Determined purity: 98%. 

PDI (GPC-RI-LS, 50 mM NaH2PO4, 150 mM NaCl, 250 ppm NaN3 (pH 7.2), 30% ACN. Flow rate: 1 mL/min): 1.03. 

 

Figure S37. RP-HPLC (linear gradient from 0 - 50% eluent B in 30 min at 25°C), ESI-MS (positive mode) and HR-MS (ESI+ Q-TOF, positive mode) 

of compound 13. 
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Figure S38. GPC (RI and LS) of compound 13. 
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Man-2X2, (Man(1,3)-[BADS-EDS]2-PA)(1,3)-BADS-EDS-BADS (14) 

 

Man-2X2 was synthesized in a 20 µmol scale. 66.5 mg (15.3 µmol, 77%) of a white and foamy solid were obtained after purification with 

preparative HPLC. For solid phase synthesis protocol see general methods. 

1H NMR (600 MHz, D2O) δ 8.16 – 8.09 (m, 4H, triazole-H), 7.83 (s, 2H, triazole-H), 7.48 – 7.32 (m, 24H, aryl-H), 5.70 – 5.56 (m, 12H, aryl-

CH2-aryl), 4.96 (s, 4H, Man-H1), 4.86 – 4.82 (m, 4H, propargyl-H), 4.71 (d, 2J = 12.8 Hz, 4H, propargyl-H), 3.93 – 3.89 (m, 4H, Man-H2), 

3.80 – 3.44 (m, 96H, 38x CH2, 4x Man-H3-7), 3.38 – 3.17 (m, 32H, all CH2), 2.98 (t, 3J = 7.2 Hz, 4H, pentinyl-CH2), 2.59 (t, 3J = 7.5 Hz, 

4H, pentinyl-CH2), 2.56 – 2.48 (m, 22H, succinyl-CH2), 2.40 – 2.31 (m, 22H, succinyl-CH2), 2.03 – 1.75 (m, 3H, acetyl-CH3). 

MS for C194H285N49O65 (ESI) m/z: [M + 6H+]6+
 calc.: 724.9; found: 724.8, [M + 5H+]5+

 calc.: 869.6; found: 869.5, [M + 4H+]4+
 calc.: 1086.8; 

found: 1086.8, [M + 3H+]3+
 calc.: 1448.7; found: 1448.6. 

RP-HPLC (linear gradient from 0 – 50% eluent B in 30 min at 25°C): tR = 13.1 min. Determined purity (value shown correspond to the main 

peak, value in brackets refer to the sum of all peaks which show the same mass): 94% (98%). 

PDI (GPC-RI-LS, 50 mM NaH2PO4, 150 mM NaCl, 250 ppm NaN3 (pH 7.2), 30% ACN. Flow rate: 1 mL/min): 1.03. 

 

Figure S39. 1H-NMR (600 MHz, D2O) of compound 14. 
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Figure S40. RP-HPLC (linear gradient from 0 - 50% eluent B in 30 min at 25°C) and ESI-MS (positive mode) of compound 14. 

Figure S41. GPC (RI and LS) of compound 14. 
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Man-2X3, (Man(1,3,5)-[BADS-EDS]3-PA)(1,3)-BADS-EDS-BADS (15)  

 

 

Man-2X3 was synthesized in a 10 µmol scale. 18.5 mg (3.12 µmol, 32%) of a white and foamy solid were obtained after purification with 

preparative HPLC. For solid phase synthesis protocol see general methods. 

1H NMR (600 MHz, D2O) δ 8.17 – 8.08 (m, 6H, triazole-H), 7.83 (s, 2H, triazole-H), 7.46 – 7.33 (m, 32H, aryl-H), 5.71 – 5.56 (m, 16H, aryl-

CH2-aryl), 4.98 – 4.94 (m, 6H, Man-H1), 4.85 – 4.82 (m, 6H, propargyl-H), 4.73 – 4.68 (m, 6H, propargyl-H), 3.93 – 3.89 (m, 6H, Man-H2), 

3.79 – 3.45 (m, 134H, 52x CH2, 6x Man-H3-7), 3.40 – 3.17 (m, 44H, all CH2), 2.98 (t, 3J = 7.2 Hz, 4H, pentinyl-CH2), 2.59 (t, 3J = 7.0 Hz, 

4H, pentinyl-CH2), 2.55 – 2.49 (m, 30H, succinyl-CH2), 2.40 – 2.32 (m, 30H, succinyl-CH2), 2.00 – 1.76 (m, 3H, acetyl-CH3). 

MS for C264H385N65O91 (ESI) m/z: [M + 7H+]7+
 calc.: 847.8; found: 848.0, [M + 6H+]6+

 calc.: 989.0; found: 989.2, [M + 5H+]5+
 calc.: 1186.7; 

found: 1186.6, [M + 4H+]4+
 calc.: 1483.0; found: 1482.8. 

RP-HPLC (linear gradient from 0 – 50% eluent B in 30 min at 25°C): tR = 13.4 min. Determined purity (value shown correspond to the main 

peak, value in brackets refer to the sum of all peaks which show the same mass): 88% (98%). 

PDI (GPC-RI-LS, 50 mM NaH2PO4, 150 mM NaCl, 250 ppm NaN3 (pH 7.2), 30% ACN. Flow rate: 1 mL/min): 1.05. 

Figure S42. RP-HPLC (linear gradient from 0 - 50% eluent B in 30 min at 25°C) and ESI-MS (positve mode) of compound 15. 
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Figure S43. GPC (RI and LS) of compound 15. 
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Man-3X1, (Man(1)-BADS-EDS-PA)(1,3,5)-[BADS-EDS]2-BADS (16)  

 

 

Man-3X1 was synthesized in a 15 µmol scale. 36.6 mg (8.67 µmol, 58%) of a white and foamy solid were obtained after purification with 

preparative HPLC. For solid phase synthesis protocol see general methods. 

1H NMR (600 MHz, D2O) δ 8.14 – 8.09 (m, 3H, triazole-H), 7.83 (s, 3H, triazole-H), 7.43 – 7.34 (m, 24H, aryl-H), 5.70 – 5.54 (m, 12H, aryl-

CH2-aryl), 4.97 – 4.94 (m, 3H, Man-H1), 4.86 – 4.82 (m, 3H, propargyl-H), 4.71 (d, 2J = 12.5 Hz, 3H, propargyl-H), 3.91 (m, 3H, Man-H2), 

3.78 – 3.45 (m, 91H, 38x CH2, 3x Man-H3-7), 3.37 – 3.16 (m, 32H, all CH2), 3.00 – 2.96 (m, 6H, pentinyl-CH2), 2.61 – 2.56 (m, 6H, pentinyl-

CH2), 2.56 – 2.48 (m, 22H, succinyl-CH2), 2.41 – 2.31 (m, 22H, succinyl-CH2), 1.99 – 1.77 (m, 3H, acetyl-CH3); CH2). 

MS for C190H278N50O60 (ESI) m/z: [M + 5H+]5+
 calc.: 845.4; found: 845.5, [M + 4H+]4+

 calc.: 1056.5; found: 1056.5, [M + 3H+]3+
 calc.: 1408.4; 

found: 1408.4. 

RP-HPLC (linear gradient from 0 – 50% eluent B in 30 min at 25°C): tR = 13.7 min. Determined purity (value shown correspond to the main 

peak, value in brackets refer to the sum of all peaks which show the same mass): 83% (92%). 

PDI (GPC-RI-LS, 50 mM NaH2PO4, 150 mM NaCl, 250 ppm NaN3 (pH 7.2), 30% ACN. Flow rate: 1 mL/min): 1.04. 

Figure S44. RP-HPLC (linear gradient from 0 - 50% eluent B in 30 min at 25°C) and ESI-MS (positve mode) of compound 16. 
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Figure S45. GPC (RI and LS) of compound 16. 
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Man-3X2, (Man(1,3)-[BADS-EDS]2-PA)(1,3,5)-[BADS-EDS]2-BADS (17) 

 

 

 

 

Man-3X2 was synthesized in a 10 µmol scale. 44.2 mg (6.70 µmol, 67%) of a white and foamy solid were obtained after purification with 

preparative HPLC. For solid phase synthesis protocol see general methods. 

1H NMR (600 MHz, D2O) δ 8.14 – 8.11 (m, 6H, triazole-H), 7.83 (s, 3H, triazole-H), 7.44 – 7.33 (m, 36H, aryl-H), 5.68 – 5.58 (m, 18H, aryl-

CH2-aryl), 4.98 – 4.94 (m, 6H, Man-H1), 4.86 – 4.82 (m, 6H, propargyl-H), 4.70 (d, 2J = 12.6 Hz, 6H, propargyl-H), 3.93 – 3.89 (m, 6H, 

Man-H2), 3.79 – 3.43 (m, 148H, 59x CH2, 6x Man-H3-7), 3.38 – 3.18 (m, 50H, all CH2), 3.01 – 2.94 (m, 6H, pentinyl-CH2), 2.58 (t, 3J = 7.1 

Hz, 6H, pentinyl-CH2), 2.55 – 2.48 (m, 34H, succinyl-CH2), 2.40 – 2.31 (m, 34H, succinyl-CH2), 2.00 – 1.76 (m, 3H, acetyl-CH3).  

MS for C295H434N74O99 (ESI) m/z: [M + 7H+]7+
 calc.: 943.9; found: 943.8, [M + 6H+]6+

 calc.: 1100.9; found: 1101.1, [M + 5H+]5+
 calc.: 1321.0; 

found: 1321.0. 

RP-HPLC (linear gradient from 0 – 50 % eluent B in 30 min at 25° C): tR = 13.6 min. Determined purity: 96%. 

PDI (GPC-RI-LS, 50 mM NaH2PO4, 150 mM NaCl, 250 ppm NaN3 (pH 7.2), 30% ACN. Flow rate: 1 mL/min): 1.03. 

 

Figure S46. RP-HPLC (linear gradient from 0 - 50% eluent B in 30 min at 25°C) and ESI-MS (positve mode) of compound 17. 
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Figure S47. GPC (RI and LS) of compound 17. 
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Gal-2X2, (Gal(1,3)-[BADS-EDS]2-PA)(1,3)-BADS-EDS-BADS (18) 

 

 

Gal-2X2 was synthesized in a 15 µmol scale. 40.8 mg (9.39 µmol, 63%) of a white and foamy solid were obtained after purification with 

preparative HPLC. For solid phase synthesis protocol see general methods. 

1H NMR (600 MHz, Deuterium Oxide) δ 8.17 – 8.10 (m, 4H, triazole-H), 7.83 (s, 2H, triazole-H), 7.46 – 7.32 (m, 24H, aryl-H), 5.73 – 5.57 

(m, 12H, aryl-CH2-aryl), 5.02 – 4.96 (m, 4H, propargyl-H), 4.88 – 4.84 (m, 4H, propargyl-H), 4.50 – 4.47 (m, 4H, Gal-H1), 3.94 – 3.90 (m, 

4H, Gal-H2), 3.77 – 3.45 (m, 96H, 38x CH2, 4x Gal-H3-7), 3.39 – 3.17 (m, 32H, all CH2), 2.98 (t, 3J = 7.3 Hz, 4H, pentinyl-CH2), 2.59 (t, 3J 

= 7.3 Hz,  4H, pentinyl-CH2), 2.56 – 2.48 (m, 22H, succinyl-CH2), 2.40 – 2.32 (m, 22H, succinyl-CH2), 2.00 – 1.76 (m, 3H, acetyl-CH3). 

MS for C194H285N49O65 (ESI) m/z: [M + 6H+]6+
 calc.: 724.9; found: 725.0, [M + 5H+]5+

 calc.: 869.6; found: 869.7, [M + 4H+]4+
 calc.: 1086.8; 

found: 1086.8. 

RP-HPLC (linear gradient from 0 – 50% eluent B in 30 min at 25°C): tR = 13.0 min. Determined purity (value shown correspond to the main 

peak, value in brackets refer to the sum of all peaks which show the same mass): 87% (98%). 

PDI (GPC-RI-LS, 50 mM NaH2PO4, 150 mM NaCl, 250 ppm NaN3 (pH 7.2), 30% ACN. Flow rate: 1 mL/min): 1.06. 

Figure S48. RP-HPLC (linear gradient from 0 - 50 % eluent B in 30 min at 25° C) and ESI-MS (positve mode) of compound 18. 
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Figure S49. GPC (RI and LS) of compound 18. 
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SPR data 

 

Table S1. Kinetic data obtained from SPR measurements of all glycomacromolecules using a two state reaction model.[23] The sensograms were measured in 2 
series of 3 cycles, at least one day between the series. KD values were obtained as mean values calculated as the arithmetic mean of two series of measurements. 

group compound valency kon1
 

[103  
M-1S-1] 

koff1 
[10-1  
S-1] 

KD1 
[10-6  
M-1] 

KD1 
Man 
[10-5  
M-1] 

kon2 
[10-4  
S-1] 

koff2 
[10-3 S-1] 

KD2  KD2 
Man 
[M-1] 

KDtotal 
[10-6  
M-1] 

Rmax 
[RU] 

Χ2 
[RU2] 

Arm 1 

Arm 1
[a]

 1 - - - - - - - - - - - 

2X1 2 1.71 ± 
0.06 

5.52 ± 
0.23 

323.70 
± 24.00 

64.74 ± 
4.80 

5.50 ± 
0.07 

5.58 ± 
0.13 

 
10.14 ± 

0.36 
 

20.28 ± 
0.71 

295.28 
± 21.5 

211 ± 
12 

2.69 ± 
0.74 

3X1 3 9.89 ± 
0.93 

4.10 ± 
0.17 

41.38 ± 
5.56 

12.42 ± 
1.67 

31.11 ± 
11.17 

36.38 ± 
11.89 

 
11.70 ± 

8.04 
 

35.09 ± 
24.12 

38.65 ± 
5.15 

163 ± 
18 

4.42 ± 
0.86 

Arm 2 

Arm 2 2 7.32 ± 
0.02 

5.67 ± 
0.38 

77.41 ± 
5.28 

15.55 ± 
1.06 

8.79 ± 
0.19 

21.91 ± 
0.50 

 
24.93 ± 

1.09 
 

49.85 ± 
2.19 

74.42 ± 
4.90 

74 ± 
3 

0.77 ± 
0.10 

2X2 4 18.95 ± 
2.45 

2.59 ± 
0.01 

13.66 ± 
1.82 

5.46 ± 
0.73 

25.75 ± 
0.65 

16.77 ± 
2.15 

 
6.51 ± 
0.94 

 

26.05 ± 
3.78 

12.04 ± 
1.65 

167 ± 
1 

15.60 ± 
0.00 

3X2 6 26.52 ± 
0.27 

2.25 ± 
0.18 

8.49 ± 
0.78 

5.10 ± 
0.47 

30.95 ± 
1.05 

13.09 ± 
0.75 

 
4.23 ± 
0.39 

 

25.37 ± 
2.32 

6.88 ± 
0.74 

224 ± 
15 

31.35 ± 
4.05 

Arm 3 

Arm 3 3 11.75 ± 
0.35 

3.53 ± 
0.14 

30.01 ± 
2.04 

9.00 ± 
0.61 

18.65 ± 
0.25 

23.27 ± 
0.10 

 
12.48 ± 

0.22 
 

37.44 ± 
0.66 

27.78 ± 
0.20 

111 ± 
8 

4.20 ± 
2.57 

2X3 6 16.05 ± 
3.25 

2.43 ± 
0.34 

15.10 ± 
5.14 

9.06 ± 
3.09 

31.85 ± 
0.25 

9.27 ± 
0.11 

 
2.91 ± 
0.056 

 

17.44 ± 
0.33 

11.38 ± 
0.70 

192 ± 
7 

27.10 ± 
1.50 

Gal 

Arm 4
[b]

 2 - - - - - - - - - - - 

2X2Gal
[b]

 4 - - - - - - - - - - - 

[a] The monovalent compound arm 1 could not be fitted to the two state reaction model. [b] Galactose containing molecules did not show any binding in the 
assay. 
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Materials and Methods  

 
Materials 

 
N-Acetylneuraminic acid (>98%), 3’-Sialyllactose sodium salt (>98%) were purchased from Carbosynth. 2, 2ƍ-
(Ethylenedioxy)bis(ethylamine) (98%), Propargyl alcohol (99%), Succinic anhydride (>99%), Triethylsilane 
(99%), Triisopropylsilane (98%), (+)-Sodium-L-ascorbate (>99.0%), Amberlite® IR 120 H+ were purchased from 
Merck (former Sigma Aldrich). Ion-exchange resin (AG® 1-X8 acetate-form) was purchased from Bio-Rad. 4-
Pentynoic acid (95%) was purchased from Aldrich. Trityl chloride (98%), p-Toluic acid (98%), Piperidine (99%), 
Copper (II) sulfate (98%) were purchased from Acros Organics. Oxalyl dichloride (95%), p-Toluenesulfonic acid 
monohydrate (98%), Boron trifluoride diethyl etherate (>98%), Acetyl chloride (98%) were purchased from Alfa 
Aesar. N-Bromosuccinimide (99%) was purchased from Merck. Sodium azide (99%), Sodium diethyl 
dithiocarbamate (99%) were purchased from Applichem. PyBOP (Benzotriazole-1-yl-oxy-tris-pyrrolidino-
phosphonium hexafluorophosphat) was obtained from Iris Biotech. Silver carbonate (>99%) was obtained from 
Strem Chemicals. Acetic anhydride (99%), Formic acid (>99%), Magnesium sulfate anhydrous (>99.5% min), 
Sodium chloride (>99.5%), Sodium hydrogen carbonate (>99.7%) were purchased from VWR. Lithium hydroxide 
monohydrate (>99%) was purchased from Janssen chimica. 9-Fluorenylmethyl chloroformate (Fmoc-Cl, 98%) 
was purchased from Chempur. N, N-Diisopropylethylamine (99%) was obtained from Roth. Trifluoroacetic acid 
(TFA, 99%) was purchased from Fluorochem. Tentagel® S RAM (Rink Amide) resin (Capacity 0.25 mmol/g) 
was purchased from Rapp Polymere. Peptide synthesis grade N, N-Dimethylformamide was used for solid phase 
synthesis. All solvents were of p.a. reagent grade.  
 
Instrumentation  

 
Nuclear Magnetic Resonance spectroscopy (NMR)  
1H-NMR (300 MHz) spectra were recorded on a Bruker AVANCE III - 300. 1H-NMR (600 MHz) spectra were 
recorded on a Bruker AVANCE III - 600. Chemical shifts of all NMR spectra were reported in delta (į) expressed 
in parts per million (ppm). For 1H-NMR the residual, non-deuterated solvent was used as internal standard. The 
following abbreviations are used to indicate the multiplicities: s, singlet; d, doublet; t triplet; m multiplet.  
 
Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR FTIR)  

IR spectra were recorded with a Nicolet 6700, attenuated total reflectance Fourier transform infrared spectroscopy 
(ATR FTIR) spectrometer from Thermo Scientific and spectra analyzed using Omnic software 7.4.  
 
Reversed Phase - High Performance Liquid Chromatography - Mass Spectrometry (RP-HPLC-MS)  

Measurements were performed on an Agilent 1260 Infinity instrument coupled to a variable wavelength detector 
(VWD) (set to 214 nm) and a 6120 Quadrupole LC/MS containing an Electrospray Ionization (ESI) source 
(operated in positive ionization mode in a m/z range of 200 to 2000). As HPLC column a Poroshell 120 EC-C18 
(3.0×50 mm, 2.5 ȝm) RP column from Agilent was used. The mobile phases A and B were H2O/ACN (95/5) and 
H2O/ACN (5/95), respectively. Both mobile phases contained 0.1% of formic acid. Samples were analyzed at a 
flow rate of 0.4 mL/min using a linear gradient starting with 100% mobile phase A reaching 50% mobile phase B 
within 30 min. The temperature of the column compartment was set to 25 °C. UV and MS spectral analysis was 
done within the OpenLab ChemStation software for LC/MS from Agilent Technologies.  
 
Ultra High Resolution - Mass Spectrometry (UHR-MS)  

UHR-MS measurements were performed with a Bruker UHR-QTOF maXis 4G instrument with a direct inlet via 
syringe pump, an ESI source and a quadrupole followed by a Time Of Flight (QTOF) mass analyzer.  
 
Freeze dryer  

The final oligomers were freeze dried with an Alpha 1-4 LD plus instrument from Martin Christ Freeze Dryers 
GmbH. The main drying method was set to -55 °C and 0.1 mbar.  
 
Crystal structure determination 

Crystal structures were collected using a Bruker D8 three-circle diffractometer equipped with a APEX II CCD 
detector and an Incoatec microfocus source Iµs 1.0 (Cu-radiation).[16] The data were integrated with SAINT.[16] 
The structure was solved by SHELXT [17] and refined against all data by full-matrix least-squares methods on F2. 
[18] 
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Dynamic Light Scattering (DLS) 

DLS experiments were performed on a Nikomp 380 DLS apparatus. Data were evaluated using the integrated 
CW388 software. Samples were measured at a concentration of 1 mM in triplicates in lectin binding buffer (LBB). 
 
General Methods  

(based on previously published methods)[7f] 

 
Solid phase synthesis protocols 

The batch sizes for synthesizing the oligomers using solid phase synthesis varied from 15 ȝmol to 150 ȝmol.  
 
Fmoc cleavage  

The Fmoc protecting group of the resin as well as the coupled building blocks were cleaved by the addition of a 
solution of 25% piperidine in DMF. The deprotection was performed twice for 10 min. After that, the resin was 
washed 10 times with DMF.  
 
General coupling protocol  

Commercially available Tentagel S RAM (Rink Amide) resin was used as resin for solid phase synthesis. As an 
example, 100 ȝmol of the resin were swollen in 10 mL of DCM for 20 min and subsequently washed five times 
with 10 mL of DMF. The Fmoc protecting group of the Tentagel S RAM resin was removed following the Fmoc 
cleavage protocol. A building block was coupled to the resin using a mixture of 0.5 mmol (5 eq.) of building block 
and 0.5 mmol PyBOP (5 eq.) dissolved in 4 mL of DMF to which 1 mmol (10 eq.) of DIPEA was added. The 
mixture was shaken for 30 s under a nitrogen stream for activation and subsequently added to the resin. The resin 
with the coupling mixture was shaken for 1 h. After that, the resin was washed from excessive reagent 5 times 
with 10 mL of DMF. 
 
Capping of N-terminal primary amine  

After successful assembly of the desired number of building blocks on solid phase, the N-terminal site was capped 
with an acetyl group. Therefore, 10 mL acetic anhydride were shaken twice with the resin for 30 min.  
 
General CuAAC protocol  

To 100 ȝmol of resin loaded with the oligomeric structure, 200 ȝmol (2 eq.) of protected sialic acid derivatives (1, 
2) per azide or alkyne group, dissolved in 1.5 mL DMF, were added. When propargylated sialic acid (1) was used, 
100 mg (0.4 mmol) of CuSO4 and 100 mg (0.5 mmol) of sodium ascorbate were used and dissolved each in 
0.75 mL of water and added to the resin. When sialic acid azide (2) was coupled, 50 mg (0.2 mmol) of CuSO4 and 
50 mg (0.25 mmol) of sodium ascorbate were used and dissolved each in 0.75 mL of water. The mixture was 
shaken for 24 h and subsequently washed extensively with water, a 23 mM solution of sodium 
diethyldithiocarbamate in 50 vol.% DMF : H2O, DMF and DCM. Propargylated 3’sialyllactose (3) was used in a 
1.5-fold excess per functional group with 20 mg (80 µmol) of CuSO4 and 20 mg (100 µmol) of sodium ascorbate. 
 
Cleavage from solid phase  

13 mL of a mixture of 95% TFA, 2.5% of TIPS and 2.5% of DCM (all vol%) were added to the resin and shaken 
for 1 h. The filtrate was poured into 60 mL cold diethyl ether. The resin was washed with an additional 5 mL of 
the cleavage mixture which were also added to the cold ether. The resulting precipitate was centrifuged three times 
and the ether decanted. The crude product was dried over a stream of nitrogen, dissolved in 6 mL of H2O and 
lyophilized twice.  
 
General ion exchange protocol 

All glycooligomers were further purified by ion exchange chromatography. Therefore, compounds were dissolved 
in 2 mL of Milli-Q water to which 1 g AG® 1-X8 acetate-form resin was added, before the mixture was shaken 
for 10 min. Finally, the resin was filtered off by using a syringe filter before the compound was lyophilized again. 
 
General preparative purification protocol of the oligomers  

Final glycooligomers were purified by preparative reversed phase - high performance liquid chromatography on 
an Agilent 1260 Infinity instrument coupled to a variable wavelength detector (VWD) (set to 214 nm). As HPLC 
column a UG80 C18 (20mml.D.×250 mm, 5 ȝm) RP column from Shiseido was used. The mobile phases A and 
B were H2O and ACN to which 0.1 % formic acid were added, respectively. Samples were purified at a flow rate 
of 20 mL/min using a linear gradient starting with 100% mobile phase A reaching 50% mobile phase B within 15 
min. The temperature of the column compartment was room temperature (18-23° C). UV analysis was done within 
the OpenLab ChemStation software for LC/MS from Agilent Technologies.  
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Protective groups deprotection protocol 

In order to remove both the acetyl and methyl protective groups of the carbohydrate moieties, 3 mL of a 0.1 M 
solution of lithium hydroxide monohydrate in a mixture of 50 vol.% MeOH : H2O were added to the compound 
and shaken for 3 h at room temperature (18-23° C) (the pH needs to be set to 13 during the deprotection). 
Subsequently the dissolved and deprotected compound was treated with Amberlite® IR 120 H+ ion exchange resin 
until pH 4-5 was reached. A neutralized mixture was dried in vacuo at a temperature not higher than 25 °C and 
finally lyophilized in order to give final deprotected compound. 
 

General crystallization protocol for crystal structure elucidation of Neu5Ac-derivatives 1 and 2. 

Neu5Ac-derivatives 1 and 2 were crystallized to elucidate their crystal structures and giving additional proof of 
their anomeric form. Both compounds were therefore first purified by preparative HPLC (20-80% eluent B in 
10 min), before they were dissolved approximately in a w Neu5Ac = 10% ratio (1 g in 10 mL) in ethyl acetate in a 
closed flask and placed at room temperature in a calm place. At one-day intervals, 1 mL of n-hexane was added 
until clear needles started growing, which continued growing when increasing the n-hexane concentration. Once 
the desired size of the crystals was achieved, they were carefully removed from the solution and rinsed briefly 
with diethyl ether before being dried at room temperature and atmospheric pressure for one day. 
 

General method for determining crystal structures 

Crystals suitable for X-ray diffraction were mounted (glued) on a thin fibre. The data of Neu5Ac-Prop (1) and 
Neu5Ac-N3 (2) were collected at room temperature. All non-hydrogen atoms in the crystal structures of 1 and 2 
were refined with anisotropic displacement parameters. The hydrogen atoms in crystal structure of 1 and 2 were 
placed in calculated positions and refined using a riding model. 
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Experimental Data 

 
Neu5Ac derivatives  

 
Neu5Ac-Prop (1) and Neu5Ac-N3 (2) were synthesized by previously reported methods. Since single-crystal 
structure analyses of these structures is shown in this work, obtained analytical data for the verification of the 
structure is given below.  
 
3’-SL-Prop (3) was synthesized and characterized according to Baier et al., manuscript submitted (see SI for review 

only): 
 
Methyl 2-(propargyl)-4,7,8,9-tetra-O-acetyl-N-acetyl-g-D-neuraminate (1)  
  

 
Synthesis was performed according to Šardzík et al, [9b] and Ebbesen et al. [19] 
 
1H-NMR (600 MHz, CDCl3) į 5.40 (ddd, 3J = 8.6, 5.8, 2.8 Hz, 1H, H8), 5.30 (dd, 3J = 8.6, 1.7 Hz, 1H, H9’), 5.22 
– 5.18 (m, 1H, -NH), 4.86 (ddd, 3J = 12.4, 9.6, 4.7 Hz, 1H, H4), 4.39 (dd, 2J = 15.7, 4J = 2.5 Hz, 1H, 
propargyl-CH’H), 4.28 (dd, 3J = 12.4, 2.8 Hz, 1H, H7), 4.15 (dd, 2J = 15.7, 4J = 2.4 Hz, 1H, propargyl-CHH’’), 
4.10 – 4.02 (m, 3H, H5, 6, 9’’), 3.80 (s, 3H, -OCH3), 2.62 (dd, 2J = 12.8, 3J = 4.6 Hz, 1H, H3eq.), 2.43 (t, 4J = 2.4 
Hz, 1H, propargyl-CH), 2.14 – 2.02 (4s, 4x 3H, 4x Ac), 1.97 (dd, 2J = 12.5 Hz, 3J = 12.5 Hz, 1H, H3ax.), 1.87 (s, 
3H, Ac) ppm.  
 
13C-NMR (151 MHz, CDCl3) į 171.10, 170.76, 170.33, 170.24, 170.20, 167.91, 98.21, 79.07, 74.62, 72.74, 68.96, 
68.39, 67.30, 62.53, 52.98 (2C), 49.48, 38.01, 23.31, 21.25, 20.98, 20.95, 20.89 ppm.  
 
IR (ATR) 荒Ѻmax: 3318 (w), 3252 (w), 2957 (w), 1748 (s), 1733 (s), 1648 (m), 1547 (m), 1369 (m), 1207 (s), 1037 
(s), 620 (m), 602 (m) cm-1. 
 
MS for C23H31NO13 (ESI, pos.) m/z: [M + Na+]+ calc.: 552.17; found 552.20, [M + H+]+ calc.: 530.19; found 
530.20, [M – C3H4O + H+]+ calc.: 474.16; found 474.25, [M – C3H4O – AcOH + H+]+ calc.: 414.14; found 414.25. 
 
HRMS for C23H31NO13 (ESI-TOF) m/z: [M + H+]+ calc.: 530.1874; found: 530.1872. 
 
Crystal structure: The asymmetric unit of the crystal structure contains one molecule only. The Flack-Parsons 
parameter verifies the chirality at all chiral centers independently (Table S1). 
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Methyl 2-azido-4,7,8,9-tetra-O-acetyl-N-acetyl-g-D-neuraminate (2) 

 

 
Synthesis was performed according to Tropper et al.[9a]  
 
1H-NMR (600 MHz, CDCl3) į 5.37 (d, 3J = 10.0 Hz, 1H, -NH), 5.32 (s, 2H, H8, 9’), 5.04 (ddd, 3J = 11.9, 10.1, 4.7 
Hz, 1H, H4), 4.35 (dd, 3J = 12.4, 1.7 Hz, 1H, H7), 4.15 – 4.09 (m, 1H, H9’’), 4.05 (ddd, 3J = 10.3 Hz, 1H, H5), 
3.89 (d, 3J = 10.8 Hz, 1H, H6), 3.87 (s, 3H, -OCH3), 2.55 (dd, 2J = 13.1, 3J = 4.8 Hz, 1H, H3eq.), 2.14 – 1.87 (5s, 
5x 3H, 5x Ac), 1.83 (dd, 2J = 13.2, 3J = 11.7 Hz, 1H, H3ax.) ppm.  
 
13C-NMR (151 MHz, CDCl3) į 170.96, 170.75, 170.46, 170.20, 170.18, 167.26, 89.15, 74.12, 69.71, 68.93, 67.62, 
62.29, 53.62, 49.39, 36.68, 23.29, 21.16, 20.95, 20.88, 20.86 ppm.  
IR (ATR) 荒Ѻmax: 3273 (w), 2121 (m), 1745 (s), 1661 (m), 1559 (m), 1440 (m), 1371 (m), 1207 (s), 1034 (s), 605 
(m) cm-1. 
 
MS for C20H28N4O12 (ESI, pos.) m/z: [M + Na+]+ calc.: 539.16; found 539.30, [M + H+]+ calc.: 517.18; found 
517.25, [M – HN3

 – AcOH + H+]+ calc.: 414.14; found 414.20. 
 
HRMS for C20H28N4O12 (ESI-TOF) m/z: [M + H+]+ calc.: 517.1776; found: 517.1778. 
 
Crystal structure: The asymmetric unit of the crystal structure contains two molecules of 2 and one additional 
molecule of water. A slight disorder in one of the two sugar molecules was refined using a restrained split model. 
Both crystallographically independent organic molecules display the same chirality at all chiral centers. The 
molecule exhibiting no disorder problem is shown below. The Flack-Parsons parameter verifies the chirality at all 
chiral centers independently (Table S1). 
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Crystal structure data for Neu5Ac-Prop and Neu5Ac-N3 

 
Table S1. Crystal structure data for Neu5Ac-Prop (1) and Neu5Ac-N3 (2) 

Compound Neu5Ac-Prop (1) Neu5Ac-N3 (2) 

Deposition number CCDC 1848409 CCDC 1848410 

Formula C23H31NO13 2 (C20 H28 N4 O12) • H2O 

Mr 529.49 525.47 

Cryst. size, mm3 0.30 x 0.27 x 0.25 0.15 x 0.12 x 0.03 

Crystal system orthorhombic orthorhombic 

Space group P212121 P212121 

a, Å 8.4877(2) 11.8928(8) 

b, Å 14.8501(3) 12.1066(8) 

c, Å 21.0467(4) 37.186(3) 

V, Å3 2652.79(10) 5354.1(6) 

Z 4 8* 

Dcalcd, g cm–3 1.33 1.30 

た(CuKg), mm–1 0.94 0.94 

F(000), e 1120 2216 

T, K 293 293 

そ, Å 1.54178 1.54178 

emax, deg 69.0 67.5 

Completeness, % >98% >99% 

Measured / indep. refl. 46329 / 4953  62490 / 9547 

Obeserved unique refl. 4943 9080 

Rint 0.0265 0.0376 

Ref. parameters / restraints 342 / 0 688 / 27 

R [F ≥ 4j(F)] 0.0271 0.0498 

R (F, all refl.) 0.0272 0.0514 

wR (F2, all refl.) 0.0565 0.1105 

Flack-Parsons parameter 0.050(14) (2121 quotients) 0.05(8) (3697 quotients) 

S (GooF, all refl.) 1.021 1.093 

ǻとmin / max, e Å–3  -0.096 / 0.128 -0.15 / 0.77 

* A Z of 8 instead of 4 was chosen for 2 to keep the basic formula of the basic carbohydrate comparable to 1. 
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Table S2. Crystallographic data procession and refinement statistics for the major capsid protein VP1 of 

Trichodysplasia spinulosa-associated Polyomavirus (TSPyV) in complex with glycooligomers. 

 TSPyV VP1 + O1 (1) TSPyV VP1 + O4 (2) 

PDB code 6HKV 6HKU 

Data collection   

Space group P212121 P212121 

Unit cell   

   a, b, c (Å) 138.40, 145.70, 149.46 139.06, 145.93, 150.16 

Resolution (Å) 47.95 – 1.82 (1.93 – 1.82) 48.98 - 2.00 (2.12 - 2.00) 

Unique reflections 269'084 (42'823) 205'830 (32'533) 

Total reflections 2'411'269 (392'328) 2'156'049 (348'721) 

Rmeas (%) 10.1 (108.3) 28.9 (149.3) 

I/ıI 17.85 (1.95) 8.71 (1.84) 

CC1/2 99.9 (71.1) 99.5 (64.7) 

Completeness (%) 99.8 (99.1) 99.7 (98.4) 

Wilson B factor (Å2) 32.12 28.34 

Refinement   

Rwork/Rfree [%] 17.3/21.0 18.3/23.7 

No. of atoms   

   Protein 20’776 20’806 

   Glycooligomer  266 203 

   Water 2’309 1’436 

   Ions 3 - 

Average B factors (Å2)   

   Protein 28.8 27.5 

   Glycooligomer  41.2 47.2 (Neu5Ac), 64.4 (Gal), 63.4 (Glc) 

   Water 34.5 28.0 

   Ions 34.6 - 

RMSD   

   Bond length (Å) 0.011 0.011 

   Bond angles (°) 1.55 1.53 

Ramachandran plot   

   Favored (%) 96.7 96.3 

   Allowed (%) 2.6 3.0 

Values for the highest resolution shell are given in parentheses. The Rfree was calculated with 2.5 % (1) and 5 % 
(2) of the total reflections. RMSD – root mean square deviation.  
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Synthesis of highly controlled carbohydrate–
polymer based hybrid structures by combining
heparin fragments and sialic acid derivatives,
and solid phase polymer synthesis†

Mischa Baier, a Jana L. Ruppertz, a Moritz M. Pfleiderer, b

Bärbel S. Blaum *b and Laura Hartmann *a

Heparin is a polymeric carbohydrate with a variety of biomedical

applications that is particularly challenging from a synthetic point

of view. Here, we present the synthesis of carbohydrate–polymer

based hybrid structures by combining defined heparin fragments

with monodisperse, sequence-controlled glycooligo(amidoamines)

suitable as glycan mimetic model compounds of heparin as demon-

strated by STD-NMR binding studies with viral capsids.

Glycosaminoglycans (GAGs) are a class of long, unbranched

polydisperse glycooligomers consisting of repeating units of

selectively sulfated disaccharides, generally an amino sugar

alternating with an uronic acid.1 They are important components

of the extracellular matrix and the glycocalyx, a dense layer of

carbohydrates decorating almost all eukaryotic cells.2 Heparin,

which is a secreted GAG, shows the highest degree of sulfation

of all GAGs and is widely used as an anticoagulant.3 Structurally, it

is closely related to heparan sulfate (HS), which is present on

proteoglycans and acts as a co-receptor for numerous viruses,

such as the human tumor viruses papillomavirus 16 (HPV16) and

Merkel cell polyomavirus (MCPyV). Thus, heparin/HS-containing

compounds have the potential to act as antivirals3b,c,4 for

papilloma- and polyomaviruses.5 Since natural GAGs are

chemically heterogeneous compounds, it is often difficult to study

whether specific structural requirements exist for individual virus–

GAG interactions, such as the GAG chain length or specific

sulfation patterns.6 While defined GAG fragments can be obtained

e.g. via enzymatic degradation of the natural polysaccharides7 or

chemical synthesis8 it is also highly interesting to create glycan

mimetic structures as model compounds for systematic structure–

property correlation studies. An important class of such glycan

mimetics are the glycopolymers, using a polymeric scaffold for the

multivalent presentation of carbohydrate motifs. While such

glycanmimetics can be used to investigate the effects of the overall

length and sulfation patterns of heparin-mimicking systems,9 they

also offer an opportunity to study the interplay of heparin and

other components of the glycocalyx, such as sialic acid (Neu5Ac)

containing oligosaccharides. An interesting example is MCPyV as it

was shown to utilize both GAGs of the heparin/HS-type as well as

sialylated glycans as cellular attachment factors or entry receptors.10

Recently, we introduced the so-called solid phase polymer

synthesis (SPPoS) to access structurally and sequentially defined

glycomacromolecules as a novel class of glycan mimetics. In short,

tailor-made building blocks carrying a carboxylic acid as well as a

Fmoc-protected amine terminus are assembled stepwise on a solid

support using standard peptide coupling chemistry. Different

functional side chain or main chain motifs can be positioned

within the resulting oligo(amidoamine) scaffold and used for

conjugation of specific oligosaccharides.11 These precise glyco-

macromolecules have been successfully applied asmodel compounds

in various binding studies and have shown their potential as glycan

mimetic structures in different biotechnological and biomedical

applications.11a,c,12

Here, we now extend this concept by applying, for the first

time, heparin fragments as carbohydrate moieties, demonstrat-

ing the potential of our synthetic approach to create a variety of

GAG-mimetic structures. Heparin fragments can be accessed via

chemical synthesis,8,13 but the challenging synthesis and limited

amounts available through such approaches prompted us to

choose enzymatic degradation of unfractionated heparin, providing

the defined heparin dp2 fragment on a suitable scale.7 A penta-

saccharide fragment, Fondaparinuxs, used as an anticoagulant

and commercially available, is applied here as well.14

The conjugation of heparin fragments, in principle, can be

accomplished at the non-reducing end and at the reducing

end,15 as well as at the uronic acid carboxylic acids and amino

sugar amines.16 Here, we chose the carboxylic acids of the

uronic acids as anchor points for straightforward combination
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with our oligoamide-based scaffolds. It has been shown that DMTMM

((4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methyl-morpholinium chloride))

is promising as a coupling reagent for the synthesis of GAG-

adducts.16a,17 In general, following our previously introduced

concept, conjugation of heparin fragments in the side chains

of oligo(amidoamine) scaffolds leads to multivalent glycan

mimetics. Our toolbox of building blocks also gives us the

flexibility to use the heparin fragment itself as a scaffold and

attach multiple copies of another ligand, e.g. Neu5Ac moieties

(Fig. 1). This is the first example of a GAG fragment used as a

scaffold to multivalently present glycan motifs and generate a

novel class of heteromultivalent glycan mimetics.

For both classes of molecules, Fmoc-Lys(Boc)-OH (1) was

used for the introduction of primary amine groups and

subsequent conjugation to the uronic acid carboxylic acids

of heparin fragments. Fmoc-based amino acids are easily

combined with our tailor-made building blocks.18 Following

the first approach, oligomer 1 (O1) consisting of two lysines

spaced by three ethylene-glycol based building blocks EDS18a

(2) was synthesized on a TentaGels S RAM resin. O1 was isolated

after cleavage from a solid support also removing Boc protecting

groups and ion exchange to chloride as a counter-ion (Fig. 1A).

DMTMM promoted coupling parameters were taken from test

couplings of an unprotected glucuronic acid derivative to a

resin-bound oligo(amidoamine) following protocols developed

by Falchi et al.19 (see the ESI† for experimental set-up and

spectra). Although the ideal conditions in the solid phase do

not reflect the ideal conditions in solution, attachment of two

heparin dp2-fragments (6) to O1 proceeded smoothly in a 9 : 1

mixture of DMF and phosphate buffer with pH 6.5. Fully

dp2-conjugated glycomacromolecule O2 was obtained with

81% purity after dialysis and ion exchange as determined by

UV integration of signals in RP-HPLC (see the ESI†). Here,

impurities can partially be attributed to different glucosamine

pyranose forms and partial loss and re-addition of sulfates

during synthesis and workup (see the ESI†).

Following our second approach, we inversed the conjugation

scheme and first synthesized carbohydrate-functionalized

oligo(amidoamines) that should then be conjugated onto a

larger heparin fragment, here the pentasaccharide Fondaparinuxs.

Such non-natural heteromultivalent glycan mimetics can then be

used as model structures to investigate the interplay of different

GAG and non-GAG fragments e.g. on the adhesion of MCPyV. For

this purpose, an oligo(amidoamine) scaffold introducing first a

lysine followed by three EDS and an azide functionalized building

block12b (3) was synthesized (Fig. 1B). Following previously estab-

lished protocols, copper(I)-catalyzed alkyne-azide cycloaddition

(CuAAC) of propargyl-functionalized Neu5Ac (4)20a,b or propargyl-

functionalized 30-sialyllactose (30-SL, 5) was performed. In the case

of propargyl-functionalized Neu5Ac 4, instead of 0.1 equivalents of

copper(II) sulfate, 2 equivalents were required for full conjugation.

Potentially, propargyl-functionalized Neu5Ac is capable of complex-

ing copper ions to some degree and thereby reducing coupling

efficiency. After cleavage from the support and in situ deprotection

of lysine side chains, glycomacromolecules O3 and O4 were

purified via preparative RP-HPLC and ion exchange to give the

final structures as hydrochloride salts in high purities as deter-

mined by 1H NMR, RP-HPLC-MS and HR-MS (see the ESI†). In the

Fig. 1 Synthesis of oligo(amidoamine)-heparin fragment conjugates. (1A) Homovalent dp2-adduct; (1B) homomultivalent Fondaparinux-adducts;
(1C) applied building blocks.
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second step, O3 and O4 were then used to functionalize the two

carboxylic acid moieties of Fondaparinuxs (Fig. 1B). This was

accomplished using 1.5 equivalents of O3 and 10 equivalents of

DMTMM per carboxylic acid; full conversion was accomplished as

shown by RP-HPLC-MS. The product was deprotected with lithium

hydroxide and isolated after dialysis and ion exchange. Fig. 2 shows

the 1H NMR spectra of Fondaparinuxs, glycomacromolecule O3

and the resulting adduct O5, demonstrating successful synthesis of

the fully conjugated heparin fragment. Characteristic signals of

both carbohydrate ligands as well as from the oligo(amidoamine)

backbone are clearly visible and allow for quantification of the

degree of conjugation. When coupling the 30-SL-functionalized

glycomacromolecule O4 even 1.15 equivalents per carboxylic acid

were sufficient to give the fully conjugated product in a high yield

of 86%. Mono-substituted products and excessive reagents were

easily removed by dialysis. The final conjugate O6 was obtained in

high purity after deprotection, dialysis and ion exchange as deter-

mined by RP-HPLC-MS, SAX-HPLC and 1H NMR (see the ESI†).

All macromolecules are listed in Table 1.

First insights into the applicability of the synthesized com-

pounds as glycan mimetics were gained in saturation transfer

difference NMR (STD-NMR) experiments using the MCPyV

capsid, which binds to unmodified heparin dp2, Fondaparinuxs,

and 30-SL. STD-NMR provides spectra from which the proximity of

individual ligand protons to protein protons in the binding site

can be delineated.11b,21 For O2, we observed saturation transfer to

protons of the unsaturated uronic acid as well as to the GlcNS

anomeric proton (see the ESI†). Saturation transfer to the aliphatic

lysine chains was also detected and, to a lesser degree, to the

succinic acid CH2-groups. For O6, we observed saturation transfer to

a set of 30-SL protons previously shown to constitute the MCPyV

Neu5Ac binding epitope (see the ESI†).22However, in this compound,

no signature protons of the Fondaparinux scaffold were detected,

suggesting that only the exposed Neu5Ac binding site on the capsid’s

apical loops engages with compound O6. An optimized linker length

may be necessary to bridge the Neu5Ac and GAG binding sites on the

capsid. Nevertheless, our NMR experiments demonstrate that GAG

and sialic acid units can, in principle, engage in lectin binding in the

context of the investigated glycomacromolecules.

Fig. 2 1H NMR (D2O) of Fondaparinuxs (2A), compounds O3 (2B) and O5 (2C). Product O5 shows all the 1H-signals of Fondaparinuxs as well as the
aromatic signals, the sialic acid signals and the signals of the aliphatic lysine chain. Downfield shifting of the –e-CH2– signal in front of the z-NH2 of lysine
can be seen (see red arrow).

Table 1 Overview of the oligomers obtained, molecular weights, purities
determined via RP-HPLC and SAX-HPLC, and yields

# Structure
MW

[Da]
Puritya

(RP-HPLC) [%]
Puritya

(SAX-HPLC) [%]
Yield
[%]

O1 1079 97 —b 36

O2 2257 81 85 21

O3 1561 499 —b 25

O4 2138 97 b —b 27

O5 4377 98 88 74

O6 5026
90 bb, 6 ab/
ba, o 4% aac

87 86

a Purities determined by integration of UV-signals in RP-HPLC (see the
ESI for spectra and conditions). b Not determined. c Anomeric mixtures
were expected since an anomeric mixture of 5 was used.
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In conclusion, we have demonstrated the synthesis of

glycomimetic conjugates of heparin fragments using our

toolbox of oligo(amidoamines), also introducing Neu5Ac and

30-SL ligands. In the first approach we followed the concept of

conjugating carbohydrate ligands as pending side chains onto

an oligo(amidoamine) scaffold for the first time using heparin

dp2-fragments. Furthermore, we introduced an inverse strategy

towards oligo(amidoamine)-based glycan mimetics where

solid-phase derived glycomacromolecules are used as side

chains for conjugation onto larger heparin fragments. We have

used this strategy to create conjugates of multiple Neu5Ac or

30-SL ligands bound to a heparin fragment. First binding studies

probing the interaction of glycomacromolecules with the MCPyV

capsid proved their potential as glycanmimetics targeting papilloma-

and polyomaviruses. In general, this approach is applicable for the

conjugation of oligo(amidoamine) side chains onto various oligo-

and polysaccharides, such as hyaluronic or colominic acid giving

access to novel carbohydrate–polymer based hybrid materials with

potential applications in biotechnology and biomedicine.
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Materials and Methods  

 

Materials 

 

N-Acetylneuraminic acid (>98%), 3’-Sialyllactose sodium salt (>98%), Methyl-α-D-glucopyranoside (>98%) were purchased 

from Carbosynth. 2, 2′-(Ethylenedioxy)bis(ethylamine) (98%), Propargyl alcohol (99%), Succinic anhydride (>99%), 

Triethylsilane (99%), Triisopropylsilane (98%), (+)-Sodium-L-ascorbate (>99.0%), Amberlite® IR 120  H+, Amberlite® IR 120 

Na+, Dowex® 1X4 Cl-, Bovine Serum Albumin (BSA) were purchased from Merck (former Sigma Aldrich). Trityl chloride (98%), 

p-Toluic acid (98%), Piperidine (99%), Copper (II) sulfate (98%) were purchased from Acros Organics. P-Toluenesulfonic acid 

monohydrate (98%), Boron trifluoride diethyl etherate (>98%), Acetyl chloride (98%) were purchased from Alfa Aesar. N-

Bromosuccinimide (99%) was purchased from Merck. Sodium azide (99%) diethyl dithiocarbamate (99%) were purchased 

from Applichem. PyBOP (Benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium hexafluorophosphat), Fmoc-Lysine(Boc)-OH 

(>98%) were obtained from Iris Biotech. Silver carbonate (>99%) was obtained from Strem Chemicals. Sodium hypochloride 

solution (13%) was obtained from Hoesch. Sodium bromide (>99.5%), (2,2,6,6-tetramethylpiperidinyl) oxyl radical (TEMPO, 

>99%) were purchased from Fisher scientific (former Fluka). Acetic anhydride (99%), Formic acid (>99%), Magnesium sulfate 

anhydrous (>99.5% min), Sodium chloride (>99.5%), Sodiumhydrogen carbonate (>99.7%), Disodiumhydrogen phosphate 

dihydrate (>99%), Potassiumdihydrogen phosphate (>99%), Tris(hydroxymethyl)aminoethan (TRIS, >99.9%), Calcium 

chloride anhydrous (>96%) were purchased from VWR. Lithium hydroxide monohydrate (>99%) was purchased from Janssen 

chimica. 9-Fluorenylmethyl chloroformate (Fmoc-Cl, 98%) was purchased from Chempur. N, N-Diisopropylethylamine (99%) 

was obtained from Roth. Trifluoroacetic acid (TFA, 99%), 4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium 

chloride (DMTMM, 97%) were purchased from Fluorochem. Tentagel® S RAM (Rink Amide) resin (Capacity 0.25 mmol/g) was 

purchased from Rapp Polymere. Porcine sodium heparin (MW 15-19 kDa) was purchased from Bioiberica. Heparinase I from 

Flavobacterium heparinum was purchased from Iduron. Fondaparinux®-sodium was purchased as Arixtra® at a concentration 

of 10 mg / 0.8 mL from the Aspen Pharma Trading Limited as ready-to-use syringes. Peptide synthesis grade N, N-

Dimethylformamide was used for solid phase synthesis. All solvents were of p.a. reagent grade. Phosphate buffer pH 6.5 was 

prepared according Sörensen’s buffer: 68.7 vol.% (66.7 mM KH2PO4 in Milli-Q) and 31.3 vol.% (66.7 mM Na2HPO4*2 H2O in 

Milli-Q). Vivaspin® MWCO 2000 and MWCO 3000 units were purchased from Sartorius. Spectra/Por® Float-a-Lyzer® G2 

MWCO 0.1 – 0.5 kDa and 0.5 – 1.0 kDa were obtained from Spectrum Labs. 

 

Instrumentation  
 

Nuclear Magnetic Resonance spectroscopy (NMR)  
1H-NMR (300 MHz) spectra were recorded on a Bruker AVANCE III - 300. 1H-NMR (600 MHz) spectra were recorded on a 

Bruker AVANCE III - 600. Chemical shifts of all NMR spectra were reported in delta (δ) expressed in parts per million (ppm). 
For 1H-NMR the residual, non-deuterated solvent was used as internal standard. The following abbreviations are used to 

indicate the multiplicities: s, singlet; d, doublet; t triplet; m multiplet.  

 

Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR FTIR)  

IR spectra were recorded with a Nicolet 6700, attenuated total reflectance Fourier transform infrared spectroscopy (ATR 

FTIR) spectrometer from Thermo Scientific and spectra analyzed using Omnic software 7.4.  

 

Reversed Phase - High Performance Liquid Chromatography - Mass Spectrometry (RP-HPLC-MS)  

Measurements were performed on an Agilent 1260 Infinity instrument coupled to a variable wavelength detector (VWD) 

(set to 214 nm) and a 6120 Quadrupole LC/MS containing an Electrospray Ionization (ESI) source (operated in positive or 

negative ionization mode in a m/z range of 200 to 2000). As HPLC column a Poroshell 120 EC-C18 (3.0 × 50 mm, 2.5 μm) RP 
column from Agilent was used. The mobile phases A and B were H2O/ACN (95/5) and H2O/ACN (5/95), respectively. Both 

mobile phases contained 0.1% of formic acid. Samples were analyzed at a flow rate of 0.4 mL/min using a linear gradient 

starting with 100% mobile phase A reaching 25, 50 or 75 % mobile phase B within 30 min. The temperature of the column 

compartment was set to 25 °C. UV and MS spectral analysis was done within the OpenLab ChemStation software for LC/MS 

from Agilent Technologies.  

 

Strong Anion Exchange - High Performance Liquid Chromatography (SAX-HPLC) 

Measurements were performed on an Agilent 1200 instrument coupled to a variable wavelength detector (VWD) (set to 214 

nm). As SAX-HPLC column a Zobrax (4.6 x 250 mm, 5.0 μm) column from Agilent was used. The mobile phases A and B were 

A: 50 mM NaH2PO4, pH 7 in Milli-Q water, B: 50 mM NaH2PO4, 800 mM NaCl, pH 7 in Milli-Q water / ACN = 70% : 30%. 

Samples were analyzed at a flow rate of 1.0 mL/min using the following gradient within 60 min: 0  5 min: 95% A, 5% B; 5 
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 40 min: 5  100% B; 40  60 min: 100% B. The temperature of the column compartment was set to 25 °C. UV spectral 

analysis was done within the OpenLab ChemStation software for HPLC from Agilent Technologies.  

 

Ultra High Resolution - Mass Spectrometry (UHR-MS)  

UHR-MS measurements were performed with a Bruker UHR-QTOF maXis 4G instrument with a direct inlet via syringe pump, 

an ESI source and a quadrupole followed by a Time Of Flight (QTOF) mass analyzer.  

 

Freeze dryer  

The final oligomers were freeze dried with an Alpha 1-4 LD plus instrument from Martin Christ Freeze Dryers GmbH. The 

main drying method was set to -55 °C and 0.1 mbar.  

 

 

General Methods  
All general methods follow procedures as previously presented for solid phase polymer synthesis1  

 

Solid phase synthesis protocols 

The batch sizes for synthesizing the oligomers using solid phase synthesis varied from 15 μmol to 400 μmol.  
 

Fmoc cleavage  

The Fmoc protecting group of the resin as well as from the coupled building blocks or amino acid were cleaved by the addition 

of a solution of 25% piperidine in DMF. The deprotection was performed twice for 10 min. After that, the resin was washed 

thoroughly 10 times with DMF.  

 

General coupling protocol  

Commercially available Tentagel S RAM (Rink Amide) resin was used as resin for solid phase synthesis. As an example 100 

μmol of the resin were swollen in 10 mL of DCM for 20 min and subsequently washed five times with 10 mL of DMF. The 

Fmoc protecting group of the Tentagel S RAM resin was removed following the Fmoc cleavage protocol. A building block was 

coupled to the resin using a mixture of 0.5 mmol (5 eq.) of building block and 0.5 mmol PyBOP (5 eq.) dissolved in 4 mL of 

DMF to which 1 mmol (10 eq.) of DIPEA was added. The mixture was shaken for 30 s under a nitrogen stream for activation 

and subsequently added to the resin. The resin with the coupling mixture was shaken for 1 h. After that, the resin was washed 

from excessive reagent 5 times with 10 mL of DMF. 

 

Capping of N-terminal primary amine  

After successful assembly of the desired number of building blocks on solid phase, the N-terminal site was capped with an 

acetyl group. Therefore, 10 mL acetic anhydride were shaken twice with the resin for 30 min.  

 

General CuAAC protocol  

To 100 μmol of the resin loaded with the oligomeric structure, 200 μmol (2 eq.) of protected sialic acid or sialyllactose 

derivative (2, 3) per azide group, dissolved in 1.5 mL DMF, were added. When propargylated sialic acid (2) was used, a flat 

rate of 100 mg (0.4 mmol) of CuSO4 and 100 mg (0.5 mmol) of sodium ascorbate were used and dissolved each in 0.75 mL of 

water and also added to the resin. When propargylated sialyllactose (3) was used, a flat rate of 50 mg (0.2 mmol) of CuSO4 

and 50 mg (0.25 mmol) of sodium ascorbate were used and dissolved each in 0.75 mL. This mixture was shaken for 24 h and 

subsequently washed extensively with water, a 23 mM solution of sodium diethyldithiocarbamate in DMF : H2O = 1 : 1, DMF 

and DCM.  

 

Cleavage from solid phase  

13 mL of a mixture of 95% TFA, 2.5% of TIPS and 2.5% of DCM were added to the resin and shaken for 1 h. The filtrate was 

poured into 60 mL cold diethyl ether. The resin was washed with an additional 5 mL of the cleavage mixture which were also 

added to the cold ether. The resulting precipitate was centrifuged three times and the ether decanted. The crude product 

was dried over a stream of nitrogen, dissolved in 6 mL of H2O and lyophilized twice.  

 

General preparative purification protocol of the oligomers  

The oligomers were purified by preparative Reversed Phase - High Performance Liquid Chromatography on an Agilent 1260 

Infinity instrument coupled to a variable wavelength detector (VWD) (set to 214 nm). As HPLC column a UG80 C18 

(20mml.D.×250 mm, 5 μm) RP column from Shiseido was used. The mobile phases A and B were H2O and ACN to which 0.1% 

formic acid were added, respectively. Samples were purified at a flow rate of 20 mL/min using a linear gradient starting with 

100% mobile phase A reaching 50% mobile phase B within 15 min. The temperature of the column compartment was room 
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temperature (18-23° C). UV analysis was done within the OpenLab ChemStation software for LC/MS from Agilent 

Technologies.  

 

Protective groups deprotection protocol 

In order to remove both the acetyl and methyl protective groups of the carbohydrate moieties, 3 mL of a 0.1 M solution of 

lithium hydroxide monohydrate in a mixture of MeOH : H2O = 1 : 1 were added to the compound and shaken for 3 h at room 

temperature (18-23° C) (the pH needs to be checked and has to be at 13 during the deprotection). Subsequently the dissolved 

and deprotected compound was treated with Amberlite® IR 120 H+ ion exchange resin until pH 4-5 was reached. Then the 

neutralized mixture was dried in vacuo at a temperature not higher than 25 °C and finally lyophilized in order to give final 

deprotected compound. 

 

General ion exchange protocol 

Compounds were dissolved in 2 mL of Milli-Q water to which 1 g DOWEX® 1X4 Cl- was added and the mixture was shaken for 

10 min. Finally, the resin was filtered off using a 0.45 µm PTFE syringe filter and the product was isolated by lyophilization. 

 

MCPyV capsid production 

MCPyV capsids were produced using the established 293 TT cell culture system for virus-like-particle production of 

papilloma- and polyomaviruses.2 Briefly, 293 TT cells cultured in the presence of Hygromycin for SV40 T-antigen expression 

were transfected with codon-optimized VP1 or VP1- and VP2-coding plasmids2b (pwM and ph2m) and harvested 48 hours 

post-transfection. Cells were lysed with Triton X-100 and lysates incubated over night at 37 °C for particle maturation. MCPyV 

particles were purified via salt extraction, followed by CsCl velocity and equilibrium centrifugation steps and ion exchange 

chromatography (a manuscript containing a detailed description of an optimized purification protocol will be published 

elsewhere). Integrity of the ca. 50 nm diameter capsid was verified by negative stain transmission electron microscopy (TEM) 

and dynamic light scattering (DLS). 

 

NMR experiments 

For STD-NMR, capsids were buffer-exchanged to pure D2O-buffer (99.5 %, Cortecnet) containing 150 mM NaCl, 1 mM CaCl2, 

pH 6.3 using 500 kDa MWCO dialysis devices made from cellulose ester (Spectra Por). The same buffer was used to dissolve 

compounds O2 and O6 to yield 15 mM and 22.5 mM stock solutions, respectively. NMR samples contained 27.1 nM of MCPyV 

capsids (9.8 µM with respect to the major capsid protein VP1) and 1.5 mM of O2 or 30.5 nM of MCPyV capsids (11.0 µM of 

VP1) and 1.1 mM of O6, respectively. NMR spectra were recorded at 283 K using 3 mm I.D. MATCH tubes (with 200 μL final 
sample volume) on a Bruker AVIII-600 spectrometer equipped with a room temperature probe head. For STD-NMR spectra 

the off- and on-resonance irradiation frequencies were set to -30 ppm and -0.5 ppm, respectively. The irradiation power of 

the selective pulses was 57 Hz, the saturation time 2 s and the total relaxation delay 3 s. A 50 ms continuous-wave spin-lock 

pulse at 3.2 kHz was employed and a total number of 1024 scans were recorded. A total of 12 k points was recorded, and 

spectra were multiplied with a Gaussian window function prior to Fourier transformation using TOPSPIN 3.0 (Bruker).  
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Figure 3: ESI-MS (positive mode) of compound b. 
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Figure 12: RP-HPLC (linear gradient from 0 - 75% eluent B in 30 min at 25°C), ESI-MS (positive mode), HR-MS (ESI+ Q-TOF, 

positive mode) of compound e. 
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Heparin fragments 

 

Heparin-dp2 (6) 

 

 

5 g of porcine sodium heparin (MW 15-19 kDa) were dissolved in 50 mM TRIS pH 7.5, 5 mM CaCl2, 100 mM NaCl, with bovine 

serum albumin added to 5 mg/mL in a final volume of 40 mL. Heparinase I from Flavobacterium heparinum was added to 

0.26 I.U. per gram of sodium heparin and the reaction was incubated for several days at 37 °C. The reaction progress was 

followed at different time points by applying 5-20 µL of the reaction mixture onto analytical gel filtration column (Superdex 

Peptide 10/300 GL, GE Healthcare) and monitoring the UV absorption at 232 nm. After four days, the cleavage reaction was 

heat-inactivated and 2 mL of the reaction mixture were filtered at 0.2 µm and loaded onto a self-cast preparative gel filtration 

column (Bio-Gel P-10 superfine 2.6 cm x 170 cm, Bio-Rad) equilibrated with 50 mM TRIS at pH 7.5, 5 mM CaCl2, 100 mM 

NaCl, 0.02 (w/v) % sodium azide. The flow rate was set to 0.2 mL/min, the absorbance at 232 nm was monitored, and 5 mL 

fractions were collected.  Dp2-containing fractions were pooled and freeze-dried. For desalting, the freeze-dried material 

was dissolved in deionized water, filtered and applied to a HiPrep Desalting 26/10 column (Sephadex G-25 superfine resin, 

GE Healthcare) using deionized water as running buffer and monitoring the absorbance at 280 nm. Both chromatography 

steps were conducted at 4 °C. Desalted dp2 was again freeze-dried and stored at -20 °C. Approximately 210 mg (326 µmol, 

4.2%, residual sodium chloride) of the Heparin-dp2 fragment were obtained in a purity greater than 99% (SAX-HPLC)  

1H NMR (600 MHz, Deuterium Oxide) δ 5.99 (dd, 3J = 4.6, 4J = 1.2 Hz, 1H, ΔUA-H4), 5.54 (dd, 3J = 3.6 Hz, 4J = 1.1 Hz, 1H, ΔUA 

-H1), 5.47 (d, 3J = 3.6 Hz, 1H, GlcN-H1), 4.63 (ddd, 3J = 3.1, 3J = 2.9, 4J = 1.3 Hz, 1H, ΔUA -H2), 4.41 – 4.28 (m, 2H, ΔUA -H3, 

GlcN-H6’), 4.24 (dd, 2J = 11.2, 3J = 2.2 Hz, 1H, GlcN-H6’’), 4.18 (ddd, 3J = 10.2, 3.7, 2.0 Hz, 1H, GlcN-H5), 3.89 (dd, 3J = 9.9, 8.6 

Hz, GlcN-H4), 3.81 – 3.75 (m, 1H, GlcN-H3), 3.30 (dd, 3J = 10.4, 3.6 Hz, 1H, GlcN-H2). 13C NMR (151 MHz, ACN-d3) δ 168.15, 
143.86, 105.55, 96.00, 90.19, 77.67, 74.04, 68.13, 67.07, 65.74, 62.41, 56.81.  

SAX – HPLC (isocratic elution in 40 mM Na2HPO4, 25 mM KH2PO4 in Milli-Q water in 20 min at 25° C): tR = 9.93 min. Determined 

purity: > 99%. 

MS for C12H15NNa4O19S3 (ESI, neg.) m/z: [M - 2Na+ + H+]- calc.: 619.93; found 619.90, [M - 3Na+ + 2H+]- calc.: 597.95; found 

597.85, [M - 4Na+ + 3H+]- calc.: 575.96; found 575.85, [M - 3Na+ + 2H+ - SO3]- calc.: 517.99; found 517.90, [M - 4Na+ + 3H+ - 

SO3]- calc.: 496.01; found 496.00.IR 

IR (ATR) �̃�max: 3185 (s), 2384 (m), 1610 (m), 1402 (m), 1222 (s), 1040 (s), 994 (s), 583 (s). 

 

 

 

Δ
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Table 1. Observed products after the conversion of the resin-bound oligomer -(EDS)3- with methyl-α-D-glucuronic acid (f) 

using a 1:1 mixture of DMF and water (A) or pure DMF (B) 

 
a) Products were identified via RP-HPLC-MS; b) Monoisotopic mass detected as [M + H+]+ ; c) Based on the absorption integrals 

after microcleavage, test batch was not isolated quantitatively, non-normalized data. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Producta) 

[#] 

Structure 
Retention time 

[min] 

MWb)              

[Da] 

Product 

Composition 

Route Ac) 

[%] 

Product 

Composition 

Route Bc) 

[%] 

g 

 

4.71 calc.: 708.41, 

found: 708.40. 

7 0 

h 

 

5.61 calc.: 898.46, 

found: 898.50. 

33 96 

i 

 

7.49 calc.: 847.45, 

found: 847.40. 

59 3 
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Nε(HCl)Lys(1)-4-Neu5Ac (protected) (O3)  

 

Nε(HCl)Lys(1)-4-Neu5Ac was synthesized in a 100 µmol scale. 38.9 mg (24.9 µmol, 25%) of a white and foamy solid were 

obtained after purification by preparative HPLC and ion exchange. For solid phase synthesis and workup protocols see 

general methods. 

1H NMR (600 MHz, Deuterium Oxide) δ 8.01 (s, 1H, triazole-H), 7.79 (d, 3J = 8.3 Hz, 2H, aryl-H), 7.42 (d, 3J = 8.3 Hz, 2H, aryl-

H), 5.73 – 5.64 (m, 2H, aryl-CH2-aryl), 5.38 (dd, 3J = 8.9, 1.8 Hz, 1H, Neu5Ac-H9’), 5.35 (ddd, 3J = 8.9, 4.5, 2.5 Hz, 1H, Neu5Ac-

H8), 4.92 (ddd, 3J = 11.8, 10.2, 4.8 Hz, 1H, Neu5Ac-H4), 4.88 (d, 2J = 13.0 Hz, 1H, propargyl-H), 4.73 (d, 2J = 12.9 Hz, 1H, 

propargyl-H), 4.28 – 4.23 (m, 3H, Lys-CH, Neu5Ac-H6, 9’’), 4.09 (dd, 3J = 12.7, 4.5 Hz, 1H, Neu5Ac-H7), 3.94 (dd, 3J = 10.5 Hz, 

1H, Neu5Ac-H5), 3.76 – 3.70 (m, 7H, Neu5Ac-OCH3, 2x O-CH2), 3.68 (s, 6H, 3x O-CH2), 3.66 (s, 4H, 2x O-CH2), 3.63 – 3.57 (m, 

12H, 5x O-CH2, N-CH2), 3.41 – 3.35 (m, 8H, 4x N-CH2), 3.32 (t, 3J = 5.4 Hz, 2H, N-CH2), 3.02 (td, 3J = 7.8, 2J = 1.7 Hz, 2H, Lys-N-

CH2), 2.73 (dd, 2J = 13.0, 3J = 4.8 Hz, 1H, Neu5Ac-H3eq.), 2.63 – 2.45 (m, 12H, 6x succinyl-CH2), 2.20 – 2.04 (4s, 4x 3H, 4x 

Neu5Ac-Ac), 1.97 (dd, 2J = 13.1, 3J = 11.7 Hz, 1H, Neu5Ac-H3ax.), 1.93 (s, 3H, Neu5Ac-Ac), 1.91 – 1.39 (3m, 6H, 3x Lys-CH2). 

RP-HPLC-MS (linear gradient from 0 – 50% eluent B in 30 min at 25° C): tR = 16.50 min. Determined purity: > 99%. 

MS for C67H106ClN13O27 (ESI, pos.) m/z: [M + 2H+ - HCl]2+ calc.: 762.87; found: 763.00, [M + 3H+ - HCl]3+ calc.: 508.92; found: 

509.00. 

HRMS for C67H106ClN13O27 (ESI-TOF) m/z: [M + 2H+- HCl]2+ calc.: 762.8694; found: 762.8682. 
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Nε(HCl)Lys(1)-4-3‘Sialyllactose (protected) (O4)  

 

Nε(HCl)Lys(1)-4-3‘Sialyllactose was synthesized in a 25 µmol scale. 14.3 mg (6.69 µmol, 27%) of a white and foamy solid were 

obtained after purification by preparative HPLC and ion exchange. For solid phase synthesis and workup protocols see 

general methods. 

1H NMR (600 MHz, Deuterium Oxide) δ 8.11 (s, 1H, triazole-H), 7.78 (d, 3J = 8.2 Hz, 2H, aryl-H), 8.04 (d, 3J = 8.0 Hz, 2H, aryl-

H), 5.70 (s, 2H, aryl-CH2-aryl), 5.52 – 5.44 (m, 2H), 5.42 – 5.22 (m, 1H), 5.19 – 5.08 (m, 1H), 5.01 (d, 3J = 3.2 Hz, 1H), 4.96 (ddd, 
3J = 11.9, 10.1, 4.8 Hz, 1H, Neu5Ac-H4), 4.92 (d, 2J = 13.0 Hz, 1H, propargyl-H), 4.87 – 4.81 (m, 4H), 4.71 (d, 3J = 8.0 Hz, 1H, 

Gal-H1), 4.59 (dd, 3J = 10.2, 3.3 Hz, 1H, Gal-H3), 4.56 – 4.46 (m, 1H), 4.40 (dd, 2J = 12.9, 3J = 2.6 Hz, 1H, Glc-H6’), 4.25 (dd, 2J 

= 9.2, 3J = 5.1 Hz, 1H, Lys-CH), 4.22 – 4.09 (m, 4H), 4.06 – 3.99 (m, 1H), 3.96 – 3.91 (m, 1H), 3.90 (s, 3H, Neu5Ac-OCH3), 3.87 

(m, 2H), 3.77 – 3.56 (m, 26H, 12x O-CH2, N-CH2), 3.41 – 3.34 (m, 8H, 4x N-CH2), 3.30 (t, 3J = 5.4 Hz, 2H, N-CH2), 3.04 – 2.99 (m, 

2H, Lys-N-CH2), 2.67 (dd, 2J = 12.7, 3J = 4.7 Hz, 1H, Neu5Ac-H3eq.), 2.62 – 2.45 (m, 12H, 6x succinyl-CH2), 2.35 – 1.81 (11s, 11x 

3H, 11x Ac), 1.60 (dd, 2J = 12.3, 3J = 12.3 Hz, 1H, Neu5Ac-H3ax.), 1.89 – 1.39 (3m, 6H, 3x Lys-CH2). 

RP-HPLC-MS (linear gradient from 0 – 50% eluent B in 30 min at 25° C): tR = 21.57 min. Determined purity:  97%. 

MS for C91H138ClN13O43 (ESI, pos.) m/z: [M + 2H+ - HCl]2+ calc.: 1050.95; found: 1051.25, [M + 3H+ - HCl]3+ calc.: 700.97; found: 

701.25. 

HRMS for C91H138ClN13O43 (ESI-TOF) m/z: [M + 2H+- HCl]2+ calc.: 1050.9539; found: 1050.9531. 
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Coupling of oligo(amidoamines) and heparin fragments 

 

Nε(dp2)Lys(1,5)-5  (O2) 

  

31.9 mg (29.6 µmol) of Nε(HCl)Lys(1,5)-5, 83.26 mg (125 µmol, 4.2 eq.) of Heparin-dp2 and 170 mg (614 µmol, 4.9 eq. based 

on Heparin-dp2) of DMTMM were mixed in a 1 mL glass vial, before 1 mL of a mixture of 0.9 mL dimethylformamide and 0.1 

mL phosphate-buffer pH 6.5 were added. The mixture was shaken at room temperature for 24 h, diluted to 5 mL with Milli-

Q water and dialyzed using a Vivaspin® MWCO 2000 2 ml unit. Separation from mono-substituted product was not to 

quantitative (analysed by HPLC, data not shown) so dialysis was performed again using a MWCO 3000 unit. After ion 

exchange with Amberlite® IR 120 Na+ and lyophilisation, 13.9 mg (6.16 µmol, 21%) of the desired product were obtained as 

a white and foamy solid with a purity of 81% (HPLC)-85% (SAX-HPLC). Side products stem from different glucosamine 

pyranose forms and partial loss and readdition of sulphates during synthesis and workup, either by hydrolysis and 

condensation or elimination and addition, respectively. Mono-substituted product were removed completely by dialysis. 

1H NMR (600 MHz, Deuterium Oxide) δ 6.00 – 5.94 (m, 2H, 2x ΔUA-H4), 5.50 – 5.43 (m, 2H, 2x ΔUA-H1), 5.36 – 5.31 (m, 2H, 

2x GlcN-H1), 4.52 – 4.47 (m, 2H, 2x ΔUA-H2), 4.30 – 3.92 (m, 10H, 2x (ΔUA-H3, GlcN-H5, 6’, 6’’), 2x Lys-CH), 3.79 – 3.71 (m, 

2H, 2x GlcN-H4), 3.66 – 3.62 (m, 2H, 2x GlcN-H3), 3.59 – 3.56 (m, 12H, 3x O-CH2-CH2-O), 3.53 – 3.49 (m, 12H, 6x O-CH2-CH2-N), 

3.39 – 3.13 (m, 17H, 6x O-CH2-CH2-N, 1.5x Lys-N-CH2), 2.93 – 2.84 (m, 1H, 0.5x Lys-N-CH2), 2.52 – 2.41 (m, 12H, 6x succinyl-

CH2), 1.96 – 1.90 (m, 3H, backbone-Ac), 1.79 – 1.22 (3m, 12H, 6x Lys-CH2). 

RP-HPLC-MS (linear gradient from 0 – 25% eluent B in 30 min at 25° C): tR = 10.05 min. Determined purity: 81%. 

SAX-HPLC (0  5 min: 95% A, 5% B; 5  40 min: 5  100% B; 40  60 min: 100% B at 25 °C): tR = 12.75 + 13.21 min. 

Determined purity: 85% 

MS for C68H111N13Na6O51S6 (ESI, neg.) m/z: [M – 6Na+ + 4H+]2- calc.: 1060.75; found: 1060.95, [M – 6Na+ + 4H+ - SO3]2- calc.: 

1020.78; found: 1021.05, [M – 6Na+ + 4H+ - SO3 - OH]2- calc.: 1012.28; found: 1011.95, [M – 6Na+ + 4H+ - 2SO3]2- calc.: 980.80; 

found: 980.95, [M – 6Na+ + 3H+]3- calc.: 706.84; found: 706.95, [M – 6Na+ + 3H+ - SO3]3- calc.: 680.18; found: 680.40, [M – 

6Na+ + 3H+ - 2SO3]3- calc.: 653.53; found: 653.60, [M – 6Na+ + 2H+]4- calc.: 529.87; found: 530.10, [M – 6Na+ + 2H+ - SO3]4- 

calc.: 509.89; found: 509.95, [M – 6Na+ + 2H+ - 2SO3]4- calc.: 489.90; found: 490.00. 

Δ Δ
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 GlcA, IdoA-(NεLys(1)-4-Neu5Ac)-Fondaparinux (O5) synthesis  

 

5.02 mg Fondaparinux (2.91 µmol), 13.6 mg (8.71 µmol, 3 eq.) Nε(HCl)Lys(1)-4-Neu5Ac (O3) and 16.0 mg (57.8 µmol, 20 eq.) 

DMTMM were combined in a 1 mL glass vial and dissolved in 0.5 ml of a mixture of 0.45 mL dimethylformamide and 0.05 mL 

phosphate-buffer pH 6.5. The mixture was shaken at room temperature for 24 h, before it was diluted to 5 mL with Milli-Q 

water and dialyzed using a Vivaspin® MWCO 2000 2 ml unit. After lyophilisation the mixture was dissolved in 3 mL of a 0.1 M 

lithium hydroxide solution (methanol : water = 1 : 1) and shaken for 4 h. The resulting, fully deprotected compound was 

separated from its protecting groups and excessive lithium hydroxide by dialysis using a Vivaspin® MWCO 2000 2 ml unit and 

finally isolated after ion exchange with Amberlite® IR 120 Na+ and lyophilisation. 9.4 mg (2.15 µmol, 74%) of the desired 

product were obtained as a white and foamy solid in a purity of 88% (SAX-HPLC) and 98% (RP-HPLC). 

1H NMR (600 MHz, Deuterium Oxide) δ 8.08 (s, 2H, triazole-H), 7.78 (d, 3J = 8.4 Hz, 4H, aryl-H), 7.42 (d, 3J = 8.4 Hz, 4H, aryl-

H), 5.71 (s, 4H, 2x aryl-CH2-aryl), 5.61 (d, 3J = 3.7 Hz, 1H, AS
nr-H1), 5.52 (d, 3J = 3.3 Hz, 1H, AS*-H1), 5.23 (d, 3J = 3.7 Hz, 1H, IS-

H1), 5.03 (d, 3J = 3.7 Hz, 1H, AS
r-H1), 4.89 (d, 2J = 12.0 Hz, 2H, 2x propargyl-H), 4.87 – 4.83 (m, 2H, 2x Neu5Ac-H4), 4.75 – 4.71 

(m, 1H, IS-H5), 4.62 (d, 2 J = 11.8 Hz, 2H, 2x propargyl-H), 4.47 – 4.09 (m, 12H, 10x Fondaparinux-H, 2x Lys-CH), 4.03 – 3.53 

(m, 76H, 10x Fondaparinux-H, 24x O-CH2, 2x N-CH2, 2x (Neu5Ac-H4, 5, 6, 7, 8, 9’, 9’’), 3.51 – 3.16 (m, 31H, 3x AS-H2, G-H2, 

AS
r-OCH3, 2x Lys-N-CH2, 10x N-CH2), 2.75 (dd, 2J = 12.4, 3J = 4.8 Hz, 2H, 2x Neu5Ac-H3eq.), 2.65 – 2.44 (m, 24H, 12x succinyl-

CH2), 2.04 (s, 6H, 2x Neu5Ac-Ac), 1.90 – 1.45 (3m, 12H, 6x Lys-CH2), 1.68 (dd, 2J = 12.2, 3J = 12.2 Hz, 2H, 2x Neu5Ac-H3ax.).  

RP-HPLC-MS (linear gradient from 0 – 25% eluent B in 30 min at 25° C): tR = 16.94 min. Determined purity: 98%. 

SAX-HPLC (0  5 min: 95% A, 5% B; 5  40 min: 5  100% B; 40  60 min: 100% B at 25 °C): tR = 20.64 min. Determined 

purity: 88% 

MS for C147H229N29Na10O93S8 (ESI, neg.) m/z: [M – 9Na+ + 6H+]3- calc.: 1391.41; found: 1391.95, [M – 10Na+ + 7H+]3- calc.: 

1384.08; found: 1384.40, [M – 9Na+ + 5H+]4- calc.: 1043.30; found: 1043.95, [M – 10Na+ + 6H+]4- calc.: 1037.81; found: 

1037.95, [M – 10Na+ + 6H+ -SO3]4- calc.: 1017.82; found: 1018.25, [M – 9Na+ + 4H+]5- calc.: 834.44; found: 834.90, [M – 10Na+ 

+ 5H+]5- calc.: 830.05; found: 830.25, [M – 10Na+ + 5H+ - SO3]5- calc.: 814.05; found: 814.00, [M – 10Na+ + 5H+]5- calc.: 798.06; 

found: 798.00. 
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 GlcA, IdoA-(NεLys(1)-4-3‘Sialyllactose)-Fondaparinux (O6)  

 

3.09 mg Fondaparinux (1.79 µmol), 8.76 mg (4.10 µmol, 2.3 eq.) Nε(HCl)Lys(1)-4-3‘Sialyllactose (O4) and 10.8 mg 

(39.0 µmol, 22 eq.) DMTMM were combined in a 1 mL glass vial and dissolved in 0.5 ml of a mixture of 0.45 mL 

dimethylformamide and 0.05 mL phosphate-buffer pH 6.5. The mixture was shaken at room temperature for 24 h, before it 

was diluted to 5 mL with Milli-Q water and dialyzed using a Vivaspin® MWCO 2000 2 ml unit. After lyophilisation the mixture 

was dissolved in 3 mL of a 0.1 M lithium hydroxide solution (methanol : water = 1 : 1) and shaken for 4 h. The resulting, fully 

deprotected compound was separated from its protecting groups and excessive lithium hydroxide by dialysis using a 

Vivaspin® MWCO 2000 2 ml unit and finally isolated after ion exchange with Amberlite® IR 120 Na+ and lyophilisation. 7.7 mg 

(1.53 µmol, 86%) of the desired product were obtained as a white and foamy solid in a purity of 90% ββ (RP-HPLC) and 87% 

(SAX-HPLC). 

1H NMR (600 MHz, Deuterium Oxide) δ 8.14 (s, 2H, triazole-H), 7.79 (d, 3J = 8.3 Hz, 4H, aryl-H), 7.44 (d, 3J = 8.2 Hz, 4H, aryl-

H), 5.72 (s, 4H, 2x aryl-CH2-aryl), 5.61 (d, 3J = 3.7 Hz, 1H, AS
nr-H1), 5.53 (d, 3J = 3.4 Hz, 1H, AS*-H1), 5.23 (d, 3J = 3.8 Hz, 1H, IS-

H1), 5.02 (d, 3J = 3.7 Hz, 1H, AS
r-H1), 5.00 (d, 2J = 12.7 Hz, 2H, 2x propargyl-H), 4.88 (d, 2J = 12.6 Hz, 2H, 2x propargyl-H), 4.86 

– 4.84 (m, 2H, 2x Neu5Ac-H4), 4.62 (d, 2J = 7.8 Hz, 1H, IS-H5), 4.57 (d, 3J = 8.0 Hz, 2H, 2x Glc-H1), 4.53 (d, 3J = 7.8 Hz, 2H, 2x 

Gal-H1), 4.46 – 4.09 (m, 12H, 10x Fondaparinux-H, 2x Lys-CH), 4.03 – 3.53 (m, 100H, 10x Fondaparinux-H, 24x O-CH2, 2x N-

CH2, 2x (3’SL-19xH)), 3.49 – 3.15 (m, 31H, 3x AS-H2, G-H2, AS
r-OCH3, 2x Lys-N-CH2, 10x N-CH2), 2.77 (dd, 2J = 12.4, 3J = 4.6 Hz, 

2H, 2x Neu5Ac-H3eq.), 2.67 – 2.41 (m, 24H, 12x succinyl-CH2), 2.04 (s, 6H, 2x Neu5Ac-Ac), 1.88 – 1.44 (3m, 12H, 6x Lys-CH2), 

1.60 (dd, 2J = 12.3, 3J = 12.3 Hz, 2H, 2x Neu5Ac-H3ax.). 

RP-HPLC-MS (linear gradient from 0 – 25 % eluent B in 30 min at 25° C): tR = 16.16 min. Determined purity: 90% ββ, 6% αβ/βα, 
< 4% αα. 

SAX-HPLC (0  5 min: 95% A, 5% B; 5  40 min: 5  100% B; 40  60 min: 100% B at 25 °C): tR = 19.90 min. Determined 

purity: 87% 

MS for C171H269N29Na10O113S8 (ESI, neg.) m/z: [M – 9Na+ + 6H+]3- calc.: 1607.48; found: 1608.40, [M – 10Na+ + 7H+]3- calc.: 

1600.15; found: 1600.40, [M – 9Na+ + 5H+]4- calc.: 1205.36; found: 1205.95, [M – 10Na+ + 6H+]4- calc.: 1199.86; found: 

1200.30, [M – 10Na+ + 6H+ -SO3]4- calc.: 1180.00; found: 1179.87, [M – 9Na+ + 4H+]5- calc.: 964.08; found: 964.65, [M – 10Na+ 

+ 5H+]5- calc.: 959.69; found: 959.75, [M – 10Na+ + 5H+ - SO3]5- calc.: 943.70; found: 943.90.  
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6. Appendix 
 

6.1. Abbreviations 
 

Building Blocks  

Abbreviation  Definition 

 

ADS   Alloc-functionalized diethylenetriamine succinic acid amide 

BADS    Benzylazide-functionalized diethylenetriamine succinic acid amide 

IsoBADS  Isomeric Benzylazide-functionalized diethylenetriamine succinic acid amide  

BDS   Boc-functionalized diethylenetriamine succinic acid amide 

DDS   Doublebond-functionalized diethylenetriamine succinic acid amide 

EDS   (Ethylenedioxy)bis(ethylamine) succinic acid amide 

MDS   Methylsuccinyl-functionalized diethylenetriamine succinic acid amide 

ODS   Octanediamine succinic acid amide 

SDS   Short ethylenediamine succinic acid amide 

TDS   Triplebond-functionalized diethylenetriamine succinic acid amide 

 

 

Carbohydrates 

Abbreviation  Definition 

 

CMP   Cytidine Monophosphate  

dp2 (Heparin)  Shortest Heparin disaccharide unit 

Fuc   Fucose 

GAG   Glycosaminoglycan 

Gal   Galactose 

GalNAc  N-Acetyl-Galactosamine 

Glc   Glucose 

GlcA   Glucuronic acid 

GlcNAc  N-Acetyl-Glucosamine 

HBGA   Histo-blood group antigen 

HS   Heparan sulfate 

IdoA   Iduronc acid 

Man   Mannose 

Neu5Ac  N-Acetyl neuraminic acid (Sialic acid) 

3’-SL   3‘-Sialyllactose 

6’-SL   6’-Sialyllactose 
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Biological abbreviations 

Abbreviation  Definition 

 

Con A   Concanavalin A 

CRD   Carbohydrate recognition domain 

DGL   Dioclea grandiflora lectin 

DNA   Deoxyribonucleic acid 

HIV   Humane Immunodeficiency Virus 

HPV 16   Humane Papillomavirus Type 16  

HSV   Herpes Simplex Virus 

MCPyV  Merkel Cell Polyomavirus 

NCAM   Neutral Cell Adhesion Molecule 

PA-IL   Pseudomonas Aeruginosa IL 

PNA   Peanut agglutinin 

RNA   Ribonucleic acid 

TSPyV   Trichodysplasia Spinulosa associated Polyomavirus 

VP 1   Virus Particle 1 (surface protein pentamer) 

VVA   Vicia villose agglutinin 

 

 

Chemicals 

Abbreviation  Definition 

 

Alloc   Allyloxycarbonyl protecting group 

Boc   tert. Butyloxycarbonyl protecting group 

Cys   Cysteine 

D2O   Deuterium oxide 

DCC   N, N‘-Dicyclohexylcarbodiimide 

DCM   Dichloromethane 

DIC   N, N‘-Diisopropylcarbodiimide 

DIPEA   N, N-Diisopropylethylamine 

DMF   N, N-Dimethylformamide 

DMSO   Dimethyl sulfoxide 

DMTMM  (4-(4,6- Dimethoxy-1,3,5-triazin-2-yl)-4-methyl-morpholinium chloride) 

EDC   1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide 

EtOAc   Ethyl acetate 

Fmoc   Fluorenylmethoxycarbonyl protecting group 

H2O   Water 

HATU (1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-

oxid hexafluorophosphate)  

HOAt   Hydroxyazabenzotriazole 

HOBt   Hydroxybenzotriazole 

LBB   Lectin binding buffer 

Lys   Lysine 

MeOH   Methanol 
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nHex   n-Hexane 

NHS   N-Hydroxy succinimide 

OxymaPure®  Ethyl (hydroxyimino) cyanoacetate 

PyBOP   (Benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate) 

PyOxim® (Ethyl cyano(hydroxyimino)acetate-O2]tri-1-pyrrolidinylphosphonium 

hexafluorophosphate) 

tBuOH   tert. Butanol 

TentaGel® SRAM TentaGel® S with Rink-Amide linker 

TFA   Trifluoracetic acid/Trifluoroacetamide 

Trt   Trityl/Triphenylmethane 

 

 

Methods and Instrumentation 

Abbreviation  Definition 

 

ATR   Attenuated total reflection 
13C   Carbon with 13 atomic mass units 

COSY   Correlation spectroscopy 

CuAAC  Copper(I)-catalyzed alkyne-azide cycloaddition 

DLS   Dynamic light scattering 

ELLA   Enzyme-linked lectin assay 

ESI   Electrospray-Ionization 

GPC-RI-LS Gel permeation chromatography coupled to a refractive index and light 

scattering detector 
1H   Hydrogen with one atomic mass unit 

HRMS   High-resolution mass spectrometry 

IR   Infrared spectroscopy 

ITC   Isothermal titration calorimetry 

LC-MS   Liquid chromatography coupled to mass spectrometry 

MD   Molecular dynamics 

NMR   Nuclear magnetic resonance 

Q-TOF   Quadrupole coupled to Time-of-Flight spectrometry 

RP-HPLC  Reverse phase high performance liquid chromatography 

RU   Response units 

SCP RICM  Soft colloidal probe reflection interference contrast microscopy 

SAX HPLC  Strong anion exchange high performance liquid chromatography 

SPAAC   Strain promoted alkyne-azide cycloaddition 

SPPS   Solid Phase peptide synthesis 

SPPoS   Solid phase polymer synthesis 

SPR   Surface plasmon resonance 

SPS   Solid phase synthesis 

STD-NMR  Saturation transfer difference Nuclear magnetic resonance spectroscopy 

TEC   Thiol-ene-click 

TLC   Thin layer chromatography 

UV-Vis   Ultraviolet-visible spectrophotometry 
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6.2. List of figures 
 

Figure 1: Overview of the three parts of the work presented. A: General principle of solid phase 

synthesis with tailor-made building blocks and functionalized carbohydrates; B: Comparison of linear 

and branched molecules; with varying number of branches, made via a split & combine approach; C: 

Comparison of equivalent glycomacromolecules with different ligand and linker combinations; D: 

Synthesis of structure-defined, macromolecular conjugates of heparin fragments and sialylated glycans 

using solid phase synthesis; E: Legend of carbohydrates used. ............................................................ IV 

Figure 2: Simplified cell surface with attached glycans to which a virus approach. Above all, sialic 

acid-terminated glycans and heparan sulfate are known to act as initial receptors for viruses. .............. 3 

Figure 3: Sialic acid (Neu5Ac) modifications and chemical structures of common mammalian 

sialylated N- and O-glycans. The nine-carbon backbone common to all known sialic acids is shown in 

the α configuration. Variations can occur at the carbon positions highlighted in yellow (Figure modified 
from Varki et al. [20]). The chemical structures of mammalian sialylated N- and O-glycans are adapted 

from Thaysen-Andersen et al. [54]) .......................................................................................................... 4 

Figure 4: Chemical structures of heparan sulfate and of the synthetic pentasaccharide Fondaparinux®.

 ................................................................................................................................................................ 7 

Figure 5: Glycan mimetics based on Glycans displayed on a random cell surface (A). Different sugar 

types can be presented homo- as well as heterogeneously on artificial scaffolds, such as GAG-fragments 

(B), terminal mono-or oligosaccharides (C and D) as well as a combination of both types (E). ......... 11 

Figure 6: Multivalency effects visualized for a trivalent ligand binding to a trivalent receptor. ......... 11 

Figure 7: Exemplary visualization of acrylic acid / acrylic amide-based glycopolymer-synthesis via 

three ways. A: Glyco-homopolymer synthesis via the grafting-through method using a 

glycofunctionalized monomer. B: Statistical glyco-copolymer synthesis using a glycofunctionalized 

and a non-functionalized monomer resulting in a random copolymer. C: Polymer analogous synthesis 

of a Glyco-copolymer via the grafting-to method by amide coupling of an amino-functional 

carbohydrate to poly acrylic acid. Also, here a statistical copolymer is obtained. ............................... 13 

Figure 8: Glycodendrimer synthesis via the divergent and the convergent route. Every new generation 

requires previous activation of functional group a and subsequent coupling of b to a resulting in 

functionality c. Figure modified from Carlmark et al.[234] .................................................................... 15 

Figure 9: Spacer (A) and functional (B) building blocks developed and applied within the Hartmann’s 
group for solid phase synthesis purposes of oligo(amidoamines). ....................................................... 20 

Figure 10: Three examples of glycooligo(amidoamines). A: Homotrivalent α-D-mannopyranoside 

macromolecule;[201] B: Heterotrivalent β-D-galacto- and α-D-mannopyranoside macromolecule;[199] C: 

Both oligopeptide and pentavalent rhamnose-α1->3-glucopypanoside disaccharide containing 

glycomacromolecule.[233]....................................................................................................................... 23 

Figure 11: Two examples for advanced glycooligo(amidoamines). A: Sequence-controlled block-

glycopolymer via step-growth thiol-ene polyaddition.[202] B: Precision glycomacromolecule for gold-

nanoparticle coating.[265]........................................................................................................................ 24 

Figure 12: Binding constants obtained from a SPR-direct binding assay with multivalent 

glycomacromolecules in the mobile phase and immobilized tetrameric receptor protein Con A. (A) KA1 
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values (black bars) and KAtotal values (blue bars) obtained from the two-state reaction for all analyzed 

compounds. (B) Mannose normalized KA1 values (black bars) and KAtotal values (orange bars) obtained 

from the two-state reaction for all analyzed compounds. Constructs of higher valency bind multivalently 

better than constructs of lower valency; constructs with more branches are relatively superior to 

compound with less branches. Figure taken from Baier et al., Chem. Eur. J. 2018, 24, 1619-1630. ... 30 

Figure 13: Exemplary structures of sialylated divalent glycooligomers intended for crystal soaking 

experiments with the VP1 of Trichodysplasia spinulosa-associated polyomavirus (TSPyV). A: Linker 

made up of propargylated sialic acid and BADS; B: Linker made up of propargylated sialic acid and 

IsoBADS; C: Linker made up of azido-sialic acid and TDS; D: Two propargylated 3’-SL trisaccharide-

residues connected to BADS. ............................................................................................................... 31 

Figure 14: Structure of the glycooligomer - TSPyV VP1 complexes. Models on the top refer to the 

complexed O1, the lower ones to O4. Left: The structure of the bound ligand is shown in the context 

of the crystallographic asymmetric unit, with VP1 depicted in cartoon representation and as a 

transparent surface, with one chain colored in purple. Glycooligomer moieties are drawn as sticks with 

carbon atoms colored in orange, nitrogen in blue and oxygen in red. Right: Close-up view of the binding 

sites. In both cases the Neu5Ac part of the glycooligomer is recognized by residues of the VP1 surface 

loops BC2 and DE (ccw). Hydrogen bonds, here represented as dashed lines, between the compounds 

and protein residues are colored in dark grey, between the compounds and water (cyan spheres) in cyan 

and within the compounds in orange. ................................................................................................... 33 
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6.3. List of schemes 
 

Scheme 1: A: The biologically activated form of the sialic acid: β-CMP-Neu5Ac. B: Possible 

functionalizations starting from unfunctionalized sialic acid and. C and D: Two functionalized sialic 

acids for later click reactions. ................................................................................................................. 6 

Scheme 2: Enzymatically degraded heparan sulfate and possible ways of functionalization. ............... 9 

Scheme 3: Exemplary glucuronic acid amide forming via two ways: A: EDC / NHS mediated coupling. 

B: DMTMM mediated coupling. .......................................................................................................... 10 

Scheme 4: General principle of solid phase synthesis allowing for the synthesis of complex molecules. 

Exemplary a TentaGel® S RAM resin is shown which is made up of a crosslinked poly(styrene-co-

divinylbenzene) resin, a polyethylene glycol spacer and a rink-amide- linker allowing for cleavage 

under acidic conditions. ........................................................................................................................ 17 

Scheme 5: Exemplary TDS building block coupling mechanism with PyBOP as coupling agent. ..... 21 

Scheme 6: Synthesis routes of both azide-containing building blocks BADS and IsoBADS, 

respectively. Only an inversion of the former for the functional TDS building block published route 

leads to the desirerd BADS building block. Otherwise IsoBADS is obtained due to an isomerization 

within the synthesis sequence. .............................................................................................................. 27 

Scheme 7: Exemplary synthesis of compound 2X2 by means of a split & combine approach. A: Solid 

phase peptide synthesis; B: Glycofunctionalization via CuAAC; C: Endfunctionalization via SPPS; D: 

Cleavage of the arm from solid support; E: Combination of backbone and arm via CuAAC on solid 

support. ................................................................................................................................................. 29 

Scheme 8: Exemplary synthesis and structures of hybrid glycomacromolecules made up of 

oligo(amidoamines), heparin fragments as well as sialic acid or propargylated 3’sialylactose. A: Two 

heparin dp2-fragments are connected to a di-lysin-functionalized oligo(amidoamin); B: Two sialic acid-

functionalized glycooligo(amidoamines) are connected to Fondaparinux®; C: Two 3’-SL-

functionalized glycooligo(amidoamines) are connected to Fondaparinux®. ....................................... 35 
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