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Summary 

The inspiration from Nature’s perfection of complex macromolecules subsequently resulting in a 

specific function led to a pursuit of precision in artificial materials, opening the field of well-defined 

polymers. Biopolymers with a specific function in the living organism, such as proteins or DNA, are 

high molecular weight compounds which are monodisperse with a precise monomer sequence. Despite 

the challenges, a variety of new synthetic approaches have been developed within the last decades to 

synthesize well-defined polymers with either a narrow molecular weight distribution, a controlled 

primary structure, or even both. Whereas many approaches show high control over molecular weight 

distribution, the control over monomer arrangement is often only achieved to a certain extent, obtaining 

multiblock, alternating or gradient copolymers. Most powerful approaches towards polymers with an 

exact monomer arrangement are based on the multistep-growth approach, applying a stepwise coupling 

of single monomer units onto a supporting material, which was first introduced for the synthesis of 

peptides by Merrifield. However, the final molecular weight of the assembled compound is significantly 

below the reached molecular weight using other chain- or step-growth polymerization methods. 

In this thesis, a synthetic approach is presented to further increase the molecular weight of 

oligoamides with a precise monomer sequence derived from a multistep-growth assembly on a solid 

support (solid phase synthesis (SPS)) by their subsequent polymerization. The polymerization is realized 

using a photoinduced thiol-ene click (TEC) coupling reaction by functionalizing the defined 

macromonomers from SPS with terminal thiol and alkene moieties. Applying UV irradiation, the 

telechelic macromonomers are subsequently polymerized in step-growth fashion. Thereby, the defined 

sequences from the macromonomers are translated into the final sequence of the resulting high 

molecular weight polymers, realizing a new class of sequence-controlled polymers. 

As monomer units in SPS, so-called building blocks are used which, similar to amino acids for solid 

phase peptide synthesis, contain an Fmoc-protected amine as well as a carboxylic acid group which 

allow for their iterative assembly (see Figure 1A). A library of different building blocks was 

successfully developed in previous studies, giving the possibility to specifically tune the backbone 

properties, the architecture as well as to introduce specific bioactive binding motifs in the side chain. As 

binding motifs, especially carbohydrates are of interest, allowing for the synthesis of well-defined 

glycomimetics for the investigation of carbohydrate – protein interactions. 

In the first part of this thesis, two sequence-defined oligoamides derived from SPS, one containing 

two terminal thiol moieties and the other two terminal alkene moieties, were polymerized by TEC. Using 

this AA/BB approach, the two macromonomers are assembled in a strictly alternating fashion, therefore 

forming a multiblock copolymer (see Figure 1B). Special focus was devoted to the determination of 

optimal reaction conditions, reaching highest possible degrees of polymerization (�̅�𝑛) by changing 

different reaction parameters. 
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The optimized polymerization procedure was subsequently applied to polymerize four sequence-defined 

glycomacromonomers, carrying between one and five α-D-mannopyranoside (Man) moieties in their 

side-chain, with a hydrophilic spacing macromonomer, not presenting binding ligands. The achieved 

glycopolymers as well as the glycomacromolecules were applied in clustering and binding studies 

towards the Man-recognizing protein Concanavalin A (Con A) to obtain insights in multivalent binding 

mechanisms, especially in the effect of carbohydrate spacing introduced by the hydrophilic spacing 

macromonomer. With the first set of glycopolymers as well as macromonomers, only a strong 

correlation between Man valency and no influence of the Man spacing or the overall molecular weight 

on the Con A clustering or binding was observed. 

 

Figure 1: Schematic overview of different synthetic approaches towards sequence-controlled polymers using monodisperse 
precision macromonomers derived from solid phase synthesis. Showing in A) the concept of a stepwise monomer assembly by 
solid phase synthesis using tailor-made building blocks, B) an AA/BB approach using two homofunctionalized 
macromonomers, C) an AA/BB approach using one homofunctionalized macromonomer as well as a homofunctionalized 
poly(ethylene glycol), D) an AB approach using one heterofunctionalized macromonomer. 

In the second part, the concept of subsequently polymerizing macromonomers derived from SPS via 

TEC in a step-growth polymerization was extended, aiming to further increase the molecular weights of 

the glycopolymers. Therefore, a more reactive alkene moiety for photoinduced TEC coupling as well as 

a dithiol-poly(ethylene glycol) (PEG(SH)2-6000) with a number average molecular weight (�̅�𝑛) of 

6000 Da as second macromonomer were introduced (see Figure 1C), successfully increasing �̅�𝑛 and �̅�𝑛 of the final glycopolymers. Besides that, an additional motivation using the PEG(SH)2-6000 was to 

further increase the spacing between the Man binding motifs since so far no influence on Con A binding 

was observed when using the hydrophilic spacing blocks.  
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Five glycomacromonomers carrying between one and three Man moieties as well as different spacing 

between the carbohydrates were synthesized via SPS. After their polymerization and a series of 

purification procedures a total of 12 different glyco(oligoamide) – PEG multiblock copolymers were 

obtained which were again subjected to Con A binding assays. Although the glyco(oligoamide) – PEG 

multiblock copolymers presented a higher amount of Man moieties in comparison to most sequence-

controlled glycopolymers from the first series, significantly weaker binding affinities to Con A were 

observed, which can be attributed to the high molecular weight PEG block. 

The third part focused on the synthesis of periodic sequence-controlled polymers with a regularly 

recurring monomer sequence in one direction along the polymeric backbone using an AB approach by 

polymerizing one heterofunctionalized macromonomer in step-growth fashion performing TEC (see 

Figure 1D). Due to self-initiation of monomers presenting both, a thiol as well as an alkene moiety, an 

AB approach was so far not successful, and therefore the polymerization was limited to the use of two 

symmetrical, homofunctionalized monomers which do not exhibit a directional controlled incorporation 

into the final polymer. An uncontrolled polymerization was successfully prevented by the introduction 

of a nitrobenzyl based photolabile protecting group which was coupled to the reactive thiol moiety. The 

final thiol-protected, heterofunctionalized macromonomer was polymerized in a two-step approach, first 

removing the protecting group and thereby liberating the reactive thiol moiety followed by its 

polymerization resulting in a periodic copolymer with a directional monomer sequence along the 

polymeric backbone. 

Overall, a novel synthetic approach based on a combination of SPS and TEC step-growth 

polymerization towards sequence-controlled polymers was developed, thereby contributing in the field 

of well-defined polymers. The approach ensures control over the final polymer sequence in two levels: 

first, during the precise monomer arrangement in SPS and second during the specific linkage in the step-

growth assembly of the defined macromonomers. The here presented novel class of sequence-controlled 

polymers can give, in addition to the stated glycomimetics, access to a broad range of bioactive or 

biomimetic polymers since a large variety of biological relevant motifs can be introduced into the 

macromonomer sequence via SPS. Furthermore, the TEC polymerization method tolerates various 

functional groups and solvents, thereby further emphasizing its great potential for application, due to 

only a few limitations of the polymerized macromonomers regarding their chemical nature. Besides the 

synthetic aspect, further insights about the effect of Man density and spacing as well as the overall 

molecular weight of glycomimetics towards the interaction with Con A were obtained, thereby 

contributing in the elucidation of specific binding mechanisms during multivalent carbohydrate – 

protein interactions. 
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Zusammenfassung 

Die Natur dient oftmals als Vorbild für innovativen Fortschritt in vielen Bereichen der Technik, 

Architektur und Naturwissenschaft. Inspiriert durch komplexe, natürliche Makromoleküle, die eine 

spezifische Funktion erfüllen, entwickelte sich ein Streben nach Präzision in synthetischen Materialien, 

was schließlich zur Etablierung des Forschungsgebiets der wohldefinierten Polymere führte. 

Biopolymere, die als Vorbild dienen, wie zum Beispiel Proteine und DNA, sind hochmolekulare aber 

monodisperse Strukturen mit einer präzisen Monomeranordnung. Trotz der synthetisch anspruchsvollen 

Aufgabe wurde in den letzten Jahrzehnten eine Vielzahl von Synthesemethoden zur Herstellung 

wohldefinierter Polymere, mit einer engen Molmassenverteilung, einer definierten Monomersequenz, 

oder sogar beiden, entwickelt. Während mit vielen Methoden eine enge Molmassenverteilung erzielt 

werden kann, ist die Kontrolle der Primärstruktur oft nur zu einem geringen Maß möglich. Mit 

konventionellen Polymerisationsmethoden sind unter anderem Multiblock-, Alternierende- oder 

Gradient-Copolymere zugänglich, welche bei weitem nicht die Komplexität der natürlichen Vorbilder 

erreichen. Die geeignetsten Methoden zur Synthese von Polymeren mit einer definierten 

Monomersequenz basieren auf mehrstufigen Wachstumsreaktionen, bei denen Monomereinheiten 

separat an ein Trägermaterial gekuppelt werden. Mit dieser von Merrifield erstmals zur Herstellung von 

Peptiden entwickelten Methode kann allerdings nur ein, im Vergleich zu andren geläufigen Ketten- oder 

Stufenwachstumsreaktionen, niedriges Molekulargewicht erreicht werden. 

In dieser Dissertation wird ein Syntheseansatz zur Steigerung des Molekulargewichts von 

sequenzdefinierten Oligoamiden, die mittels einer mehrstufigen Wachstumsreaktion 

(Festphasensynthese) hergestellt werden, präsentiert, indem sie in einer anschließenden Reaktion weiter 

polymerisiert werden. Als Polymerisationsmethode wird eine photoinduzierte Thiol-En Kupplung 

gewählt, bei der durch UV Bestrahlung die terminal mit Thiol oder Alken Gruppen funktionalisierten 

telechelen Oligoamide in einer Stufenwachstumsreaktion weiter verknüpft werden. Bei der 

Polymerisation wird die definierte Monomersequenz des Oligoamids in die finale Sequenz des 

hochmolekularen Polymers übertragen, wodurch eine neue Klasse von sequenzkontrollierten Polymeren 

geschaffen wird. 

Während der Festphasensynthese werden sogenannte Bausteine als Monomereinheiten verwendet, 

welche, ähnlich zu den Aminosäuren in der Festphasen-Peptidsynthese, ein Fmoc-geschütztes Amin und 

eine Carbonsäure tragen und somit iterativ gekuppelt werden können (siehe Abbildung 1A). In 

vorherigen Projekten wurde erfolgreich eine Bibliothek von verschiedenen Bausteinen erstellt, welche 

es ermöglicht die Eigenschaften des Polymerrückrads, die Architektur der Oligoamide, oder die 

Anbringung verschiedener bioaktiver Liganden in der Haupt- oder Seitenkette gezielt zu steuern. Zur 

Herstellung sequenzdefinierter Glykomimetika können beispielsweise Kohlenhydrate als mögliche 

bioaktive Liganden in die Oligoamid-Struktur eingebracht werden, welche anschließend zur 

Untersuchung von Kohlenhydrat – Protein Wechselwirkung eingesetzt werden können. 
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In dem ersten Teil der Dissertation wurden zwei mittels Festphasensynthese hergestellte 

sequenzdefinierte Oligoamide, eins mit terminalen Thiolen und das andere mit terminalen Alken 

Gruppen, durch eine Thiol-En Stufenwachstumsreaktion polymerisiert. Durch den AA/BB Ansatz 

werden die beiden telechelen Makromonomere streng alternierend miteinander verknüpft, wodurch sich 

ein Multiblock-Copolymer bildet (siehe Abbildung 1B). Der Fokus des ersten Teils lag auf der 

Bestimmung optimaler Reaktionsbedingungen, indem verschiedene Reaktionsparameter variiert 

wurden, um einen höchstmöglichen Polymerisationsgrad (�̅�𝑛) zu erreichen. 

 

Abbildung 1: Schematische Übersicht der synthetischen Ansätze zur Herstellung von sequenzkontrollierten Polymeren durch 
die Polymerisation monodisperser Präzisionsmakromonomere, gewonnen mittels Festphasensynthese. Dargestellt in A) das 
Konzept des schrittweisen Aufbaus eines Oligoamids an einer Festphase unter Verwendung von selbst hergestellten 
Bausteinen, B) einen AA/BB Ansatz mit zwei homofunktionalisierten Makromonomeren, C) einen AA/BB Ansatz mit einem 
homofunktionalisierten Makromonomer und einem homofunktionalisierten Polyethylenglykol, D) einen AB Ansatz mit einem 
heterofunktionalisierten Makromonomer. 

Die optimierte Polymerisationsmethode wurde anschließend zur Polymerisation von vier 

sequenzdefinierten Glykomakromonomeren, die zwischen einem und fünf α-D-Mannopyranose (Man) 

Liganden in deren Seitenketten tragen, angewendet. Um einen Abstand zwischen den Man Liganden 

einzuführen wurden die Glykomakromonomere jeweils mit einem hydrophilen, unfunktionalisierten 

Makromonomer copolymerisiert. Die hergestellten Glykopolymere, wie auch die 

Glykomakromonomere, wurden anschließend in Rezeptor-Clustering und Rezeptor-Bindungsstudien 

mit dem Man-spezifischen Lektin Concanavalin A (Con A) getestet und somit die multivalenten 

Bindungsmechanismen von Kohlenhydrat – Lektin Wechselwirkungen studiert. Besonderes Interesse 

lag auf der Untersuchung des Einflusses des Abstands zwischen den bindenden Man Liganden, welcher 

durch das hydrophile, unfunktionalisierte Makromonomer eingeführt wurde. 
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Mit der ersten Reihe von Glykopolymeren und Glykomakromonomeren wurde lediglich eine starke 

Korrelation zwischen der Man Valenz und kein Einfluss des Man Abstands oder des Molekulargewichts 

der Liganden auf Con A Clustering oder Bindung beobachtet. 

In dem zweiten Teil der Dissertation wurde das entwickelte Konzept der anschließenden Thiol-En 

Stufenwachstumsreaktion von Makromonomeren, die mittels Festphasensynthese hergestellt wurden, 

erweitert. Dabei wurde besonders eine weitere Steigerung der zuvor erzielten Molekulargewichte der 

Glykopolymere angestrebt. Aus diesem Grund wurde zum einen eine reaktivere Alken Endgruppe für 

photoinduzierte Thiol-En Kupplung und zum anderen ein Polyethylenglykol-dithiol (PEG(SH)2-6000) 

mit einer zahlenmittleren Molmasse (�̅�𝑛) von 6000 Da als zweites Makromonomer verwendet (siehe 

Abbildung 1C). Durch die beiden Veränderungen wurden erfolgreich der �̅�𝑛 wie auch der �̅�𝑛 der 

Glykopolymere weiter erhöht. Ein zusätzlicher Grund für die Verwendung des PEG(SH)2-6000 war die 

weitere Vergrößerung des Abstands zwischen den Man Liganden, da durch den Abstand des vorher 

verwendeten hydrophilen Makromonomers kein Einfluss auf die Wechselwirkung mit Con A beobachtet 

werden konnte. Fünf Glykomakromonomere, die zwischen einem und drei Man Liganden mit 

unterschiedlichen Abständen zueinander tragen, wurden per Festphasensynthese hergestellt und mit 

PEG(SH)2-6000 copolymerisiert. Nach der Polymerisation und einer Reihe von Aufreinigungsschritten 

wurden 12 verschiedene Glyko(oligoamid) – PEG Multiblock-Copolymere erhalten, welche erneut in 

Wechselwirkungsstudien mit dem Lektin Con A eingesetzt wurden. Trotz deutlich höherer Man 

Valenzen im Vergleich zu den meisten Glykopolymeren der ersten Reihe, wurden erheblich geringere 

Bindungsaffinitäten zu Con A bestimmt, was der hochmolekularen PEG Einheit zugeschrieben wurde. 

Der dritte und abschließende Teil der Dissertation beschäftigt sich mit der Synthese eines 

sequenzkontrollierten Polymers mit einer periodisch wiederkehrenden Monomersequenz in eine 

definierte Richtung entlang des Polymerrückrads. Dazu wurde anstatt eines AA/BB Ansatzes ein AB 

Ansatz gewählt, bei dem ein heterofunktionalisiertes Makromonomer in einer Thiol-En 

Stufenwachstumsreaktion polymerisiert wurde (siehe Abbildung 1D). Aufgrund der auftretenden 

Selbstinitiation von heterofunktionalisierten Makromonomeren, die sowohl ein reaktives Thiol als auch 

ein Alken tragen, war ein AB Ansatz bisher nicht durchführbar. Demzufolge war die Polymerisation 

lediglich auf symmetrische, homofunktionalisierte Makromonomere limitiert, da ein Einbau in eine 

definierte Richtung in das Polymerrückrad bei einem AA/BB Ansatz nicht möglich ist. Mit Hilfe einer 

auf Nitrobenzyl basierenden photolabilen Schutzgruppe, welche an die reaktive Thiol Endgruppe 

angebracht wurde, konnte eine unkontrollierte Initiation der Polymerisation erfolgreich verhindert 

werden. Das Thiol-geschützte, heterofunktionalisierte Makromonomer wurde anschließend in einem 

zweistufigen Prozess polymerisiert, indem zuerst die photolabile Thiol-Schutzgruppe entfernt und 

anschließend die Makromonomere mit beiden reaktiven Endgruppen miteinander verknüpft wurden, 

was zu einem periodischen sequenzkontrollierten Polymer mit einer richtungsgerechten 

Monomersequenz entlang des Polymerrückrads führte. 
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Im Allgemeinen wurde eine Methode zur Synthese von sequenzkontrollierten Polymeren entwickelt, 

die Festphasensynthese und eine anschließende Thiol-En Stufenwachstumsreaktion miteinander 

verbindet, womit eine Beitrag im Bereich der wohldefinierten Polymere geleistet wurde. Mit dem 

Ansatz kann die Kontrolle über die Monomersequenz auf zwei Ebenen gewährleistet werden: erstens 

während des präzisen, schrittweisen Aufbaus in der Festphasensynthese und zweitens während der 

spezifischen Verknüpfung der Makromonomere in der anschließenden Stufenwachstumsreaktion. Die 

präsentierte neue Klasse von sequenzkontrollierten Polymeren ermöglicht es, zusätzlich zu den hier 

genannten Glykopolymeren, eine große Reihe bioaktiver oder biomimetischer Polymere zugänglich zu 

machen, da eine vielfältige Auswahl von biologisch relevanten Motiven während der 

Festphasensynthese in die Makromonomere eingebracht werden können. Darüber hinaus ist die 

entwickelte Thiol-En Stufenwachstumsreaktion tolerant gegenüber vielen funktionellen Gruppen und 

Lösungsmitteln. Diese geringe Limitierung in der chemischen Natur der eingesetzten Makomonomere 

zeigt das große Potential der vielzähligen Anwendung der Methode auf. Zusätzlich zu den synthetischen 

Aspekten wurden neue Erkenntnisse bezüglich des Einflusses des Abstands und der Dichte von Man 

Liganden, sowie des Molekulargewichts von Glykomimetika auf die Wechselwirkungen mit Con A 

erlangt. Mit den neuen Erkenntnissen wurde zur Aufklärung der spezifischen Mechanismen, die bei 

multivalenten Kohlenhydrat – Lektin Wechselwirkungen auftreten, beigetragen. 
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1 General introduction 

 

Nature! … She is the only artist; working-up the most uniform material into 

utter opposites; arriving, without a trace of effort, at perfection, at the most exact 

precision, though always veiled under a certain softness.1 

– Johann Wolfgang von Goethe – 

 

Nature permanently served as an example for mankind, promoting scientific and technological 

progress which led to novel functional materials as well as innovative designs in a broad range of 

industrial fields. Also at a molecular level, Nature continuously inspires scientists especially by precisely 

constructed macromolecules and their specific physiological function. The defined arrangement of 

amino acids in proteins results in unique properties such as catalytic properties of enzymes or strong 

interactions of antibodies with exogenous pathogens, naming just two famous examples. Other 

properties realized by proteins include antifreeze2, 3 or fluorescent4, 5 properties, the formation of 

structural elements by triggered self-assembly6, 7 as well as strong adhesion8, 9 or high toxicity10, 11. The 

inspiration from Nature’s perfection of complex macromolecules subsequently resulting in a specific 

function led to a pursuit of precision in artificial materials, opening the field of well-defined polymers. 

Whereas Nature achieves complete control over monomer sequence, molecular weight as well as 

molecular weight distribution for a majority of biopolymers using elegant enzymatic coupling 

procedures, synthesis of well-defined artificial polymers remains a challenge today but holds the 

promise of creating new, highly functional materials.12-14 

1.1 Well-defined polymeric materials: Synthetic strategies 

In the field of well-defined polymers, different levels of control are targeted, mainly depending on 

the required needs of the functional material that is synthesized. In general, the two primary levels of 

control that are aimed for are a narrow molecular weight distribution and a controlled primary structure 

(monomer sequence) of the polymer. Different synthetic strategies have been developed in the last 

decades, ensuring one or even both of these two parameters. Polymers with a controlled monomer 

sequence but with non-uniform molecular weight distribution are generally referred to as sequence-

controlled polymers, whereas polymers with both, a defined monomer sequence as well as a uniform 

distribution, are called sequence-defined polymers.12 
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For the synthesis of polymers with narrow molecular weight distributions, achieving dispersities of 

1.01, a variety of chain-growth polymerization methods were developed (see Figure 2, top for a 

schematic illustration of a chain-growth polymerization). The so-called living or controlled 

polymerization was first introduced by Michael Szwarc in 195615, 16 performing an anionic 

polymerization of styrene leading to polymers with significantly lower distributions compared to 

conventional free radical polymerization methods. The primary reason for reaching a narrow distribution 

by living polymerizations is the absence of chain termination as well as chain transfer steps, which was 

already observed by Ziegler in 1936.17 Further, their higher initiation than propagation rates result in a 

simultaneous formation of all active species and thus in a much more constant chain-growth. Besides 

that, the chain-growth is linear over the reaction time, and therefore the molecular weight of the final 

polymer can be predicted. A further important characteristic of living polymerizations is the remaining 

activity of the reactive polymer chain ends which allows for continuous addition of different monomers 

and thus also for a certain control of the monomer sequence by synthesizing multiblock type copolymers. 

 

Figure 2: Adapted and modified from Jean-Francois Lutz12, showing three different approaches for the synthesis of polymers: 
Chain-growth polymerization methods (top), step-growth polymerization methods (center) and multistep-growth coupling here 
shown on a solid support (bottom) as well as accessible molecular weight distributions and sequential monomer arrangements 
for each approach. 

Also with other conventional polymerization methods, the sequential arrangement of monomers is 

only possible to a limited extent. By copolymerization of more than one monomer using chain- or step-

growth polymerization methods, simple chain microstructures such as multiblock, periodic, graft or 

strictly alternating copolymers can be obtained, however, by far not achieving the structural complexity 

of biopolymers. 
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With the invention of Nylon 6,6 by Carothers in the 1930th, the strictly alternating copolymers are 

probably the first example of synthetic polymers with a simple level of a controlled arrangement of 

monomers.18 The polyamide is synthesized by a step-growth polycondensation of the two 

homofunctionalized comonomers hexamethylenediamine and adipic acid (see Figure 2, center for a 

schematic illustration of a step-growth polymerization). 

Although the field of synthesizing artificial polymers with a well-defined monomer sequence beyond 

these of simple copolymers is a current evolving area, in other research fields, such as biology and 

biochemistry, the regulation of monomer sequence is thoroughly studied for several decades. A variety 

of methods were implemented for the synthesis of biopolymers like peptides or deoxyribonucleic acid 

(DNA) and ribonucleic acid (RNA). These existing synthesis approaches for biopolymers, especially 

solid phase peptide synthesis (SPPS) (as shown in Figure 2, bottom for a schematic illustration for a 

multistep-growth polymerization similar to SPPS), and also methods from other areas like organic 

chemistry and engineering were adapted and used for the synthesis of manmade polymers with narrow 

molecular weight distributions and/or a defined monomer sequence. Currently, relevant controlled 

polymerization methods as well as recent examples for the synthesis of sequence-controlled polymers 

are introduced in the next subchapters. 

1.1.1 Living and controlled chain-growth polymerizations 

The decisive difference in the absence of chain termination or chain transfer steps in living when 

compared to conventional chain-growth polymerizations can be achieved in various ways. Primary 

developed living polymerization techniques were based on ionic propagating species, such as the anionic 

living polymerization pioneered by Szwarc15, 16 as well as cationic polymerizations which were 

developed by Higashimura and Kishiro19 in the late 1970th. A termination of two active chain ends is 

precluded in ionic based living polymerizations due to electrostatic repulsion.20 Even though excellent 

dispersities can be achieved with living anionic and cationic polymerization, both techniques are 

sensitive towards impurities and not compatible with certain solvents. The highly reactive end-groups 

can undergo chain transfer steps with trace amounts of impurities or some, especially polar, solvents, 

resulting in a termination of the polymerization. For the same reason, the methods are not compatible 

with several functional groups, thus limiting a high variety of side chain motifs.21 Due to these 

restrictions, further techniques were developed which are also based on the principle of eliminating 

chain termination and transfer but allow for a broader variety of functional groups and solvents making 

them more relevant in current polymer science than ionic living polymerizations. In general, two further 

main classes of more robust controlled polymerizations were developed, first being the class of 

controlled radical polymerizations (CRP)22-25 and second being specific ring-opening polymerization 

(ROP)26-29 techniques.  

 



1. General Introduction 

4 

Technically speaking, the class of CRP reactions cannot be considered as truly living polymerizations 

since chain terminations are possible but suppressed. In controlled radical polymerizations, the growing 

free radical chain end is in equilibrium with a so-called dormant species which does not propagate. 

Besides the dormant species are non-propagating species, a chain transfer or termination at this state is 

also not possible. The equilibrium lies on the side of the dormant species, thereby suppressing chain 

termination steps resulting in narrow molecular weight distributions similar to those of truly living ionic 

polymerizations. The suppression of chain termination steps by the presence of a deactivated dormant 

species can be achieved in different ways, and at present-day, three established methods are widely used 

which can be applied to polymerize a broad range of monomers. The three approaches are the stable 

free radical polymerizations (SFRP)22, 30, 31, with the nitroxide mediated polymerization (NMP)22, 32, 33 

being a well-established example, metal catalyzed atom transfer radical polymerization (ATRP)34-36 and 

reversible addition-fragmentation chain transfer (RAFT) polymerization22, 37, 38. 

1.1.1.1 Chain-growth approaches for the synthesis of sequence-controlled polymers 

Even though narrow molecular weight distributions can be achieved with controlled chain-growth 

polymerizations, control over the monomer sequence is still challenging. Generally, only one monomer 

is polymerized at a time, but due to the remaining activity of the reactive chain end, an addition of a 

different monomer after complete consumption of the first monomer leads to multiblock like copolymers 

with blocks of a defined length of one incorporated monomer.39-41 A simultaneous polymerization of 

two monomers will generally result in a random or statistical copolymer if both monomers exhibit 

similar reactivity, which is usually the case. When choosing two monomers with different reactivity, an 

instantaneous incorporation of the more reactive monomer in the polymer scaffold after its addition can 

be achieved. An example of a copolymerization of monomers with different reactivity in a controlled 

chain-growth polymerization was introduced by the group of Lutz, copolymerizing styrene with more 

reactive maleic anhydride monomers.42 The maleic anhydride, which is referred to as acceptor 

comonomer, is incorporated after its addition in a narrow region of the polystyrene backbone that is 

built up out of the donor monomer when the acceptor monomer concentration decreases. A variety of 

N-functionalized maleic anhydride monomers were developed, presenting hydrophobic or hydrophilic 

as well as basic or acidic substituents, giving access to multiblock copolymers with specific functional 

blocks.43 Further examples for controlling the monomer sequence in a controlled chain-growth 

polymerization were developed by the group of Ouchi and Sawamoto working on so-called template 

initiators as well as template monomers. A template initiator is a specific monomer-recognizing moiety 

that is rigidly fixed on a polymerizable initiator and thus promotes the incorporation of a template 

interacting monomer due to its resulting proximity to the initiator.44, 45 Template monomers, on the other 

hand, are monomers that are fixed prior to their polymerization, generally covalently46 but also using 

metal complexes47, and are due to their proximity polymerized subsequently. The template moiety 

connecting the monomers is removable, and after its cleavage strictly alternating or periodic copolymers 

can be obtained.  
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Since two or even three polymerizable moieties are presented on one template monomer, the 

polymerization is generally performed under highly diluted conditions to prevent cross-linking. First 

published template monomer was a 1,8-functionalized naphthalene containing an acrylate and a 

methacrylate, respectively, resulting in a highly alternating methacrylate-acrylate copolymer after its 

polymerization and subsequent removal of the naphthalene.46 Two elegant approaches for the synthesis 

of periodic copolymers by chain-growth polymerization were introduced by the group of Hawker48 as 

well as the group of Hillmyer49. Both groups performed ring-opening metathesis polymerization 

(ROMP) of macrocycles with a defined sequence of five and four functional groups, respectively, which 

are after their polymerization represented in the polymer backbone as periodically repeating sequence. 

1.1.2 Step-growth polymerization methods 

In contrast to chain-growth polymerization techniques, the step-growth polymerization approach is 

generally used when a controlled primary structure is targeted, rather than a narrow molecular weight 

distribution. As described by Flory, who together with Carothers was one of the pioneers of step-growth 

polymerization, the molecular weight distribution of a linear step-growth polymerization with almost 

complete conversion approaches a value of 2.50, 51 Besides this, the poor control of molecular weight or 

even the difficulty of achieving high molecular weights are significant disadvantages in comparison to 

chain-growth polymerizations. In contrast to chain-growth polymerization, high molecular weights are 

only obtained at high monomer conversion as studied by Carothers.52 The previous reaction step in a 

polymerization of one heterofunctionalized monomer or two homofunctionalized monomers results in 

the formation of dimeric structures although half of the reactive end-groups are converted. Subsequently, 

a conversion of 95% of the reactive end-group only results in a polymer with twenty repeating units and 

a conversion of 99% in 100 repeating units.52 The prerequisite of high conversion implies a choice of a 

quantitative coupling reaction as well as an equimolar ratio of the reactive end-groups. However, when 

meeting the requirements, step-growth approaches are straightforward methods to achieve polymers 

with a strictly alternating monomer sequence. 

Furthermore, due to the possibility of separating the reactive end-groups of the monomer by a long 

spacing block, supposedly a block with a specific arrangement of functional groups, periodic polymers 

can be synthesized with well-defined repeating units. The group of Wagner first performed this approach 

of polymerizing defined telechelic macromonomers in 2004 for the synthesis of a defined ethylene/1-

butene copolymer53, and it quickly became a widely used method. Click reactions (see Chapter 1.2) are 

extensively used as coupling reaction due to their quantitative conversion and lack of side reactions. To 

name some, the groups of Lutz54, Guan55 and Kopecek56 used copper (I) mediated azide-alkyne 

cycloaddition (CuAAC) coupling (see Chapter 1.2.1) whereas the groups of Tew57, Junkers58 or Du 

Prez59 made use of thiol-ene coupling (TEC) reactions (see Chapter 1.2.2) to couple well-defined 

telechelic macromonomers in order to obtain periodic copolymers via such a step-growth 

polymerization method. 
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1.1.3 Multistep-growth coupling 

The currently most precise approach controlling the primary structure of synthetic polymers is the 

multistep-growth coupling procedure, consisting of a stepwise coupling of single monomer units onto a 

supporting material; primary a solid particle. The origin of this procedure goes back to the year 1963 

when Bruce Merrifield published his work on solid phase peptide synthesis (SPPS)60 introducing a 

straightforward method to control the amino acid sequence of peptides. A variety of novel approaches 

synthesizing artificial polymers today are based on the fundamental principles of this “bio-inspired” 

procedure. 

1.1.3.1 Solid phase peptide synthesis 

Merrifield’s general idea was to significantly accelerate the previously developed synthesis 

procedure of peptides in solution, first performed by Fischer and Fourneau61, which implied complex 

purification steps. The concept of peptide synthesis consists of a condensation reaction of a carboxylic 

acid and an amine group of two amino acids, connecting both under formation of an amide linkage. To 

prevent the polymerization of the bifunctional amino acids in a step-growth fashion (see Chapter 1.1.2), 

Bergmann and Zervas62 were the first to introduce a temporary protecting group for one of the reactive 

end-groups. Beside the end-groups, also the reactive side chain functionalities need to be protected to 

prevent side reactions (see Figure 3, Protecting groups). Side chain protecting groups are generally 

orthogonal to those of the reactive end-groups.63 A crucial characteristic is that the protecting group can 

be quantitatively removed to liberate all reactive end-groups, allowing for coupling of another amino 

acid. A further milestone in peptide synthesis was the development of coupling reagents since the amide 

bond formation is not favored at room temperature, because the carboxylic acid is mainly present in its 

highly unreactive carboxylate form in the reaction mixture containing basic amines.64, 65 Most 

noteworthy invention was probably the discovery of the class of carbodiimides by Sheehan and Hess66 

in 1955 (see Figure 3, Coupling reagents, top), activating the carboxylic acid group under formation of 

an O-acyl isourea intermediate which is a good leaving group and can be easily displaced by the primary 

amine during nucleophilic substitution. With a significant increase in yield for each coupling step when 

using coupling reagents, the amount of deletion sequences was reduced. However, despite decreasing 

the amount of side-products with both of the stated accomplishments in peptide synthesis, the isolation 

of the target structure from an excess of remaining starting material and coupling reagents was still time-

consuming and potentially problematic, e.g., due to a drastic loss in yields.65 By attaching one end of 

the peptide to a solid support and building up the amino acid sequence from the accessible end in a 

stepwise fashion, remaining reagents after each coupling step can be easily removed by filtration and 

extensive washing of the solid material. The covalently bound target structure remains on the solid 

support until its final amino acids sequence is obtained and is cleaved. Due to the ease of separating the 

reaction solution from the target compound, also a significantly higher excess of the coupled amino acid 

as well as coupling reagents can be used, driving the coupling step almost to completion.65  
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As solid support, or so-called resin, Merrifield used a hydrophobic copolymer network based on 

styrene which is cross-linked using para-divinylbenzene (DVB) (see Figure 3, Examples for resins, 

top).60 On the solid support, a specific linker, allowing for a covalent anchoring of the first amino acid 

is present. The original Merrifield resin contained chloromethyl groups to which the C-terminal end of 

the first amino acid can be linked via a benzyl ester (see Figure 3, Examples for linkers, top). The ester 

linkages can be cleaved under basic or acidic conditions, releasing the final product from the resin.60 

Because of the hydrophobic nature of the polystyrene resin, long peptide chains tend to aggregate on the 

solid support.67 In an aggregated state, the reactive end-groups are less accessible, and lower yields for 

subsequent coupling steps are often observed which lead to the development of new, more hydrophilic 

resins. One example is the TentaGel® resin, which contains additional poly(ethylene glycol) (PEG) 

chains, thereby increasing the hydrophilicity and also the flexibility of the resin. The structures of an 

original Merrifield resin as well as a PS-PEG resin such as a TentaGel® resin are shown in Figure 3 

(Examples for resins, top for PS and bottom for PS-PEG resin). 

 

Figure 3: Schematic illustration of a C-terminal anchored peptide on a solid support with side chain protecting groups as well 
as a coupling of an N-terminal protected amino acid. Exemplary structures of widely used resins, linkers, protecting groups 
and coupling reagents are shown. 

Not only the composition and the properties of the resin but also of the linker that connects the amino 

acid to the solid support were further modified and optimized. Today, researchers can choose from a 

large variety of linkers that can be cleaved under different conditions such as basic or acidic conditions 

but also under reductive conditions68 or using UV irradiation69. Furthermore, the chosen linker also 

determines the terminal functional end-groups of the compound after cleavage. 
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One of the most prominent anchoring points to the resin are chlorotrityl linkers which are acid cleavable 

linkers.67 The bound compound can be cleaved from these linkers by addition of low amounts (generally 

1-5vol%67) of trifluoroacetic acid (TFA), depending on the functionalization of the trityl group. A further 

example for a commonly used linker is the Rink Amide linker which is also an acid cleavable type 

linker, but requires up to 95vol% of TFA for a quantitative liberation of the product.67 Structures of a 

chlorotrityl as well as the Rink Amide linker are shown in Figure 3 (Examples for linkers, center for 

chlorotrityl and bottom for Rink Amide linker). 

In general, most common linkers in SPPS are acid labile, mainly connecting the C-terminal end of 

the amino acid to the resin. Therefore, the fluorenylmethyloxycarbonyl (Fmoc) protecting group, which 

can be removed under basic conditions, was established over the years as the primary protecting group 

for the reactive amino end-group. The quantitative liberation of the N-terminal end of a previously 

coupled amino acid does thus not result in a cleavage from the resin. The Fmoc group can be specifically 

removed under mild basic conditions, generally using 20vol% of piperidine.63 Besides the Fmoc group 

also the acid labile tert-butyloxycarbonyl (t-Boc) group is a widely used α-amino protecting group which 

is one of the first protecting groups that were developed.70 t-Boc protecting groups can be used in 

combination with linkers that are stable under acidic conditions but also with those that need very harsh 

acidic conditions for their cleavage. In the early stage of SPPS, for example, the t-Boc group was used 

in combination with the benzyl ester anchoring via chloromethyl groups which need hydrofluoric 

acid (HF) for their liberation. Therefore, an orthogonal removal of the t-Boc group using 30-50vol% 

TFA with only minimal loss of product was possible.70 A further acid labile protecting group that can 

be cleaved at milder conditions compared to the t-Boc group is the trityl (Trt) group which can be 

removed using a TFA concertation between 1-5vol%.63 Similar to the developed resin linkers also 

protecting groups other than those that can be cleaved under acidic or basic conditions were established. 

Here, especially the allyloxycarbonyl (Alloc) group and the nitrobenzyl derivatives are often used. The 

Alloc group can be specifically removed using a palladium-catalyzed allyl transfer63, 71 whereas 

nitrobenzyl groups can be cleaved under UV irradiation72, 73. Due to their stability at different pH, 

temperature or under reductive conditions, they present excellent orthogonality towards other common 

protecting groups.63, 74, 75 Structures, suitable functional groups and cleavage conditions of all the 

presented protecting groups are given in Figure 3 (Protecting groups). 

The stability of the side and especially the main chain protecting group throughout the stepwise 

synthesis is crucial in order to achieve high yields and purities. In addition to that, also a quantitative 

coupling of one monomer unit is of utter importance. The amide bond formation is mainly realized by 

activating the carboxylic acid in terms of the addition of a good leaving group. There are many possible 

approaches based on this concept, e.g., their conversion into acyl halides or azides as well as mixed 

anhydrides.76 However, most of these approaches are not suitable for SPPS since they may lead to the 

cleavage of certain protecting groups and linkers as well as rearrangements or the activated intermediates 

hydrolyze quickly.76 
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A variety of coupling reagents were implemented over time, first different carbodiimides derivatives 

such as N,N’-dicyclohexylcarbodiimide (DCC) or N,N’-diisopropylcarbodiimide (DIC).66 The structures 

of DCC and DIC are shown in Figure 3 (Coupling reagents). After formation of the O-acyl isourea, the 

primary amine can attack the carbonyl group, displacing a urea derivative, as shown in Scheme 1 (top 

and center). However, when using carbodiimide reagents racemization and side reactions were observed, 

one being the formation of a stable N-acyl urea by rearrangement of the O-acyl isourea (see Scheme 1, 

center).76 

Scheme 1: Mechanism of the coupling of an Fmoc-protected amino acid to the primary amine of a peptide chain on a solid 
support using a carbodiimide type coupling reagent. With top showing the formation of the reactive O-acyl isourea intermediate, 
center showing the nucleophilic attack of the primary amine to the O-acyl isourea and bottom showing the coupling under the 
addition of the strong nucleophile HOBt, the formation of an active Obt ester intermediate as well as its attack by the primary 
amine. 

 

An approach to suppress the acyl transfer is the addition of a further nucleophile which is highly 

reactive and attacks the O-acyl isourea faster than it rearranges. The activity of the formed intermediate 

has to be still sufficiently high for the addition of the amino group. An example of a nucleophile ensuring 

this is hydroxybenzotriazole (HOBt) (see Scheme 1, bottom) generating an active ester on the C-

terminal end of the amino acid. The formed active Obt ester can be subsequently attacked by the primary 

amine of the peptide on the solid support under liberation of the HOBt moiety, resulting in the final 

amide linkage. In addition to the suppression of the rearrangement, its use also reduces racemization.76 

The reaction mechanism of the coupling using a carbodiimide under the addition of HOBt is exemplarily 

shown in Scheme 1 (bottom). 
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A further reduction in racemization was achieved by using phosphonium salt type coupling reagents 

which contain an internal HOBt moiety that is released in situ in the first step of the coupling reaction. 

The first published coupling reagent of this class was benzotriazol-1-yl-oxy-tris-(dimethylamino)-

phosphonium hexafluorophosphate (BOP), also known under the name Castro’s reagent, in 1975.77 For 

the coupling, the addition of a base, generally N,N-diisopropylethylamine (DIEA), is necessary to 

deprotonate the carboxylic acid. 

Scheme 2: Mechanism of the coupling of an Fmoc-protected amino acid to the primary amine of a peptide chain on a solid 
support using a phosphonium salt type coupling reagent. With top showing the formation of the reactive acyl phosphonium 
intermediate, center showing the nucleophilic attack of previously released Obt- to the acyl phosphonium intermediate and the 
formation of an active Obt ester and bottom the attack of the primary amine to the active Obt ester. 

 

The carboxylate can then attack the positively charged phosphonium ion under formation of an 

activated acyl phosphonium intermediate and deprotonated HOBt, as shown in Scheme 2 (top). 

Subsequently, the Obt anion reacts with the activated acyl, forming again the active Obt ester which 

allows for a quantitative substitution by the amino group (see Scheme 2 center and bottom).76 A 

disadvantage of BOP is the release of carcinogenic hexamethylphosphoric acid triamide (HMPA) which 

is the reason for the BOP reagent being replaced by the benzotriazol-1-yl-oxy-tris-(pyrrolidino)-

phosphonium hexafluorophosphate (PyBOP) not releasing a harmful side-product.78 The structures of 

the introduced coupling reagents BOP and PyBOP with the highlighted internal HOBt moiety are shown 

in Figure 3 (Coupling reagents). 
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1.1.3.2 Solid phase synthesis of oligoamides 

After its intentional invention for the synthesis of peptides, the powerful method of solid phase 

synthesis was soon further extended to other systems, first within the field of biopolymers for nucleic 

acids79 and carbohydrates80 but in the later 1990s81, 82 also for the synthesis of unnatural, artificial 

oligomeric compounds. In general, the method can be adapted to all types of monomers, having a 

bifunctional character with a temporary protecting group on one of the two functionalities. Besides that, 

also the type of coupling reaction can be varied with the only premise of resulting in a quantitative 

linkage, if necessary also by means of coupling reagents. 

In the group of Hartmann, the concept of SPPS was applied to synthesize monodisperse, sequence-

defined oligomers based on an amide backbone. Instead of using amino acids, tailor-made building 

blocks with different main and side chain motifs were established giving access to a vast range of 

macromolecules with precisely tuned physicochemical properties as well as architectures.83-86 Similar to 

conventional amino acids used for SPPS, the artificial building blocks contain an Fmoc protected 

primary amine as well as a carboxylic acid functionality and can therefore be coupled applying 

optimized coupling procedures. Additionally, it is also possible to include amino acids within the 

oligoamide backbone to introduce a certain functional side chain group or a selectively cleavable main 

chain motif.87, 88 The well-defined oligoamides are used as synthetic biomimetic compounds, presenting 

biological relevant ligands for the investigation of biological processes. For that, a monodisperse 

compound with a defined primary structure is of utter importance to gain unambiguous structure-activity 

correlations. A particular emphasis in the group of Hartmann is devoted to the synthesis of precision 

glycomacromolecules with an exact amount and positioning of carbohydrate motifs as well as a precise 

architecture, for example, varying between linear and branched structures.85, 86, 89, 90 A broad variety of 

different building blocks was developed over the years which can be generally divided into two different 

types, the functional and the spacing building blocks. Functional building blocks carry a specific side 

chain functionality, which allows introducing a binding motif, such as a carbohydrate, but can also serve 

as a branching point.83, 85 The spacing-type building blocks can be used to achieve spacing between 

binding ligands, to adjust the overall contour length and molecular weight of the oligomer as well as to 

tune the hydrophobicity or rigidity of the backbone.83, 90, 91 Structures of the building blocks from the 

current library are shown in Figure 4. 

Most functional building blocks are based on a diethylenetriamine moiety with a functional side 

chain on its centered secondary amine. The two primary amines are Fmoc-protected and succinylated, 

respectively. Each building block is termed with a specific letter code, generally consisting out of three 

letters. The essential diethylenetriamine as well as the succinyl group are always stated in the 

nomenclature as the last letters, which are DS (D for diethylene triamine and S for succinyl). The first 

letter gives information about the functional group of the side chain. Most relevant functional building 

block so far is TDS83, presenting an alkyne group (T for triple bond) on its side chain. 
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The alkyne moiety can be used to attach an azide-functionalized ligand by CuAAC reaction (see 

Chapter 1.2.1), e.g., carbohydrates such as 2-azidoethyl-α-D-mannopyranoside or 2-azidoethyl-β-D-

galactopyranoside.83, 86 In contrast to TDS, the BADS85 building block (BA for benzyl azide) can be also 

used for CuAAC but to attach alkyne-functionalized carbohydrates, which are often more easily 

accessible as their azide-functionalized counterparts. 

Further building blocks that allow for an introduction of ligands are the DDS92 and MDS89 building 

blocks with a double bond and a protected carboxylic acid (M for methyl succinyl) group in their side 

chain, respectively. To the DDS block, a coupling of thiol-functionalized ligands by TEC92 reaction (see 

Chapter 1.2.2) is possible whereas azide- or amine-functionalized ligands can be coupled to the MDS 

block by Staudinger ligation89 or amide formation using the appropriate coupling reagents. The two 

building blocks BDS84 and ADS84 contain an orthogonal protecting group on the centered secondary 

amine, a t-Boc protecting group for BDS as well as an Alloc group for ADS, which can both be 

selectively cleaved on the resin. They can be applied to introduce branching points during backbone 

synthesis, allowing for a successive coupling of a further building block to the liberated secondary amine 

as well as for the synthesis of oligoamides with free amines to generate positively charged backbones.84  

 

Figure 4: Examples from the current library of tailor-made building blocks for solid phase synthesis from the group of 
Hartmann showing functional (left) as well as spacing (right) building blocks. The essential carboxylic acid and Fmoc group 
for solid phase synthesis are highlighted in red and green, respectively. The centered diethylenetriamines for the functional as 
well as the different name-giving diamines for the spacing building blocks are highlighted in blue. 

The spacing building blocks are mainly based on a diamine moiety which makes up the most 

substantial part of the final building block and thus also determines the final physicochemical properties 

as well as the size and molecular weight of the building block. Similar to the functional building blocks, 

one of the primary amines is protected with an Fmoc group whereas the other is functionalized with a 

succinyl group. Their nomenclature is also comparable to that of the functional building blocks, likewise 

terminating the three letter code with DS. However, other than for the functional building blocks the D 

stands for diamine. The first letter gives information about the used diamine. 
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EDS83 for example, which is the most used spacing building block, contains with 2,2′-

(ethylenedioxy)bis(ethylamine) a centered ethylene glycol-like diamine and is thus abbreviated with 

an E. The use of EDS provides a good solubility in aqueous buffers but also in organic solvents as well 

as a high flexibility of the oligoamides. The ODS91 building block is the hydrophobic counterpart of 

EDS, containing a 1,8-diaminooctane (O for octyl), which has a similar contour length and molecular 

weight compared to EDS. The SDS93 building block with an ethylenediamine moiety, which is the 

shortest possible aliphatic center (S for short), completes the current library of spacer building blocks. 

1.1.3.3 Multistep-growth approaches for the synthesis of sequence-defined polymers 

The multistep-growth technique has gained high popularity in the field of well-defined polymers 

since it is currently the most accurate approach of regulating monomer arrangement. The majority of 

groups focus on a repetitive coupling and reactive end-group generation cycles. The reactive end-group 

generation step can be the removal of a protecting group94 but also the successive formation of a reactive 

functionality in a further reaction step59, 95. Besides that, it is also possible to use not only one coupling 

reaction but two, thus functionalizing each monomer with two orthogonal reactive end-groups to prevent 

their polymerization in a step-growth fashion.96 

Similar to the group of Hartmann, the groups of Lutz96, 97 and Du Prez98 also make use of a solid 

supporting material for the multistep-growth assembly. The group of Lutz focuses on the synthesis of 

encoded polymers carrying information in terms of an exact arrangement of two monomers, comparable 

to a binary code. They developed different synthetic approaches, one approach consisting in an iterative 

coupling of dimethoxytrityl (DMT) protected phosphoramidites followed by the deprotection of the 

DMT group97 and another approach involving an iterative coupling of two monomers with orthogonal 

reactivity. The first monomer was functionalized with a carboxylic acid as well as an alkyne group while 

the other with an amine and an azide group.96 Thus, an amide bond formation using coupling reagents 

followed by CuAAC coupling reaction (see Chapter 1.2.1) were possible for their alternating assembly 

resulting in sequence-defined polymers. Du Prez and co-workers also worked with protecting-group-

free approaches on solid support, performing a two-step coupling procedure. First, an isocyanate 

functionalized thiolactone is coupled to an alcohol group presented on the solid support. In a following 

so-called amine-thiol-ene conjugation reaction, the thiolactone is opened by an amine which also carries 

an additional alcohol group thus generating a further reactive end-group. The liberated thiol group is 

simultaneously functionalized with an alkene in a TEC reaction (see Chapter 1.2.2). By varying the 

side chain of the alkene, it is possible to introduce a specific functionality at a defined position within 

the polymer backbone.98 

Instead of using a solid support for multistep-growth assembly, also approaches using a soluble 

supporting material were developed, as by the group of Alabi.99 In their work, they made use of a 

fluorous tag onto which the well-defined polymer was assembled in an iterative fashion. 



1. General Introduction 

14 

After the coupling of a monomeric unit, the excess of remaining starting material was separated using 

fluorous solid phase extraction, similar to the washing step in solid phase synthesis. As coupling 

reaction, they used orthogonal thiol-ene chemistry (see Chapter 1.2.2), performing one photoinduced 

thiol-ene coupling reaction with an allyl group followed by a phosphine catalyzed, Michael type thiol-

ene coupling, with an electron deficient acrylamide. A variety of different allyl acrylamide monomers, 

carrying a specific functional group on the centered nitrogen atom, were synthesized which were able 

to be precisely arranged by the iterative coupling.99 

Further examples of groups that developed procedures to synthesize polymers with a defined 

monomer arrangement but without the use of a supporting material are the groups of Johnson94, 100 and 

Meier95. The group of Johnson developed the so-called iterative exponential growth (IEG) approach 

which consists in the coupling of one heteroprotected monomer in an automated flow reactor. Before 

coupling, the monomer is separated in two equal parts, where each part undergoes a targeted removal of 

one of the protecting groups. After their complementary deprotections, the two intermediated are 

combined and coupled resulting in a heteroprotected dimer. The dimer can subsequently undergo the 

same procedure. In each coupling step the molecular weight is doubled which is why the method is 

referred to as exponential growth. The initial monomer contains a triisopropylsilyl (TIPS) protected 

alkyne as well as an alkyl bromide moiety. After its separation in two parts, for one of the parts, the 

TIPS protecting groups is removed whereas the second fraction undergoes a substitution reaction of the 

bromide by an azide. The combined fractions can subsequently react in a CuAAC coupling reaction (see 

Chapter 1.2.1).94, 100 In contrast to the published work from Johnson, the group of Meier introduced an 

example of a protecting-group-free multistep-growth assembly without a supporting material. In their 

approach, they first performed an UGI four-component reaction of a carboxylic acid, an aldehyde, an 

isocyanide and an amine, where the aldehyde was additionally functionalized with an alkene moiety. In 

the following TEC reaction (see Chapter 1.2.2) using 4-mercaptopropionic acid, a carboxylic acid 

moiety is added which allows for a further UGI reaction step. By variation of the amine as well as the 

isocyanide, different functional side chains can be introduced during each UGI reaction step thus 

allowing for a precise arrangement of distinct functionalities during the stepwise assembly.95 

Even though the control over monomer arrangement is excellent by multistep-growth approaches, 

these procedures are generally highly complex and time-consuming. Besides that, the accessible 

molecular weights as well as the amount of synthesized material are still limiting factors. 
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1.2 Click coupling reactions 

The term click reactions was first introduced by Sharpless101 in the early 2000s and in general refers 

to high yielding chemical reactions that have rapid reaction rates, a high thermodynamic driving force, 

high regio- and sterospecificty as well as no formation of side-products. Besides that, the reactions 

should at best proceed under mild reaction conditions. The implementation of this novel concept was a 

milestone in synthetic chemistry, changing the way of solving synthetic problems and serving as new 

inspiration for design strategies. The fundamental idea of modularity combined with orthogonality leads 

to the possibility of easily combining the previously functionalized components into final structures 

which is often more efficient compared to their total synthesis. Besides this, the flexibility of 

interchanging one functionalized compound gives faster access to a broad range of structures.102 

A variety of different fast proceeding reactions were analyzed and categorized as click reactions by 

the group of Sharpless, including cycloaddition reaction such as the Diels-Alder reaction, carbonyl 

chemistry reactions or nucleophilic substitutions on strained heterocycles. However, the reaction 

fulfilling most established characteristics of a click coupling reaction is the CuAAC coupling.101 

1.2.1 Copper (I) mediated azide-alkyne cycloaddition 

The CuAAC reaction is a copper-catalyzed and stereospecific variety of the (2+3)-cycloaddition 

reaction of an azide and an alkyne forming a 1,2,3-triazole which was first introduced by Huisgen in 

1967.103 

Scheme 3: Postulated ligand-free copper (I) mediated azide-alkyne cycloaddition mechanism via a dinuclear copper 
intermediate.104, 105 

 

The initially performed reaction by Huisgen, besides its lack of stereospecificity, was also a very 

slowly proceeding reaction which required high temperatures. Under the addition of a copper catalyst, 

the reaction rate was increased significantly, with the reaction almost reaching completion even at room 

temperature and exclusively forming the 1,4-functionalized triazole.101, 106, 107 
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Furthermore, CuAAC is tolerant towards almost all functional groups as well as solvents and generates 

no side-products. Because of these facts, it was referred to as “cream of the crop” of click reactions by 

Sharpless, matching all defined characteristics.101 The stereospecificity can be explained by the proposed 

reaction mechanism which is shown in Scheme 3. When using a ruthenium (II) catalyst instead of 

copper (I), exclusively the 1,5-adduct is formed.108 

Since only copper (I) serves as catalyst, which is sensitive towards oxidation, a reducing agent is 

generally added to the reaction mixture. As reducing agent, sodium ascorbate has been widely 

established.107 During the reaction, two Cu (I) cations coordinate onto the terminal alkyne moiety under 

its deprotonation. The ring formation with the azide occurs under the release of one of the coordinated 

transition metals. In the last step, the second Cu (I) which is attached in the position 5 of the triazole is 

replaced by a hydrogen, generating the final 1,4-functionalized 1,2,3-triazole as well as the Cu (I) 

catalyst which can serve in a further cycloaddition.104, 105 Although CuAAC is such a powerful method, 

the need of metallic catalyst is one of its few drawbacks which is why the further development of 

different click type reactions is still relevant. 

1.2.2 Thiol-ene click coupling 

The reaction of thiols with carbon-carbon double bonds leading to the formation of thioethers (see 

Scheme 4) is a highly efficient and fast proceeding reaction which was first investigated in the early 

1900s.109 However, the TEC reaction did not gain much importance before the groundbreaking work of 

Sharpless implementing the novel concept of click-reactions.101 

Scheme 4: Overview of TEC from a thiol and alkene leading in a thioether either radical or base mediated. 

 

With the increased focus on click reactions and their broad applications also the thiol-ene reaction, 

fitting several of the defined characteristics, was exploited for its use in synthesis and material 

development.110 Besides the primarily introduced click reactions, the TEC reaction gained increasing 

importance providing a further alternative for similar applications but with different orthogonality 

towards specific functional groups or different possibilities regarding the choice of solvents and 

catalysts. Especially in terms of catalyst, the TEC has advantages over the widely used CuAAC 

reaction.101 Despite its unique reaction kinetics and the exclusive formation of one product, the need of 

copper catalysts is a limiting factor when applying CuAAC on biologically relevant structures due to its 

toxicity for living organisms. Therefore, after being the method of choice for several years in 

bioconjugation reactions, the CuAAC was displaced by TEC because of the better physiological 

compatibility.111 Here, especially the possibility of directly using present thiol groups from the naturally 

occurring amino acid cysteine is a further advantage for the functionalization of proteins. 
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The TEC can proceed according to two different mechanisms: a radical-mediated anti-Markovnikov 

addition to alkenes via a thiyl radical intermediate as well as a base catalyzed thiol-Michael addition via 

a thiolate anion intermediate. 

 

Figure 5: Structures of different reactive alkene moieties, either electron rich or stained alkenes for radical-mediated thiol-ene 
coupling112 (left) or electron deficient alkenes for thiol-Michael addition113 (right). 

Both types of TEC have similar efficiencies but react with different alkene moieties. Whereas the 

radical-mediated pathways need electron rich or strained alkene moieties, the base-mediated pathways 

exclusively react via electron poor Michael acceptors, thus introducing additional orthogonality even 

among TEC reactions. Examples for electron rich or strained alkenes are vinyl ethers, allyl ethers, vinyl 

silanes and norbornenes used in radical-mediated TEC112, whereas electron deficient maleimides, 

acrylates, acrylamides, methacrylates and vinyl sulfones are used in thiol-Michael addition reaction113. 

The structures of the stated alkene moieties are shown in Figure 5.  

1.2.2.1 Photoinduced thiol-ene coupling 

The radical-mediated TEC starts with the formation of a thiyl radical via hydrogen abstraction using 

an adequate initiator system. Here, the use of photo-, thermic- as well as redox-initiators are common.114 

Besides the use of a radical initiator, also a homolytic cleavage of the sulfur-hydrogen bond by UV 

irradiation is possible therefore having the opportunity to work without an initiator.115, 116 However, the 

possible self-initiation even by sunlight also results in difficulties of handling samples containing thiols 

and alkene moieties simultaneously117, 118. 

The next reaction step is the addition of the thiyl radical to the present alkene moiety. The addition 

occurs in an anti-Markovnikov manner, leading to a higher substitute and therefore more stable carbon-

centered radical. From the carbon radical, two pathways are theoretically possible, a step-growth as well 

as a chain-growth pathway.112 When proceeding in a step-growth fashion, the following reaction step is 

the abstraction of a hydrogen atom from a further thiol group generation a new thiyl radical as well as 

the final thioether which is from then on inert. The thiyl radical can then propagate to a further alkene 

moiety followed again by a chain-transfer step. In the chain-growth pathway, the carbon-centered radical 

undergoes a reaction with another alkene moiety again resulting in a carbon-centered radical with the 

possibility of following either the step-growth or chain-growth pathways. 
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Whether a radical-mediated TEC follows a step-growth or chain-growth pathway depends on the 

reaction rate of the propagation and the chain transfer step. For an ideal purely step-growth TEC reaction 

the rates of propagation (𝑘𝑝) and chain transfer (𝑘𝐶𝑇) have to be identical thus neither the thiyl nor the 

carbon-centered radical accumulates during the reaction process (equation (1) in Scheme 5). In case of 

the chain transfer being the rate-limiting reaction step, a chain-growth polymerization is likely due to 

the high excess of carbon-centered radicals (equation (2) in Scheme 5). A slow propagation reaction is 

generally caused by a low reactivity of the alkene moiety, which would then lead to accumulation of 

thiyl radicals and a potential termination of the reaction by recombination resulting in the formation of 

disulfides (equation (3) in Scheme 5). 

Scheme 5: Thiol-ene reaction mechanism following a step or a chain-growth pathway as well as correlations between 
propagation and chain transfer rates. 

 

The reaction rates of propagation and chain transfer highly depend on the nature of the alkene as well 

as the carbon-centered radical but also on the ability of the used thiol to abstract a hydrogen atom. The 

group of Bowman investigated different alkene moieties in terms of their reaction rates in radical TEC 

reaction.119, 120 They found that especially norbornenes and vinyl ethers have almost equal reaction rate 

constants for the propagation (𝑘𝑝) and chain transfer step (𝑘𝐶𝑇), thus being selective for the step-growth 

TEC reaction with almost no possibility of homopolymerization. For allyl ethers and acrylates on the 

other hand, the rate constant for the propagation step is larger than for the chain transfer, resulting in a 

mixture of TEC and homopolymerization, allowing a different interesting application in mixed-mode 

photopolymerization.121-123 

Not only is the low possibility of homopolymerization a crucial advantage of norbornene moieties in 

radical-mediated TEC but also the fact that it is one of the most reactive alkene moieties for this reaction. 

The addition of the thiyl radical towards the norbornene has a very low propagation barrier due to the 

release of ring strain. However, after the propagation step, there is no further driving force to lower the 

chain transfer barrier which would theoretically mean that the chain transfer step is slower compared to 

the propagation step and thus an accumulation of carbon-centered radicals is possible (equation (2) in 

Scheme 5). The fact that a homopolymerization still does not occur may be explained by a low steric 

accessibility of the carbon-centered radical by a further norbornene moiety.112 
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1.2.2.2 Thiol-Michael click coupling 

In contrast to the radical mechanism, the reactive species during thiol-Michael addition is a thiolate 

anion which is mainly generated in the presence of a base, for example, triethylamine (TEA). Besides 

the addition of a base, an initiation using a nucleophile such as a phosphine is also a widely used 

approach.113, 124 An initiation by a metals125 or Lewis acids126 is also possible but not as common. In 

comparison to the base catalyzed approach, other initiations generally amount in more side-products.124 

Scheme 6: Base-catalyzed mechanism (left) as well as the nucleophile initiated mechanism (right) of a thiol-Michael addition 
reaction. B standing for base, Nu for nucleophile and EWG for electron withdrawing group. 

 

Whereas the formation of the reactive thiolate species is simply achieved via deprotonation using a 

base in case of the base catalyzed approach (see Scheme 6, left), its formation using a nucleophile for 

initiation is a two-step process. In the first step, the nucleophile used for initiation attacks onto an 

electron deficient alkene moiety under formation of a zwitterionic intermediate. Its subsequent 

protonation occurs via a hydrogen abstraction from a thiol moiety, generating the reactive thiolate 

species as well as a positively charged nucleophile adduct of a previous alkene moiety (see Scheme 6, 

right). The nucleophile adduct is a common side-product in the nucleophile initiated approach.113, 124 

After initiation, either via a base or a nucleophile, the generated thiolate can subsequently attack an 

electron deficient alkene moiety leading to the formation of a strong carbanion intermediate which can 

deprotonate a further thiol as chain transfer step. In contrast to the radical-mediated thiol-ene reaction, 

a homopolymerization does not occur due to the high probability to protonate the carbanion either by a 

present thiol but also by solvent molecules or the protonated base present in the reaction mixture when 

applying the base-catalyzed approach.113, 124 

  



1. General Introduction 

20 

1.3 Glycobiology: The role of carbohydrates in Nature 

The monomeric units of carbohydrates, the so-called monosaccharides, are, besides nucleotides, 

amino acids and lipids, one of the four main building blocks in biology, each one contributing essential 

properties and functions within a living organism. The field of glycobiology covers the study of 

carbohydrates in biological processes but also the elucidation of their structures, their biosynthesis as 

well as their linkage to proteins or lipids.127 The term was first introduced by the group of Dwek in 

1988128 after the importance of carbohydrates in living organisms, besides their role in energy supply 

and storage or as a structural element, became more evident. In addition to the previously thought to be 

more relevant classes of nucleotides and amino acids, or rather their biopolymeric counterparts the DNA 

and RNA as well as the proteins, in processes such as storage and delivery of information, signal 

transduction and pathogen recognition, the carbohydrates were observed to also take part in a variety of 

these processes.129 These findings resulted in an increasing interest to investigate the functions of 

carbohydrates which was previously highly underestimated. At present day, evidence for the importance 

of carbohydrates in cell communication130, 131, cell adhesion132, 133, signal transduction134, 135 and 

pathogen recognition136-138 such as bacterial139, 140 or viral141, 142 infection were gathered. Especially due 

to the contribution in bacterial and viral infection processes, further knowledge about their exact role 

and mechanism of action becomes extremely important to potentially develop novel antibiotic or 

antiviral treatments. 

 

Figure 6: Structures of the ten most abundant monosaccharides in mammalian cell surfaces oligosaccharides relevant in 
carbohydrate – proteins interactions for cell communication, cell adhesion, signal transduction and pathogen recognition 
processes. The abundance of each monosaccharide as determined by the group of Seeberger is stated.143 Besides their structures 
also their common abbreviation and their symbols as defined by the Consortium for Functional Glycomics are given. 

Compared to the progress made investigating the role of proteins as well as DNA and RNA, new 

information about carbohydrates in biological processes is gained rather slowly which is associated with 

the high structural complexity of the carbohydrates in comparison to that of the other main classes of 

biopolymers.144, 145  
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Whereas amino acids or nucleotides only have one possible connection point resulting in a linear 

arrangement within the biopolymer, two monosaccharides can be connected at various position since 

each hydroxyl group could potentially serve as a glycosidic linkage. Besides that, also conformational 

differences for some linkage position or different sizes of the formed heterocycle are possible. Overall, 

the coupling of just two monosaccharides can already result in sixteen different disaccharides. Extending 

this concept and considering that in a living organism twenty relevant monosaccharides are present, the 

coupling of three monosaccharides already leads to almost 27.000 different trisaccharide 

structures.143, 144 The possibility of linking the same monomeric units in a variety of diverse 

arrangements gives access to a large number of structures carrying specific information. However, for 

their investigation, it is extremely challenging, both in terms of synthesizing as well as isolating such 

oligosaccharides. 

 

 

Figure 7: A): Schematic illustration of a cell membrane out of a phospholipid bilayer containing cholesterol and membrane 
proteins as well as exposed carbohydrates fixed in the membrane in terms of glycolipids or glycoproteins which assemble the 
glycocalyx. The interactions of a virus and a bacteria via cell surface carbohydrates with lectin receptors of the pathogens is 
also shown. B): Electron microscope image of a stained glycocalyx of an erythrocyte.146 

In an organism, the oligosaccharides are mainly presented on the outside of the cell membrane, 

generally attached to proteins or lipids as glycoconjugates within the lipid bilayer. Most abundant 

monosaccharides are N-acetylglucosamine (GlcNAc), galactose (Gal) and mannose (Man) summing 

approximately 75% of the entire oligosaccharides of mammalian cell surfaces.143 However, most 

exposed monosaccharides and therefore probably most relevant in the stated biological processes are N-

acetylneuraminic acid (Neu5Ac), fucose (Fuc) and Gal with approximately 26.1%, 23.8%, and 23.0%, 

respectively.143 The structure, abbreviation, symbol as well as abundance of the ten most common 

monosaccharides in mammalian cell surface oligosaccharides are given in Figure 6.  
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The oligosaccharide presentation is highly dense, resulting in a carbohydrate capsule, referred to 

as glycocalyx, which surrounds almost every cell.147, 148 A schematic illustration of a cell membrane 

containing exposed carbohydrates as well as an electron microscope image of an erythrocyte with its 

dense glycocalyx are shown in Figure 7.146 The type of presented carbohydrates is characteristic for 

each organism but also for the type of cell or its developmental stage within the same organism. Whereas 

it was first assumed that the glycocalyx forms a structural border towards mechanical stress as well as a 

hydrophilic area for the accumulation of nutrients, it is now known that the glycocalyx plays a 

fundamental role as mediator between cells and also for recognition of exogenous compounds or cells, 

as shown schematically for the interaction with a virus or a bacteria with exposed carbohydrates of a 

cell surface in Figure 7.147-149 

The interactions of the presented carbohydrates are mainly towards carbohydrate recognizing 

receptor proteins, the so-called lectins, which are reversible and of non-covalent nature similar to well-

known protein – protein interactions.150 In contrast to the thoroughly studied protein – protein 

interactions such as the majority of antibody – antigen recognition processes, carbohydrate – protein 

interactions are generally much weaker. For most protein-based antibody – antigen interactions, 

dissociation constants (𝐾𝐷) in the nanomolar range can be achieved151, 152, whereas the 𝐾𝐷 lies in the 

millimolar range for the interaction of a monosaccharide with its corresponding lectin.153 

1.3.1 Carbohydrate – lectin interactions 

First discoveries of proteins that specifically bind to carbohydrate ligands were already made in 

1860, observing the agglutination of erythrocytes after the addition of rattlesnake venom.154 The 

agglutination was determined to occur due to the interaction of the blood type antigens on the erythrocyte 

surface with proteins in the venom, which is also why these proteins were initially referred to as 

hemagglutinins. First evidence for the interaction being based on carbohydrates was not made before 

1936 after Sumner and Howell thoroughly studied the precipitation of the plant lectin Concanavalin A 

(Con A) with glycogen and starch which lead to the assumption that the agglutination of erythrocytes is 

also caused by interaction with glycoproteins.155 Their postulation was unambiguously confirmed in 

1952 by Watkins and Morgan after showing that the interaction can be inhibited by the addition of a 

specific monosaccharide.156 In 1954, Boyd and Shapleigh first introduced the term lectin, from the Latin 

word lectus which means to choose, after discovering that some of such proteins can be applied to 

distinguish between different blood type antigens but differentiating them from other immunoglobulins 

based on protein – protein interactions.157, 158 Due to the specific agglutination they took a significant 

role in the elucidation of blood group specificity after their discovery. Besides that, the ability to inhibit 

lectin-induced agglutination were subsequently used to determine the specific binding monosaccharide 

of isolated lectins. Over time the ubiquitous existence of lectins became evident and a vast variety was 

isolated and studied, first from plants and later also from animals or microorganisms.159  
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Also, first discoveries of carbohydrate – lectin interactions in diseases were made, when a more 

pronounced agglutination of malignant in comparison to healthy cells after the addition of lectins was 

observed, leading to the assumption that a modification of the exposed carbohydrates on the cell surface 

of cancer cells occurs.160, 161 Their role in bacterial infection was first observed in 1977 by Ofek162, 

encouraging researchers to strive for novel antibiotic treatment based on carbohydrates. 

The plant lectin Con A, which was first isolated from jack beans (canavalia ensiformis), became a 

model lectin to fundamentally study the interaction with carbohydrates on a molecular basis since it was 

the first lectin with a known primary as well as quaternary structure.163, 164 It specifically binds to α-D-

mannopyranoside (Man) as well as α-D-glucopyranoside (Glc), whereas the binding affinity is 

approximately four times lower towards the latter. Under neutral conditions, Con A predominantly 

adopts a tetrameric conformation out of four identical coassembled peptide subunits with one 

carbohydrate recognition domain (CRD) each allowing for carbohydrate ligand binding. Under acidic 

conditions, it mainly consists of two subunits. The binding domains are approximately 68 Å apart. The 

crystal structure of Con A in its tetrameric form with the four subunits highlighted in different colors is 

shown in Figure 8 (left).165, 166 The monovalent binding behavior of a single monosaccharide ligand was 

studied using Con A, giving valuable insights into the binding mechanism as well as indications why 

carbohydrate – lectin interactions are generally weak. 

 

Figure 8: Crystal structure of Con A with its four subunits highlighted in different colors, showing one methyl-α-D-
mannopyranoside as well as one calcium and one manganese cation coordinated to each of the four carbohydrate recognition 
domains (left).165, 166 A close up of one CRD with the three coordinated compounds (center)165, 166 as well as the coordination 
of the monosaccharide binding ligand on a molecular level with formed hydrogen bonds towards amino acids residues, solvent 
molecules and the cations (right)165 are also shown. 

It was observed that the binding is mainly based on hydrogen bonding since carbohydrates present 

many hydroxyl groups whose oxygens can interact with hydrogen donating amides of the protein 

backbone. Hydroxyl groups that do not directly undergo hydrogen bonding with amino acids of the 

protein are generally solvent exposed and coordinate water molecules, indirectly mediating hydrogen 

boding towards surrounding amino acids. Besides the formation of hydrogen bonds, also hydrophobic 

interactions play a role during binding. 
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Although carbohydrates are generally hydrophilic, they also contain hydrophobic carbon – hydrogen 

bonds or in some cases even a rather hydrophobic side, when hydroxyl groups are exposed to one side 

exclusively, which can than interact with hydrophobic amino acid residues.167 Some lectins, including 

Con A, use metal coordination to increase the binding affinity. Con A contains a strongly bound calcium 

cation (Ca2+) as well as a manganese cation (Mn2+) in its CRD. It was observed that they coordinate 

amino acids within the CRD as well as surrounding solvent molecules which subsequently coordinate 

to the bound monosaccharide. The coordination of one methyl-α-D-mannopyranoside ligand in one CRD 

and the interactions it undergoes with surrounding amino acid residues, the coordinated calcium and 

manganese cations as well as solvent molecules are shown in Figure 8 (right).165 The CRD of Con A 

and also many other lectins is presented on the surface of the protein in a rather shallow depression 

which is highly accessible to solvent. Therefore the hydrogen bonds towards the corresponding amino 

acids of the protein can be easily interrupted by competing coordination of water molecules explaining 

the rather weak binding of carbohydrates with lectins.168 

To overcome such a weak binding, the affinity is increased by a simultaneous binding of multiple 

carbohydrates with various protein receptors, which is referred to as multivalent binding. In protein – 

protein interaction, the concept of multivalency also exists but is by far not as pronounced. Multivalent 

binding also implies that carbohydrate – protein interactions are more complex binding events compared 

to protein – protein interactions which, in addition to the structural complexity of the carbohydrates, 

further increases the difficulty investigating the role of carbohydrates in biological processes. There are 

a variety of different mechanisms that take part in the multivalent binding which still need to be further 

understood. 

1.3.2 The concept of multivalency 

Multivalent binding is an essential principle in Nature which is applied to combine single, generally 

weak, ligand – receptor binding events in additive fashion resulting in an increase in avidity and 

specificity, yet being reversible. The vast increase in avidity can be explained by four main mechanisms 

that are relevant during the multivalent binding event which are explained here using the example of 

carbohydrate – lectin interaction with Con A as model lectin. These are receptor clustering, chelate 

effect, statistical rebinding and steric shielding.169 A schematic illustration of the four mechanisms on 

the tetrameric Con A are shown in Figure 9. 

Since most of the lectins have multiple CRD which allow binding of one specific sugar moiety each, 

they can act as cross-linkers when interacting with one or more multivalent carbohydrate ligands. The 

overall avidity is simply increased due to additive effects.170 The clustering of multiple lectins by a 

multivalent carbohydrate is also referred to as the cluster glycoside effect.171, 172 Especially for 

membrane receptors, the cluster glycoside effect is of utter importance, often triggering signal 

transductions by a conformational change after clustering.173-175 



1. General introduction 

25 

Besides the intermolecular binding of multiple CRD also the intramolecular binding by one 

multivalent carbohydrate ligand is possible, which is also known as chelate effect. The enhanced 

stability of chelate complexes in comparison to complexes with separate ligands bound to each binding 

site is well known and generally associated with the entropic effects of the binding event due to the 

release of a maximal amount of compounds that can freely move in solution.174 Besides that, during each 

binding event an entropic penalty caused by the loss of rotational, transformational as well as 

conformational degrees of freedom of the binding ligand are paid. During chelate binding, the majority 

of this entropic contribution is assumed to be made for the first binding event exclusively and not for 

the subsequent, chelating event. In total, the stated entropic effects make a possible chelate binding 

highly favorable, assuming to increase binding affinity by at least 104 orders of magnitude.174, 176, 177 

However, chelate binding strongly depends on the backbone properties and the distance between two 

binding sugar moieties permitting to span two CRD of the lectin.174, 178 

 

Figure 9: Schematic illustration of the four possible binding mechanisms during the interaction of a multivalent carbohydrate 
ligand with a lectin receptor containing multiple CRD on the example of tetravalent Con A and a trivalent mannoside ligand.  

The third important mechanism during a multivalent binding is the statistical rebinding effect.175, 179 

The weak interaction of one sugar moiety with the binding site of the lectin results in rapid dissociation 

rates. However, due to the high accessibility of the CRD, association rates are also generally high. When 

a high local concentration of possible binding partners is present in close proximity of the binding site 

of the lectin, the probability of a quick re-association of a different ligand after the dissociation of a 

previously bound ligand is increased which also results in an increase in the overall binding avidity. Due 

to the course of the binding event, this mechanism is also referred to as bind-and-slide-effect.180 

The last mechanism takes the components of the ligand that do not directly take part in the current 

binding event into account. These components can be non-binding sugar moieties, different scaffolds 

such as proteins or lipids but also binding sugars that temporarily do not take part in a binding event. 

Although they do not directly interact with the CRD of the lectin, they have a significant influence on 

the stability of the carbohydrate – lectin complex, serving as a steric shield, protecting the complex 

towards competing ligands that could potentially also bind to the CRD of the lectin. 
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This so-called steric shielding effect enhances the overall binding affinity by stabilizing and therefore 

preserving the formed complex and highly depends on the size of the carbohydrate ligand, especially its 

non-binding components.170, 181 

Although some of the mechanistic processes of multivalent carbohydrate – lectin interaction were 

revealed over the years, there is still a lack of information especially required for the targeted synthesis 

of pharmaceutically active compounds that use multivalent binding. One opportunity to gain novel 

insights into the underlying multivalent interactions but also the design of novel bioactive compounds 

making use of multivalent effects is the use of simplified artificial multivalent carbohydrate ligands, the 

so-called glycomimetics.169, 175, 182-184 

1.3.3 Artificial multivalent glycomimetics 

To simplify the complexity of investigating carbohydrate – lectin interaction, synthetic chemist 

developed the concept of carbohydrate presenting macromolecules that mimic structural properties of 

their natural counterparts. They cannot only serve as model compounds in mechanistic studies, but they 

also represent novel pharmaceutically active compounds.184, 185 

In most cases, only the most exposed sugar moieties on an oligosaccharide construct can be assumed 

to be interacting ligands towards the lectin. The importance of the remaining carbohydrate scaffold is 

still under debate. Since a variety of the saccharides in the oligosaccharide core do not show binding to 

lectins, they are generally assumed to serve as supporting scaffold. However, some researchers postulate 

that they are also relevant during the lectin binding event, for example, increasing specificity as well as 

promoting an exact conformational exposure of the binding sugar or increasing steric shielding.186 

 

Figure 10: Concept of glycomimetics, exchanging the complex oligosaccharide scaffold of a natural carbohydrate ligand by 
an artificial polymeric scaffold which carries the smallest carbohydrate binding motif. Here a heteromultivalent linear 
glycopolymer is shown, carrying higher and lower affinity carbohydrate moieties. 

An approach to simplify the structural complexity of these carbohydrate ligands is the removal of all 

unnecessary sugar moieties that do not show binding towards a lectin and replacing them by an artificial 

scaffold which is less complex compared to natural oligosaccharides and therefore easier accessible 

during synthesis (see Figure 10). Considering this, multiple copies of the smallest binding epitope, 

which is generally a monosaccharide but can also be a di- or trisaccharide, are fixed onto the synthetic 

scaffold resulting in a multivalent glycomimetic.  
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If more than one type of binding epitope is relevant for binding, simultaneous presentation, e.g., of 

different binding monosaccharides is possible, as shown in Figure 10 for a schematic linear 

heteromultivalent glycopolymer, presenting two different sugar moieties. Such heteromultivalent 

structures can also be assembled by combining binding and non-binding ligands, with later also being 

non-carbohydrate based structures.182, 187 

Over the years, a great number of different glycomimetics were introduced, especially varying the 

architecture to investigate the influence of sugar presentation as well as the physicochemical properties 

of the scaffold. They range from low molecular weight compounds presenting only a few copies of 

binding ligands, to high molecular weight, multivalent polymers, and densely functionalized 

surfaces.169, 188 In terms of architecture, glycodendrimers189-191 as well as liner192-195, star shaped196, 197 or 

brush glycopolymers198, 199 were synthesized, whereas the scaffold properties were, for example, varied 

from flexible to more rigid scaffolds200-202 but also hydrophobic and hydrophilic scaffolds203-205 were 

compared. An attachment of carbohydrates onto nano- or microparticles is another important approach, 

mimicking an entire cell with a simplified glycocalyx.91, 206-208 Also glycolipids or block copolymers, 

which subsequently self-assembly to supramolecular micelles, were proven to be good mimetics of a 

simplified cell with an exposed carbohydrate shell.209-211 Selected examples of different glycomimetic 

architectures are shown in Figure 11. 

 

Figure 11: Examples for glycomimetics showing: Left) Glycodendrimers mimicking the branched antennary structures of a 
natural oligosaccharide. Right) Linear, brush and star glycopolymers presenting only the most exposed saccharides of a natural 
oligosaccharide on an artificial scaffold. Bottom) Glycoparticles and functionalized surfaces mimicking entire cells and their 
glycocalyx. 

Due to the simplified structure of the glycomimetics, a further elucidation of the carbohydrate – lectin 

binding mechanisms is usually less complex than for the natural constructs. Besides that, the structure 

of the glycomimetic can be selectively adapted to potentially target one of the four mentioned binding 

mechanisms and thereby tune the resulting biological properties. For example, the chelate effect is often 

targeted as main binding mechanism, trying to precisely tune the distance between two binding sugar 

moieties through the chosen scaffold, spanning two binding sites and thus allowing for a simultaneous 

binding of two CRD of the investigated lectin. 
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The groups of Wittmann and Pieters were able to show a significant increase in binding affinity after 

precisely bridging the distance between two binding sites in wheat germ agglutinin (WGA), LecA and 

Shiga-like toxins.212 It could also be shown that the backbone properties are of great importance when 

targeting chelate binding. Rigid scaffolds show the best binding if the distance between the two 

carbohydrate ligands is consistent with the distance of two CRD since they are entropically more favored 

over flexible scaffolds which have higher degrees of freedom.174, 178, 212 If this is not the case, a chelate 

binding does not occur due to an excessive deformation of the backbone, and more flexible scaffold are 

more suitable.185 For these studies, especially low molecular weight glycomimetics with a low valency 

of binding carbohydrates were used. Besides the chelate effect, also steric shielding, statistical rebinding, 

and cluster formation were studied on the basis of low molecular weight glycomimetics83, 86 but also of 

higher molecular weight glycopolymers presenting high amounts of specific sugar residues to further 

investigate multivalent binding effects of glycomimetics.182, 187 

When working with high molecular weight glycomimetics achieved by polymerization, a well-

defined polymeric structure with a known composition is of utter importance to obtain an unambiguous 

structure-activity correlation from performed binding studies. As previously described in Chapter 1.1, 

this can either reflect in polymers with a narrow molecular weight distribution or polymers with a well-

defined monomer arrangement. Controlled radical polymerization methods as well as ring-opening 

polymerization methods are widely used, generally polymerizing carbohydrate bearing monomers, 

alone or in the presence of an additional comonomer.40, 192-197 Such approaches give access to linear or 

star glycopolymers with narrow molecular weight distributions as well as controlled molecular weight 

and degree of polymerization which also determine the final carbohydrate valency. When using 

additional comonomers also the carbohydrate density can be controlled or heteromultivalent 

glycopolymers, carrying different sugar moieties, are accessible. Due to the ease of synthesizing 

multivalent glycopolymers with straightforward polymerization procedures, a broad variety of this class 

of glycomimetics was synthesized to get insight into the influence of different architectural features in 

lectin binding or inhibition. Special focus was devoted to the elucidation of the influence of carbohydrate 

valency and density, the flexibility of the polymeric backbone or the molecular weight of the 

glycopolymers.169, 185, 192, 195, 196, 213 It is generally agreed on that a high amount of binding ligands, 

especially in a highly dense fashion, is not beneficial for effective lectin binding since not all ligands 

can simultaneously take part during a binding event.169, 185, 192, 196 Besides that, it was found that the 

binding affinity towards a lectin decreases for increasing molecular weight of the glycopolymer which 

can be explained by an increased conformational entropy as well as steric repulsion.169, 192, 196 In an 

inhibition event however, an increasing molecular weight and size may have a positive effect, thereby 

increasing steric shielding towards competing binding ligands.169, 192, 214, 215 
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In general, there are still many open questions for the synthesis of synthetic glycomimetics for 

biomedical applications. If the triggering of a specific biological process is aimed, especially a specific 

and strong binder is required to potentially achieve a signal transduction. For this objective, 

characteristics such as the carbohydrate valency and distance between carbohydrate ligands are of 

importance which could potentially lead to a directed chelate formation, receptor clustering as well as a 

high probability of statistical rebinding. Developing a pharmaceutical compound with targeted 

inhibitory potential, potentially blocking a pathogen from interacting with a healthy cell, especially the 

steric shielding has to be taken into account, minimizing the accessibility and thus the risk of harmful 

contact towards the healthy cell.185 To determine whether an artificial glycomimetic is a strong lectin 

binder or inhibitor, a variety of assays were established, ranging from simple turbidity assays169, 192, 216 

over sensitive instrumental assays86, 191, 196, 212 to in vitro cell or bacterial assays90, 195, 217. 

1.3.4 Methods to determine multivalent carbohydrate – lectin interactions 

A broad range of assays which can be used to determine the binding affinity of a carbohydrate ligand 

towards a lectin receptor were devolved or adapted from other research areas over the years. The assays 

vary in their setup, especially in terms of the ligand or receptor presentation or whether the assay is 

performed in a dynamic or rather static environment. Depending on the setup of the assay, some 

mechanistic binding events prevail more than others which has to be taken into account during assay 

choice and data evaluation. 

Since most lectin receptors have multiple CRD, a receptor clustering after the addition of a 

corresponding multivalent carbohydrate ligand is leading to the formation of a cross-linked network of 

the two binding partners which subsequently precipitates. The observation of an occurring turbidity due 

to the formation of the insoluble precipitate was the first method to identify carbohydrate – lectin 

interactions154-156 and the phenomenon was further exploited to quantify interactions, thereby allowing 

for comparison of different carbohydrate ligands. Possible approaches to quantify the formation of a 

precipitate are, for example, by a kinetic type assay determining the rate of precipitation (𝑘𝑖) after the 

addition of a carbohydrate ligand196, 209, 218, 219 or by a quantitative precipitation assay giving access to 

the receptor – ligand ration in the formed precipitate169, 190, 192, 216. The stated kinetic turbidity and 

quantitative precipitation assay are the most common turbidity based assays which can additionally 

provide further parameters, such as the maximal precipitate formation and the time (t½) or carbohydrate 

ligand concentration required to reach half maximal precipitation.169, 192, 196 

The turbidity based assays, in which both binding partners are presented in solution, are generally 

straightforward and rapid to perform, giving first indications about the glycomimetic’s potential as lectin 

binder, especially their receptor clustering potential. However, for a more precise comparison of 

different glycomimetics, a broad range of more sensitive instrumental assays was developed, giving 

access to association and dissociation rate constants (𝑘𝑜𝑛 and 𝑘𝑜𝑓𝑓) when performing kinetic type assays 

or dissociation and binding constants (𝐾𝐷 and 𝐾𝐴) when performing saturation type assays.220  
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Besides that, also thermodynamic parameters such as the Gibbs free energy change, molar enthalpy 

change or entropy change (ΔG, ΔH, and ΔS) of binding events are often determined, for example, by 

isothermal titration calorimetry (ITC)90, 221, 222, or single dissociation/rupture forces of a ligand – receptor 

pair using single-molecule atomic force microscopy (SM-AFM)223-225 are accessible. 

 

Figure 12: Overview of an SPR sensorgram obtained from a direct binding SPR assay with surface immobilized lectin receptors 
injecting glycomimetics in the liquid phases passing over the functionalized surface. Association (blue), steady state (black) 
and dissociation phase (red) of the sensorgram are assigned. 

One of the most powerful methods used to determine carbohydrate – lectin interactions is surface 

plasmon resonance (SPR) which allows conducting both, kinetic as well as saturation experiments, 

therefore giving access to 𝑘𝑜𝑛, 𝑘𝑜𝑓𝑓, 𝐾𝐷 and 𝐾𝐴 values. In SPR assays, one binding partner is attached 

to a surface whereas the other is in a fluidic phase passing by the surface with a steady flow (see Figure 

12). When the ligand is captured by the surface attached receptors or vice versa, a mass increase on the 

surface is obtained which is subsequently detected by a change in refractive index of the surface.226, 227 

The refractive index of the surface is constantly monitored and its change, after the injection of the 

binding ligand for a specific time until the injection is stopped, results in an SPR sensorgram. The 

sensorgram primarily shows an increase in response units (RU) due to the carbohydrate ligand 

interaction with the lectins on the surface (association phase) followed by a steady state phase when the 

association and dissociation events are in equilibrium (equilibrium response) and finally a decrease in 

RU after stopping the ligand injection, thereby washing off the ligand from the surface with the attached 

receptors (dissociation phase) (see Figure 12). Since the mass increase also depends on the molecular 

weight and size of the glycomimetic binding ligands, in a direct binding SPR assay the ligand is injected 

at different concentrations until saturation of the surface is reached (maximal response (Rmax)). The 

required ligand concentration to reach half maximum saturation of the receptor surface (Rmax/2) is the 

dissociation constant (𝐾𝐷), which is molecular weight or size independent and can be used to directly 

compare different carbohydrate ligands. Additionally, when analyzing the shape of the association and 

dissociation phases of an SPR sensorgram, information about the kinetics (rate constants 𝑘𝑜𝑛 and 𝑘𝑜𝑓𝑓) 

of the ongoing interaction of the two binding partners can be deduced from the same set of data obtained 

from the SPR assay. 
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A further assay to determine carbohydrate – lectin direct binding events is the soft colloidal probe – 

reflection interference contrast microscopy (SCP-RICM) which reflects a binding event of two highly 

multivalent interfaces.207, 228 The assay is based on the determination of the adhesion energy of ligand or 

receptor functionalized PEG particle (soft colloidal probes) towards a glass surface functionalized with 

the corresponding binding partner. The adhesion energy can be obtained by evaluating the mechanical 

deformation of the PEG particle when bound to the surface.207, 229 Due to the ligand and receptor 

presentation as well as the size and properties of the applied probes, the SCP-RICM assay mimics a 

natural situation of two interacting cells, providing an interesting platform compared to other interaction 

assays which generally do not represent a natural situation to such extent.230 

Besides the assays performed to quantify avidity, also inhibition assays were developed, determining 

the potency of a glycomimetic to inhibit carbohydrate – lectin interactions.170, 174, 185, 231 In general, it is 

possible to perform inhibition assays with the majority of the introduced direct binding approaches under 

the addition of a competing carbohydrate binding ligand, for example, a binding monosaccharide 

derivative. The competing ligands can be incubated with the lectin receptors prior or after the addition 

of the glycomimetic, thereby distinguishing between the glycomimetic’s potential to inhibit an ongoing 

binding event or to block the lectin from competing ligands. A variety of established assays are based 

on a successive titration of carbohydrate ligand towards an already ongoing carbohydrate – lectin 

interaction until a complete inhibition is obtained. The carbohydrate ligand concentration needed to 

inhibit half of the maximal inhibition (half maximum inhibitory concentration (𝐼𝐶50)) is obtained which 

can be subsequently used to compare different glycomimetics regarding their inhibitory 

potency.83, 86, 170, 174 
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2 Aims and outline 

Significant progress in the field of well-defined polymers was achieved in the last decades, aiming 

for novel functional polymeric materials with unique properties such as polymeric biomimetics targeting 

biomedical applications.12, 232, 233 Especially for the interaction with biological systems and potential 

applications in medicine, it is crucial to apply polymers with a well-defined structure, thereby obtaining 

unambiguous structure-activity correlations.213, 234, 235 

A synthetic approach towards well-defined glycomimetics, performing a stepwise assembly of single 

monomer units onto a solid support has been described by the group of Hartmann, resulting in 

monodisperse as well as sequence-defined carbohydrate presenting oligoamides.83, 85, 86, 89, 92 The concept 

is based on solid phase peptide synthesis, applying established amide coupling procedures, however not 

making use of amino acids but tailor-made building blocks bearing terminal carboxylic acids and 

protected-amine moieties. Different types of building blocks were developed: functional building 

blocks, e.g., allowing for the introduction of carbohydrates at a specific position and spacer building 

blocks, e.g., allowing for variation of the spacing between the carbohydrate moieties or an increase of 

the overall length of the polymeric scaffold.83, 85, 89, 92 With this approach, different glycomimetic systems 

based on such glyco(oligoamides) were synthesized, deriving fundamental information on their 

biological properties, specifically their interactions with carbohydrate-recognizing proteins, the 

lectins.83, 86, 207 However, due to a general synthetic limitation of SPS approaches, the defined compounds 

were of lower molecular weight with a maximum of ten carbohydrate moieties90 so far. In Nature, 

carbohydrate ligands of various molecular weights exist, smaller such as mono- or oligosaccharides, but 

also larger in the form of polysaccharides or glycan conjugates where multiple copies of an 

oligosaccharide are attached to a protein scaffold. In order to also mimic such higher molecular weight 

carbohydrate ligands, the primary objective of this thesis will be the development of a synthetic approach 

towards high molecular weight glycomimetics with a multivalent carbohydrate presentation which still 

exhibit a precise monomer and thus carbohydrate arrangement. 

To achieve this objective, a polymerization of defined oligoamides from SPS will be targeted, which 

is the most promising approach to achieve a highly controlled monomer arrangement in the final 

polymer when compared to other polymerization methods. The oligoamides will therefore be 

functionalized with reactive end-groups as telechelic macromonomers which can be subsequently 

further polymerized in a step-growth type reaction. The defined sequence from the macromonomer is 

thereby translated into the final sequence of the polymer, resulting in a sequence-controlled polymer 

with a periodically recurring sequence. The reaction used for polymerization needs to be fast proceeding 

without the formation of side-products, especially in the presence of various functional groups such as 

the hydroxyl groups from carbohydrate ligands. The method of choice will therefore be the click-type, 

radical-mediated, thiol-ene coupling reaction which fulfills the stated requirements. 
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In a first approach, an AA/BB system will be targeted where two homofunctionalized 

macromonomers can be polymerized, one carrying two terminal thiol end-groups and the other two 

terminal alkene end-groups, as required for thiol-ene coupling. This system will be used to establish a 

reproducible polymerization method looking at the highest possible conversion and thus the highest 

possible degree of polymerization and molecular weight. In particular, the effects of irradiation time, 

solvent, photoinitiator and reducing agent, which is potentially needed for the reduction of formed 

disulfides, will be investigated. After establishing a suitable polymerization procedure, this can then be 

adapted to a set of different glycomacromonomers creating a first series of sequence-controlled 

glycopolymers allowing for the investigation of multivalent binding mechanisms in carbohydrate – 

lectin interactions. 

In a second part of the project, the previously developed protocol will also be applied to non-SPS 

derived macromonomers such as commercially available PEG systems. This will allow for the synthesis 

of a next generation of glycopolymers with increased valency, ligand spacing and overall molecular 

weights suitable for further studies of their lectin binding. Furthermore, this also should show the 

potential applicability of the overall synthetic strategy to other polymeric systems beyond 

glycomimetics. 

In a third part, novel strategies to implement an AB approach during polyaddition reaction, and 

thereby allowing for directional control during polymerization will be explored. When using 

macromonomers with non-symmetrical sequences along the scaffold in the initially applied AA/BB 

approach, control over the orientation of the monomer sequence would be lost. When changing to an 

AB approach, such directional control along the backbone can be re-installed further increasing the 

complexity of sequences achievable via the here presented methods. 
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3 Conclusion 

Successful implementation of a novel synthetic approach towards sequence-controlled multiblock 

glycopolymers was achieved by polymerizing sequence-defined macromonomers derived from SPS in 

a step-growth polymerization via TEC coupling as schematically shown in Scheme 7. 

Scheme 7: Schematic overview of the synthetic approach towards sequence-controlled multiblock glycopolymers via a 
combination of SPS (left) and step-growth TEC polymerization (right). The reaction mechanism of the TEC step-growth 
polymerization was adapted from Bowman and coworkers.110 Adapted with permission from C. Gerke, M. F. Ebbesen, D. 
Jansen, S. Boden, T. Freichel and L. Hartmann, Sequence-Controlled Glycopolymers via Step-Growth Polymerization of 
Precision Glycomacromolecules for Lectin Receptor Clustering, Biomacromolecules, 2017, 18, (3), 787-796. Copyright © 
2017 American Chemical Society. 

 

In the first part of the thesis, a reproducible polymerization method of two homofunctionalized 

macromonomers, one presenting terminal thiol groups and the other terminal alkene moieties, was 

developed. The thiol groups were introduced by the amino acid L-cysteine (Cys) whereas the terminal 

alkene groups were incorporated using the established building block DDS92. For the method 

development, both macromonomers contained five ethylene glycol based EDS83 building blocks, as 

shown in Figure 13A. The two telechelic macromonomers were polymerized in an AA/BB approach 

and were therefore combined in an equimolar ratio which is crucial to achieve high conversion in a step-

growth polymerization. Besides that, both macromonomers were used in a high concentration of 50 mM. 

Different reaction parameters were varied to achieve the best reaction outcome, which was reaching the 

highest possible degrees of polymerization (�̅�𝑛), as determined by GPC-RI-LS analysis. Applying 

MALDI-TOF and 1H NMR analysis, assisted in monitoring the formation of side-products. 
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After choosing DMSO as an adequate solvent, ensuring good solubility of macromonomers (at 50 mM 

concentration) as well as additional reactants during the entire course of the reaction, the first parameter 

which was optimized was the photoinitiator. A total of five different initiators were tested, including 

cleavage (Type I) and H-abstraction (Type II) type initiators with absorption maxima below as well as 

close to the emitted wavelength of the used medium pressure mercury (Hg) UV lamp (365 nm). 

Comparing the reaction outcome of each of the five initiators, the highest �̅�𝑛 was achieved with the 

acetophenone derivative 2,2-dimethoxy-2-phenylacetophenone (DMPA), confirming the findings from 

the group of Yagci who also determined DMPA to be the most suitable initiator for photoinduced 

TEC.114 During optimization, the amount of DMPA was varied between 25 and 75 mM, observing that 

an equimolar amount of 50 mM provides the best results of the TEC polymerization, reaching �̅�𝑛 

between 9 and 10. Besides the five stated initiators, also a batch without the addition of a photoinitiator 

was tested, reaching only a low �̅�𝑛 of 5, thereby showing the essential need of the photoinitiator for a 

good polymerization outcome. The achieved number and mass average molecular weights (�̅�𝑛 and �̅�𝑤), 

molecular weight distributions (�̅�𝑤/�̅�𝑛) as well as �̅�𝑛 varying the DMPA concentrations are shown in 

Figure 13B. 

 

Figure 13: A) Reaction overview of the step-growth polymerization via thiol-ene coupling using two macromonomers with 
five central EDS spacing building blocks, one containing two terminal thiol groups (Cys(1,7)-7) and the other two terminal 
alkene moieties (DDS(1,7)-7). B) Overview of the achieved �̅�𝑤, �̅�𝑛, �̅�𝑤/�̅�𝑛 and �̅�𝑛 after varying the DMPA as well as the 
TCEP concentration during the TEC polymerization. C) GPC-RI-LS data from the analysis of the multiblock polymer with the 
highest achieved �̅�𝑛 during method development and its corresponding precursor macromonomers. Columns: Suprema Lux 
(2 × 100 and 1000 Å). Buffer: 50 mM NaH2PO4, 150 mM NaCl, 250 ppm of NaN3 (pH 7.2), 30% ACN. Flow: 1 mL/min. 
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Since the reactive thiol end-groups tend to oxidize, resulting in disulfides which cannot further react 

during the TEC polymerization, the effect of an added reducing agent to the reaction mixture was 

evaluated. As reducing agent, tris(2-carboxyethyl)phosphine hydrochloride (TCEP) was chosen, being 

one of few reducing agents that are not thiol-based as well as providing good solubility in the reaction 

solvent. Since phosphines can undergo concurrent side-reactions with both, the reactive alkene236-238 as 

well as the thiol239-242 end-groups under UV irradiation, the concentration of the reducing agent was 

varied, limiting the possibility of side-reactions but still providing the possibility for disulfide reduction. 

The optimal amount was determined to be 0.01 equiv (0.5 mM), reaching the highest possible �̅�𝑛 

between 8 and 10 as determined by GPC analysis (see Figure 13B). Specific side-products formed when 

using higher amounts of TCEP were not determined by MALDI-TOF analysis with the optimized 

concentration. Since water is needed during the reduction of disulfides using TCEP, a mixture of DMSO 

and water with a ratio of 9/1 was used for the polymerization. 

A final parameter investigated was the duration of UV irradiation. Investigations determined 60 min 

as the optimal, even though almost no further increase in conversion was observed after 30 min. 

However, the polymerization outcome was more reproducible after the increase in the irradiation time. 

After optimization, a final �̅�𝑛 of 10 was achieved when irradiating an equimolar amount of two 

macromonomers for 60 min under the presence of 1 equiv of photoinitiator DMPA as well as 0.01 equiv 

of reducing agent TCEP using a total of 200 µL of a mixture of DMSO and water in a ratio of 9/1. The �̅�𝑛, �̅�𝑤, �̅�𝑤/�̅�𝑛 as well as �̅�𝑛 of different method development procedures are given in Figure 13B. 

The reaction conditions which lead to highest �̅�𝑛 are highlighted in bold. A GPC elugram of the polymer 

with highest �̅�𝑛 as well as of the two used macromonomers are shown in Figure 13C. 

After establishing a reproducible polymerization method, a series of four different 

glycomacromonomers was polymerized with a hydrophilic spacing macromonomer built out of EDS-

centered building blocks. The glycomacromonomers were functionalized with terminal alkene moieties 

whereas the same dithiol macromonomer, as used during method development, was applied in the 

synthesis of the multiblock glycopolymers. The glycomacromonomers presented different amounts of 

Man ligands, varying from one to five moieties as shown in Scheme 8A. After their polymerization, for 

all four multiblock glycopolymers an �̅�𝑛 of 8 was achieved, corresponding to �̅�𝑛 between 13.4 and 

17.5 kDa, depending on the molecular weight of the incorporated glycomacromonomer. The �̅�𝑛 was 

therefore slightly below that achieved during method development, which indicates that the 

glycomacromonomers seem to be less reactive in the TEC step-growth polymerization when compared 

to the unfunctionalized macromonomer only containing EDS building blocks. The lower reactivity could 

be explained by a different polarity of the macromonomers or a different accessibility of the reactive 

alkene end-groups.  
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With an achieved �̅�𝑛 of 8, each carbohydrate carrying macromonomer is incorporated four times in the 

final multiblock glycopolymer, therefore obtaining glycopolymers with final average Man valencies 

between 4 and 20. The structures of the multiblock glycopolymers as well as the achieved �̅�𝑛, and the 

average Man valency are shown in Scheme 8A. 

Scheme 8: Overview of the multiblock copolymers synthesized showing in A) the first set, assembled out of two oligoamides 
derived from SPS using DDS as reactive alkene bearing building block and in B) the second set, assembled out of an oligoamide 
and a functionalized PEG using NDS as reactive alkene bearing building block. For all obtained multiblock copolymers, the 
final �̅�𝑛 as well as average Man valency are stated. F1 – F3 in B) stand for the different fractions separated after preparative 
GPC fractionation. 

 

In the second part of this thesis, the goal was to further increase the molecular weights and the overall 

Man valency of multiblock glycopolymers. For this task, a more reactive alkene moiety was introduced 

by developing a novel building block. As alkene moiety a norbornene group was chosen, which is known 

to be highly reactive in radical-mediated TEC.112 Due to the higher reactivity when compared to the 

vinyl group of the previously used DDS, a higher conversion and thus higher �̅�𝑛 could be expected. The 

novel NDS building block was successfully synthesized using a similar synthetic approach as for 

previously introduced functional building blocks, starting from the heteroprotected diethylenetriamine 

key intermediate.83 The centered secondary amine was used to introduce a norbornene bearing linker. 

As linker, an N-propionic acid functionalized nadicimide was chosen. Its carboxylic acid group was 

subsequently coupled onto the centered secondary amine of the key intermediate via the acid chloride 

derivative. The final NDS building block was obtained in high purity (> 98%) adapting established 

synthetic procedures83 for the following two reaction steps, exchanging the trifluoroacetamide by an 

Fmoc group and the trityl by a succinyl group.  



3. Conclusion 

38 

The final synthetic pathway towards the novel NDS building block is shown in Scheme 9. By 

synthesizing two similar glyco(oligoamides), one with terminal DDS and the other with the novel NDS 

building blocks, their reactivity in radical-mediated TEC was compared. Therefore, both oligoamides 

were polymerized with the dithiol functionalized spacing macromonomer used during method 

development as well as for the first set of glycopolymers, by applying the optimized reaction conditions. 

It was observed that a 40% higher �̅�𝑛 was accessible when using the novel NDS building block, proving 

the assumption of further increasing �̅�𝑛 due to the higher reactivity. 

Scheme 9: Synthetic overview of the synthesis of the novel norbornene bearing NDS building block, starting from the key 
intermediate and the acid chloride of N-propionic acid functionalized nadicimide, followed by two protecting group exchanges 
analog to the synthetic pathway of other functional building blocks. 

 

Therefore, a second set of glycomacromonomers with terminal NDS building blocks was synthesized 

by SPS, obtaining a total of five Man functionalized structures carrying between one and three Man 

moieties. Two different glycomacromonomers with a Man valency of two and three were synthesized, 

one without spacing between the carbohydrates and another with a spacing of four EDS blocks between 

the Man moieties as shown in Scheme 8B. Besides the five glycomacromonomers, one macromonomer 

not carrying Man moieties to be used as negative control in later binding studies was synthesized. In 

contrast to the first set of glycomacromonomers, the second set was not copolymerized with a defined 

oligoamide from SPS but with a commercially available end-functionalized poly(ethylene glycol) with 

an �̅�𝑛 of 6000 Da, presenting two terminal thiol moieties (PEG(SH)2-6000) (see Scheme 8B). Thereby, 

the final molecular weight of the resulting glycopolymers but also the spacing between the Man bearing 

binding blocks were further increased. The reaction conditions for the polymerization of the six 

macromonomers derived from SPS with PEG(SH)2-6000 had to be slightly adapted due to the low 

solubility of the formed oligoamide – PEG copolymers at room temperature using a DMSO and water 

mixture in a ratio of 9/1. After starting the UV irradiation, an instant solidification of the reaction mixture 

was observed. Therefore, the solvent, the concentration of the macromonomers as well as the reaction 

temperature were adapted from the previous protocol. As final reaction conditions, an equal ratio of 

DMSO and water was used and the final concentration of the macromonomers was reduced to 25 mM. 

The reaction temperature was set at 50 °C, ensuring complete solubility of the macromonomers and 

additional reagents over the entire reaction time of 60 min. With the adapted reaction conditions, all six 

macromonomers were polymerized with PEG(SH)2-6000. 
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Average �̅�𝑛 values of 45 were achieved, which was significantly higher compared to those reached for 

the previously synthesized multiblock copolymers. This is attributed to the more reactive NDS building 

blocks as well as the higher reaction temperature. The increased temperature could be potentially 

beneficial for the diffusion rate of the macromonomers and also for a reduced viscosity during the course 

of the polymerization. However, besides the TEC step-growth, a further concurrent side-reaction was 

observed, which became especially evident when evaluating the GPC elugrams of the final polymers 

showing multimodal distributions and a nonlinear slope in the molecular weight vs. elution volume plot, 

as shown in the GPC elugram in Figure 14A. By a series of control experiments, the side-reaction was 

identified to be a pronounced oxidation of the thiol groups to disulfides, thereby linking various 

PEG(SH)2-6000 chains together to form high molecular weight PEG-based polymers, as shown in 

Figure 14A. Since the PEG-based side-product only incorporated low amounts of the Man-bearing 

glyco(oligoamide) block, the side-product was successfully removed by performing an affinity 

chromatography using a Sepharose 4B resin with immobilized Con A receptors (see Figure 14B). 

 

Figure 14: Overview of formed compounds using the example of the glyco(oligoamide) – PEG multiblock copolymer obtained 
after polymerizing a trivalent glyco(oligoamide) with PEG(SH)2-6000 as well as the separation of the two impurities applying 
different purification procedures. The purification procedures are illustrated schematically and the separation of a specific 
species is stated. Exemplary GPC-RI-LS elugrams after each purification step are shown. A) Structure of desired product (1) 
as well as the two major side products (2 + 3) and GPC elugram (black) as well as the molecular weight plot (blue). 
B) Illustration of purification by affinity chromatography and GPC elugrams after the washing (red) and elution (blue) process. 
C) Illustration of fractionation procedure by preparative GPC and GPC elugrams of the three separated fractions 1, 2 and 3 
(blue, green and red). D) Illustration of disulfide reduction and thiol capping procedure and GPC elugram of the final purified 
glyco(oligoamide) – PEG multiblock copolymer (blue). GPC-RI-LS setup: Columns: Suprema Lux (2 × 100 and 1 × 1000 Å). 
Buffer: 50 mM NaH2PO4, 150 mM NaCl, 250 ppm of NaN3 (pH 7.2), 30% ACN. Flow: 0.8 mL/min. Adapted with permission 
from C. Gerke, F. Jacobi, L. E. Goodwin, F. Pieper, S. Schmidt, L. Hartmann, Sequence-Controlled High Molecular Weight 
Glyco(oligoamide) – PEG Multiblock Copolymers as Ligands and Inhibitors in Lectin Binding, Macromolecules, 2018, 51, 
(15), 5608−5619. Copyright © 2018 American Chemical Society. 

 

 



3. Conclusion 

40 

After applying the obtained polymer mixture to the Sepharose Con A column, the glyco(oligoamide) 

– PEG multiblock copolymers bound to the immobilized Con A on the column due to an interaction of 

the Man moieties, whereas the PEG-based side product could be washed off the column. After excessive 

washing, the bound glyco(oligoamide) – PEG copolymers were eluted from the column by adding a 

solution containing methyl-α-D-mannopyranoside (αMeMan). After the affinity chromatography, the 

molecular weight distribution was further reduced by performing an additional purification step by 

preparative GPC fractionation (see Figure 14C). For each glyco(oligoamide) – PEG multiblock 

copolymer, three fractions were collected and fractions with an �̅�𝑤/�̅�𝑛 below 1.7 were used in the 

following procedures. As a final purification step, the remaining disulfide bonds in the 

glyco(oligoamide) – PEG multiblock copolymers were reduced by incubation in a solution of TCEP and 

the liberated thiol moieties were capped with a maleimide reagent to prevent a subsequent oxidation to 

disulfides. Besides the remaining reducing reagent and maleimide, also low molecular weight cleavage 

fragments, formed after disulfide reduction, were removed by ultrafiltration (see Figure 14D). An 

overview of the three purification steps, presenting exemplary structures for the final glyco(oligoamide) 

– PEG multiblock copolymers as well as the formed side-products is shown in Figure 14 along with 

GPC elugrams of the separated fractions. In total, 12 oligoamide – PEG multiblock copolymers were 

isolated, exhibiting �̅�𝑛 between 14 and 56 corresponding to �̅�𝑛 between 75.9 and 222 kDa, thereby 

successfully further increasing both values as initially targeted by the introduction of the NDS building 

block and the PEG(SH)2-6000 chain. The average Man valencies varied between 16 and 65 moieties 

and were therefore also further increased compared to those of the first generation of multiblock 

glycopolymers. The structures as well as the achieved �̅�𝑛, and the average Man valency for different 

isolated fractions of each polymer by preparative GPC fractionation are shown in Scheme 8B. 

The glycopolymers obtained from both approaches were subjected to binding assays with the Man 

specific lectin Con A. In total, 15 different glycopolymers were achieved with a broad range of final �̅�𝑛 

as well as average Man valencies. The glycopolymers from the first series have �̅�𝑛 up to 17.5 kDa 

whereas the �̅�𝑛 of the PEG hybrid glycopolymers are with a maximum value of 222 kDa more than 

tenfold higher. Also, the Man valencies of the majority of the glyco(oligoamide) – PEG copolymers (16 

– 65 Man) are above those of the first set of glycopolymers (4 – 20 Man). Besides the synthesized 

glycopolymers, also the glycomacromolecules used as macromonomers for the first set of polymers 

were applied in lectin binding studies, thereby including low molecular weight (1.8 – 3.2 kDa) 

carbohydrate ligands presenting a few Man moieties (1 – 5 Man). In addition to the glycopolymers, a 

total of 19 Man bearing ligands were available to further investigate specific multivalent binding 

mechanisms. The polymeric ligands were specifically designed to focus on the effect of carbohydrate 

density and spacing on receptor binding and clustering, presenting a spacing between Man-bearing 

blocks either by a hydrophilic spacing block out of five EDS or a significantly larger PEG-6000 chain. 

In previous studies by other research groups, it was shown that a high carbohydrate valency is not 

necessarily beneficial for effective lectin binding and clustering, which is mainly attributed to an 

excessive carbohydrate density rather than valency.169, 185, 192, 196, 216 
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To investigate whether the introduced spacing affects the interactions towards Con A, a total of four 

different assays were performed. Two assays are based on the formation of an insoluble precipitate due 

to a cross-linking of multiple lectin receptors after the addition of carbohydrate ligands, therefore 

obtaining information about effective receptor clustering. In the first assay, the carbohydrate ligands are 

titrated into a solution with a fixed Con A concentration and the required ligand concentration to reach 

half-maximal turbidity (conc. ½TMax) can be obtained. The reciprocal value (1/ conc. ½TMax) is 

subsequently used to compare the ligands clustering potential. In the second assay, the amount of Con A 

in a formed precipitate after the addition of a fixed ligand concentration is determined photometrically. 

The thereby resulting receptor/ligand ratio in the formed precipitate can be used to compare the different 

carbohydrate ligands. The two turbidity assays were only performed for the first set of multiblock 

glycopolymers as well as their precursor glycomacromolecules. The results from both turbidity based 

assays are shown in Figure 15. 

 

Figure 15: Results from the two turbidity based assays showing left the reciprocal value of the required ligand concentration 
for half-maximal turbidity (black bars) as well as the normalized values per Man moiety giving the reciprocal values of the 
required Man concentration for half-maximal turbidity (grey bars) and right the determined Con A/ligand ratios in the formed 
precipitate (black bard) as well as the normalized values per Man giving the ratio of Con A/Man in the precipitate. 

It was found that the clustering potential was mainly dependent on the Man valency. However, when 

reaching higher Man valencies, the increase in clustering efficiency stalls and in one of the two turbidity 

assays even decreased for the glycopolymer with the highest Man valency (20 Man) (see Figure 15 

(black bars) and Figure 17A (right)). This is in agreement with the previously described hypothesis 

which states that not every carbohydrate moiety on a multivalent scaffold takes part during the 

interaction towards a lectin receptor.169, 192, 196 To further evaluate this finding, the contribution of one 

Man moiety of the carbohydrate ligands on the receptor clustering was determined by normalizing the 

measured values onto the number of Man moieties on the scaffold.  
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After normalization, the assertion becomes even more evident, now showing a decrease in clustering 

efficiency per Man moiety in both performed turbidity assays. Highest values were achieved for the 

glycopolymers with 8 and 12 Man moieties with decreasing clustering efficiency when further 

increasing Man valency (see Figure 15, grey bars). 

After the evaluation of the Man valency in the turbidity based assays, the effect of the molecular 

weight and Man spacing were assessed. Even though the molecular weight of the glycomacromolecules 

containing 3 and 5 Man moieties is with 3 kDa approximately five times below that of the glycopolymer 

presenting an average of 4 Man moieties (13.4 kDa) and also that their interligand spacing exhibit 

significant differences, surprisingly similar values in their receptor clustering potential were obtained 

(see Figure 15, black bars). At first, it was assumed that the accessible Man density in solution might 

be similar for the three stated glycomimetics due to the formation of a highly coiled conformation of the 

glycopolymer containing 4 Man moieties, thereby explaining their similar clustering potential. 

However, as determined by DLS measurements, the hydrodynamic radii (𝑅ℎ) of the 

glycomacromonomers are with values of 1.5 and 1.4 nm, respectively, approximately four times lower 

when compared to the glycopolymer, exhibiting an 𝑅ℎ of 5.8 nm. Due to these findings, the similar 

clustering potential is assumed to be obtained by different ongoing mechanisms when comparing the 

low molecular weight glycomacromonomers with the high molecular weight glycopolymer. Whereas 

the glycomacromonomers are not able to simultaneously bind two CRD of one Con A receptor, a chelate 

formation by the glycopolymer is possible, thereby increasing binding affinity towards one Con A 

receptor. In contrast to that, the possibility of an initial binding event and statistical rebinding are more 

likely for the glycomacromonomers due to the higher density of Man binding ligands when compared 

to the glycopolymer. Although both mechanisms are probably only targeted to a certain extent since the 

clustering potential of the three compared carbohydrate ligands is rather low when compared to the 

higher-valent ligands, it can be assumed that the influence of the two different binding mechanisms 

result in a similar overall Con A binding affinity of the two glycomacromolecules and the glycopolymer 

which may result in similar stabilities of the formed Con A clusters (see Figure 17A (left)). 

A further assay performed to evaluate the interaction with Con A, which included all 19 carbohydrate 

ligands, was an SPR direct binding assay to determine the 𝐾𝐴 values for each ligand. For the multiblock 

glycopolymers from the first set, similar to the results from the turbidity assays, an increased binding 

affinity for an increasing Man valency was observed. The most pronounced increase in binding affinity 

is achieved after exceeding a valency of 5 Man moieties. In contrast to the turbidity assays, in the direct 

binding assay, no subsequent decrease was observed after passing through a maximum, showing highest 𝐾𝐴 for the glycopolymer with 20 Man moieties (see Figure 16, black bars). Additionally for the Man 

normalized values, the affinity is continuously increasing, although not as pronounced (see Figure 16, 

grey bars). A reason for the observed differences between the results from the turbidity and the direct 

binding assays may be again explained by the different influence of ongoing binding mechanisms due 

to the different setup of the assays. 
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Figure 16: Results from the SPR direct binding assay showing the determined 𝐾𝐴 per ligand (black bars) as well as per Man 
moiety (grey bars) for all 19 carbohydrate ligands synthesized as well as three negative controls not presenting Man moieties. 

Here, especially statistical rebinding and conformational changes of the carbohydrate ligands are 

likely, which are assumed to have a significantly higher effect in the direct binding SPR assay, 

representing a binding situation in solution with a constant movement of ligands, compared to a turbidity 

assay during which a solid precipitate is formed. After the formation of a solid precipitate and the 

resulting low movement of the ligands and Con A receptors, an unbinding followed by a subsequent 

rebinding of a different Man binding moiety in close proximity is not as pronounced and relevant for 

the overall affinity. Also conformational changes of the carbohydrate ligands, thereby subsequently 

obtaining accessibility of previously screened Man moieties, is rather not possible after a solid 

precipitate is formed. In the direct binding SPR however, statistical rebinding and constant 

conformational changes of the ligand are likely which can explain the further increase in 𝐾𝐴 with 

increasing Man valency and the higher contribution of one Man moiety during binding. In the turbidity 

assays, the Con A binding sites are assumed to be saturated after exceeding 12 Man moieties per 

carbohydrate ligand and a further increase in Man moieties is not beneficial for effective Con A 

clustering. On the contrary, it seems even to have a negative influence for the glycopolymer presenting 

an average of 20 Man moieties, supposedly due to the close positioning of the Man ligands and their 

potential steric hindrance during Con A binding (see Figure 17A (right) and B (top right)). 
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When again comparing the two glycomacromolecules with 3 and 5 Man moieties with the 

glycopolymers presenting an average of 4 Man moieties, this time in terms of their binding affinity, a 

similar behavior as in the previously stated turbidity assays can be observed (see Figure 16, black bars). 

Also in this assay, no influence of the carbohydrate spacing or overall molecular weight of the 

carbohydrate ligands towards their binding affinity is observed, probably due to the same reason of 

different influences of ongoing binding mechanisms (statistical rebinding vs. chelate binding) (see 

Figure 17A (left) and B (top left)). 

The introduced spacing using the EDS based hydrophilic spacing block is supposedly still too short 

to have a significant influence on lectin binding as well as clustering by the spanning of multiple CRD. 

Therefore, the second set of glyco(oligoamide) – PEG multiblock copolymers was synthesized to 

increase the spacing between the carbohydrate binding blocks further and applied in a similar SPR direct 

binding assay, as the glycomacromolecules and glycopolymers from the previous series. A 

glycopolymer from the first set was included in the assay, obtaining the same value for 𝐾𝐴 as in the 

previously performed SPR experiment, which therefore allows for direct comparison of the structures 

from the first and the second set of carbohydrate ligands synthesized. Since the glyco(oligoamide) – 

PEG copolymers exhibit significantly higher average Man valencies (16 – 65 Man), 𝐾𝐴 values were 

expected to lie in the same range or even above that of the multiblock glycopolymer with highest Man 

valency (20 Man) from the first set. However, surprisingly the measured 𝐾𝐴 values were at least a factor 

20 below the determined value for the highest affinity binding multiblock glycopolymer from the first 

set and rather in a range of the low molecular weight and low-valent glycomacromolecules, despite their 

significantly higher Man valency (see Figure 16, black bars). Whereas the spacing seems to have had a 

relatively low influence for the first set of glycopolymers, the high molecular weight PEG block in the 

second series seems to significantly decrease binding affinity towards Con A, which is also in agreement 

with previous findings of other groups working with similar PEGylated carbohydrate ligands.243 The 

low binding affinity can be explained by the decrease of carbohydrate density below a certain threshold 

but also by an increased steric repulsion of the carbohydrate ligands during binding due to their elevated 

molecular weight, which was also discussed by other groups.90, 169, 192, 196 In addition to the high 

molecular weight of the ligands, also the flexibility of the PEG chain may have a negative influence on 

the binding, as already determined in previous works using flexible carbohydrate functionalized PEG 

particles228, 230, thereby increasing the conformational entropy (see Figure 17B (bottom left)). 

Furthermore, by GPC analysis, a highly coiled conformation of the glyco(oligoamide) – PEG 

copolymers in solution was determined, which supports the assumption that a great number of Man 

moieties are not accessible for lectin binding, due to a pronounced shielding by the PEG chains. When 

calculating the 𝐾𝐴 per Man moiety for the glyco(oligoamide) – PEG copolymers, the low contribution 

of one Man moiety becomes evident. The Man normalized 𝐾𝐴 values of all glyco(oligoamide) – PEG 

copolymers were even lower when compared to the value of the monovalent glycomacromolecule (see 

Figure 16, grey bars). 
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Figure 17: Schematic overview summarizing the most important results obtained from A) the turbidity based assays, B) the 
SPR direct binding assays and C) the SCP adhesion reduction assay, comparing different Man presenting ligands and discussing 
potential multivalent effects of macromolecular carbohydrate ligands that could explain the observations made in this thesis. 
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Besides the decrease in binding affinity with increasing molecular weight, a further correlation 

between an architectural feature of the different glyco(oligoamide) – PEG copolymers and lectin binding 

which can be observed among the series is that of Man valency within one binding block. Highest 𝐾𝐴 

values were determined for the glycopolymers derived from the trivalent glyco(oligoamides) followed 

by the divalent ones, whereas no 𝐾𝐴 was able to be measured for the polymer derived out of the 

monovalent glyco(oligoamide), as shown in Figure 16 (black bars). Since various glycopolymers, for 

which no or only very low 𝐾𝐴 values were determined, have a similar overall average Man valency and 

molecular weight compared to those with higher binding affinities, the difference was attributed to the 

Man valency within the incorporated binding block. It can be assumed that a higher local concentration 

is beneficial for lectin binding, enhancing the probability for an initial binding event as well as statistical 

rebinding when a binding block is eventually exposed and not shielded by the PEG chain (see Figure 

17B (bottom right)). 

As further method, investigating the potential to inhibit carbohydrate – lectin interactions, a recently 

introduced assay based on the adhesion of Man functionalized PEG-microparticle, so-called soft 

colloidal probes (SCP), on a Con A functionalized glass surface, as shown in Figure 17C (left), was 

performed.86, 207 Thereby the reduction in the adhesion energy of the SCP on the surface after the addition 

of a fixed concentration of glyco(oligoamide) – PEG copolymer was measured. The adhesion reduction 

assay was only performed for seven selected structures of the glyco(oligoamide) – PEG copolymers and 

results indicated that an inhibition is exclusively dependent on the Man valency rather than the 

interligand spacing, molecular weight or amount of Man moieties within the binding block, which were 

determined to be important parameters during the direct binding interaction. Especially an increase in 

molecular weight, which was stated to have a significantly negative influence during a direct binding 

event associated with an increasing steric repulsion, contributes differently in an inhibition based assay 

as also observed by other working groups.169, 192, 195 In an inhibition event, an increasing molecular 

weight is even stated to be beneficial, thereby increasing a possible steric shielding of competing binding 

ligands.174, 185 For the obtained results of the adhesion reduction assay, a positive influence of the 

molecular weight was not observed, supposedly because all synthesized glyco(oligoamide) – PEG 

copolymers already exceed a molecular weight for maximum steric shielding, which can be supported 

by findings of other groups also investigating the inhibition potential of synthetic glycopolymers 

towards Con A.196, 214 Therefore, for the here applied glycopolymers, an exclusive direct correlation 

between increasing Man valency and adhesion reduction potential can be observed (see Figure 17C). 

Overall, looking at the series of binding studies, it can be summarized that the structural design of 

multivalent carbohydrate ligands have distinct effects in each assay since various multivalent binding 

mechanisms are of importance and, depending on the assay, prevail to a different extent. Here, especially 

the differences between a direct binding in comparison to an inhibition assay are to mention. An 

increasing molecular weight of the glycopolymers results in a drastic decrease in binding affinity 

whereas the molecular weight seems not to have such a negative influence in the inhibition competition 

assay. 
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The same is true for a locally high concentration of binding ligands, thereby increasing statistical 

rebinding events which are crucial for a high affinity in a lectin direct binding event but are assumed to 

be less relevant in inhibition assays. Furthermore, slightly different results for the same carbohydrate 

ligands were observed from the turbidity assays when compared to the SPR direct binding assay. In the 

turbidity assays, a maximum Man valency for highest possible clustering potential was determined, 

whereas the direct binding assay showed a steady increase in binding efficiency with increasing Man 

valency for the first set of multiblock glycopolymers. The reason for this difference could be also based 

on the statistical rebinding effect, which is in the case of the turbidity assays only relevant to a low extent 

in the solidified complex when cross-linked. 

In the third and final part of this thesis, an additional synthetic approach towards periodic sequence-

controlled polymers with a regularly recurring monomer sequence along the polymeric backbone in one 

direction was successfully implemented. Similar to the synthesis of the multiblock copolymers, the 

approach combines SPS and a subsequent TEC step-growth polymerization. In contrast to the previously 

established procedure, an AB approach was applied, using a heterofunctionalized macromonomer, 

carrying both, the reactive alkene as well as the thiol moiety, in the same compound. Due to a self-

initiation of heterofunctionalized macromonomers for TEC, the developed step-growth polymerization 

method was primarily limited to an AA/BB approach using two homofunctionalized macromonomers, 

which also implies the use of symmetrical sequences within the macromonomers to control the 

periodically recurring sequence completely. In addition to the terminal Cys as well as NDS for the 

introduction of the reactive end-groups, as non-symmetrical sequence for the AB approach, a 

combination of EDS building blocks and different amino acids (L-glycine (Gly), L-leucine (Leu), L-

histidine (His), L-phenylalanine (Phe), L-serine (Ser), L-lysine (Lys)), displaying the initials of the 

participating researchers, was chosen (see Scheme 10). 

Scheme 10: Schematic illustration of the two-step polymerization of the heterofunctionalized macromonomer with the MBNB 
protecting group towards a periodic copolymer with a regularly recurring monomer sequence along the polymeric backbone in 
one direction (the five structural repeating units stated on the brackets in the final polymer refer to the �̅�𝒏 achieved in the 
polymerization and does not imply the formation of a uniform end-product). Adapted with permission from C. Gerke, P. 
Siegfeld, K. Schaper, L. Hartmann, Enabling Directional Sequence-Control via Step-Growth Polymerization of 
Heterofunctionalized Precision Macromonomers, Macromol. Rapid Commun., 2019, 40, (3), 1800735. Copyright © 2019 John 
Wiley & Sons. 

 

The uncontrolled self-initiation was prevented by the introduction of a photolabile protecting group 

which was attached to the reactive thiol end-group. As protecting group, 3,4-methylenebisoxy-6-

nitrobenzyl (MBNB) was used which was successfully coupled to the thiol group as its bromide 

derivative, performing a nucleophilic substitution reaction directly on the solid support. 
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The MBNB group was chosen since this nitrobenzyl derivative shows a high absorption coefficient at a 

wavelength of 365 nm. The used medium pressure Hg UV lamp for polymerization also shows a strong 

band of emission. Therefore, an in situ liberation of the thiol group followed by a direct polymerization 

via TEC should theoretically be possible, however, so far proved not successful in the lab. Therefore, 

the step-growth polymerization of the heterofunctionalized macromonomer was conducted in a two-step 

procedure as shown in Scheme 10, first cleaving the MBNB group using an UV-LED lamp, followed 

by its polymerization using the medium pressure Hg UV lamp, applying the developed reaction 

condition used for the synthesis of the first set of multiblock glycopolymers. 

A successful polymerization was achieved, reaching an �̅�𝑛 of 18.2 kDa for the periodic copolymer, 

corresponding to an �̅�𝑛 of 7 for the used macromonomer, which is in the same range as the first set of 

multiblock glycopolymers (see Figure 13). However, higher �̅�𝑛 were expected due to the use of the 

highly reactive norbornene end-group as well as an equimolar ratio of the reactive end-groups in an AB 

approach, which is crucial to reach high �̅�𝑛 in a step-growth polymerization. A further observation for 

the polymerization of the heterofunctionalized macromonomer was a pronounced formation of a 

macrocyclic compound, caused by an intramolecular TEC reaction of the macromonomer. Both, the low �̅�𝑛 as well as the formation of cyclic side-product, are assumed to be promoted due to a lower 

concentration of reactive end-groups in comparison to previously performed polymerizations. 

Furthermore, an increase in the reaction temperature could potentially further increase the �̅�𝑛, as 

observed during the synthesis of the glyco(oligoamide) – PEG multiblock copolymers. To remove the 

cyclic side-product as well as low molecular weight polymers, the periodic copolymer was purified via 

ultrafiltration using a membrane with a molecular weight cut off (MWCO) of 10 kDa, thereby 

successfully increasing the �̅�𝑛 to 10 corresponding to an �̅�𝑛 of 23.8 kDa. 

Overall, the results of this thesis promote further progress within the field of sequence-controlled 

polymers, showing novel approaches towards multiblock copolymers as well as periodic copolymers 

with an additional directional control of the monomer sequence along the polymeric backbone. 

Combining SPS and TEC gives access to polymers exclusively based on oligoamides but also to hybrid 

polymers with incorporated conventional polymers, as shown for the PEG copolymer. In addition to the 

synthetic progress, new insights about the design and properties of polymeric glycomimetics were 

obtained. Specifically, the influence of carbohydrate spacing during multivalent binding towards the 

lectin Con A was evaluated, showing no influence when using a short spacing in terms of an EDS based 

oligoamide between the binding Man moieties and a drastic decrease in binding affinity when further 

increasing the spacing by a high molecular weight PEG chain. 

Based on the presented novel synthetic approach, the scope of synthesizing bioactive sequence-

controlled multiblock copolymers will be further extended in future studies. Due to the ease of 

introducing different biological relevant motifs in the macromonomer sequence during SPS and the high 

tolerance of the TEC polymerization procedure towards functional groups or solvents, the approach has 

great potential for a broad range of applications.  
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Possible examples potentially permitting the implementation of the presented synthetic approach could 

be in the field of degradable polymers with defined degradation pattern, polymeric drug delivery 

systems, but also high molecular weight pharmaceutically active compounds. Additionally, the 

demonstrated possibility of incorporating a conventional, end-functionalized polymer into the polymeric 

scaffold gives access to different hybrid block copolymers, potentially developing novel functional 

materials with unique properties. Besides the application of the synthetic procedure, the influence of the 

molecular weight as well as interligand spacing on multivalent binding mechanisms during lectin 

interaction will be further investigated, introducing a spacing size in between the here used hydrophilic 

spacing oligoamide and the PEG-6000 block, which were assumed either to be insufficient or excessive. 

Besides that, applying the approach using a photolabile protecting group, glycopolymers with a non-

symmetrical carbohydrate presentation along the polymeric backbone are accessible which could allow 

for the investigation of the influence of a further structural feature of a glycomimetic on multivalent 

lectin binding. 
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ABSTRACT: A versatile approach for the synthesis of
sequence-controlled multiblock copolymers, using a combina-
tion of solid phase synthesis and step-growth polymerization
by photoinduced thiol−ene coupling (TEC) is presented.
Following this strategy, a series of sequence-controlled
glycopolymers is derived from the polymerization of a
hydrophilic spacer macromonomer and different glycomacro-
monomers bearing between one to five α-D-Mannose (Man)
ligands. Through the solid phase assembly of the macro-
monomers, the number and positioning of spacer and sugar
moieties is controlled and translates into the sequence-control of the final polymer. A maximum M̅n of 16 kDa, corresponding to
a X̅n of 10, for the applied macromonomers is accessible with optimized polymerization conditions. The binding behavior of the
resulting multiblock glycopolymers toward the model lectin Concanavalin A (ConA) is studied via turbidity assays and surface
plasmon resonance (SPR) measurements, comparing the ability of precision glycomacromolecules and glycopolymers to bind to
and cross-link ConA in dependence of the number of sugar moieties and overall molecular weight. The results show that there is
a clear correlation between number of Man ligands and Con A binding and clustering, whereas the length of the glycooligomer-
or polymer backbone seems to have no effect.

■ INTRODUCTION

Recently, the synthesis of sequence-controlled polymers,
containing an ordered arrangement of functional monomers,
has gained increasing attention. The control over the monomer
sequence allows for the design of new polymeric materials with
various applications from catalysis to medicine.1 However, the
synthesis of such precision polymers still remains a challenge.
Different synthetic strategies have been applied to obtain
monomer sequence control in oligomers and polymers such as
controlled polymerization methods,2,3 the use of special
monomers,4 iterative coupling protocols,5 and solid phase
synthesis.6,7 Our approach is based on the use of solid phase
peptide synthesis, which was originally developed by Merrifield
in 1963 revealing a straightforward method of controlling the
amino acid sequence of a peptide using a solid support.8 In our
group, we apply peptide coupling protocols to novel tailor-made
building blocks generating monodisperse, sequence-defined
oligomers.9,10 For this purpose, the synthetic building blocks
are equipped with a Fmoc-protected amine and a free carboxylic
acid group. Besides that, they carry different functional side chain
or main chain motifs giving access to a variety of so-called
precision macromolecules.9−16 Special focus has been devoted to
the synthesis of precision glycomacromolecules carrying sugar
ligands in the side chain and their evaluation as multivalent
glycomimetics.10−13,17 In this context, precision glycomacromo-
lecules have great potential, as their design can be matched to

accommodate specific receptor binding sites. Previous studies
investigating the multivalent binding of glycomacromolecules to
model lectin receptor ConA have shown that binding to the
receptor can be enhanced by statistical effects where a higher
number of sugar ligands on the macromolecular scaffolds
increases the probability of binding to a receptor, e.g., by
statistical rebinding events.10,13,18 In addition, glycomacromole-
cules show the formation of intermolecular complexes where a
single glycomacromolecule clusters several lectin receptors. Such
receptor clustering behavior is of critical importance for several
cell biological processes and enhanced bioactivity.19−21 How-
ever, this requires comparatively large macromolecules, which is
rather difficult to achieve with classic solid phase synthetic
strategies. Therefore, we here extend on the previously
introduced solid phase polymer synthesis and use precision
glycomacromolecules as macromonomers to obtain higher
molecular weight multiblock copolymers presenting, in an
alternating fashion, blocks with sequence-defined density of
sugar ligands and hydrophilic spacer blocks (Scheme 1). While
the sugar carrying block should allow for effective binding to the
receptor, the multiblock structure could enhance effective
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clustering of receptors due to an increased size and optimized
ligand density of the polymer.
As polymerization reaction of the precision macromonomers,

we used the click-type TEC by introducing reactive alkene and
thiol end groups to either of two macromonomers. The resulting
functionalized macromonomers are then polymerized in a step-
growth fashion as an AA BB system, which is a polymerization
method that leads to polymers with strictly alternating block
sequences as already described by Carothers.22 The combination
of solid phase synthesis and step-growth polymerization
therefore allows us to control the polymeric structure on two
levels, first by controlling the monomer sequence within the
blocks and second by a strictly alternating assembly of the two
blocks. The final glycopolymers carry both amide and thioether
linkages within the backbone from the two types of coupling
methods, similar also to other sequence-controlled oligomers
derived on solid phase.7 In dependence of the building blocks
used, the glycopolymers additionally carry ethylene glycol
segments in the main chain and Man ligands in the side chain,
similar to our previously reported glycomacromolecules
(Scheme 1).10

A click-type coupling reaction was chosen in order to achieve
high conversion and thereby reasonably large X̅n’s. In general,
click reactions, predominantly copper mediated azide−alkyne
cycloaddition (CuAAC) and TEC, are widely used in polymer
chemistry, especially for cross-linking and post-functionalization,
as also demonstrated in previous studies from our
group.11,14,23,24 However, there are only few examples where
click reactions are used as polymerization method for the
synthesis of sequence-controlled polymers.2 The majority of
these studies, regardless of whether CuAAC or TEC chemistry
was applied, used low molecular weight monomers. Only the
groups of Junkers25 and Tew,26 also using TEC, as well as the
groups of Kopecek27 and Lutz,28 working with CuAAC coupling,

presented first examples for the successful use of macro-
monomers obtaining multiblock copolymers.
Here, we now present the combination of solid phase polymer

synthesis with TEC step-growth polymerization for straightfor-
ward access to sequence-controlled polymers and specifically
sequence-controlled glycopolymers. Solid phase assembly of the
macromonomers allows for the control, e.g., of the number of
sugar ligands within one block, while the combination of two
different macromonomers will lead to a high molecular weight
alternating sequence of blocks, e.g., with or without sugar ligands.
First, the influence of the different reaction parameters such as
solvent, photoinitiator, reducing agent, and irradiation time will
be investigated. Second, binding of the sequence-controlled
glycopolymers as well as glycomacromonomers to model lectin
ConA will be evaluated.

■ EXPERIMENTAL SECTION

Building Block Synthesis. Synthesis of building blocks DDS,11

EDS,14 and TDS10 as well as the synthesis of 2-azidoethyl-α-D-
Mannopyranoside10 were reported earlier.

Oligomer Synthesis. The oligomers 1−7 were all synthesized via
solid phase synthesis applying established protocols from our working
group.10,14Obtained yields for the oligomers were between 45 and 81%,
and the purities were larger 92% after cleavage from the resin and double
precipitation from diethyl ether as determined by RP-HPLC (see
Supporting Information).

Polymerization via TEC Coupling. The concentration of 2,2-
dimethoxy-2-phenylacetophenone (DMPA) and tris(2-carboxyethyl)-
phosphine hydrochloride (TCEP) were varied during the TEC coupling
method development. The different reaction conditions are listed in
Table 1. The preparation of the reagents and solvents, as well as the
reaction procedures were not changed.

The oligomers were freshly freeze-dried and stock solutions of
40 mM in water were prepared. From the stock solutions, 250 μL of the
thiol and the alkene bearing oligomers were transferred into a
borosilicate glass HPLC vial without labels to prevent any kind of UV

Scheme 1. Schematic Presentation of the Solid Phase Synthesis of End-Functionalized Macromonomers Using Tailor-Made
Building Blocks (Left)10 and their Step-Growth Polymerization via Thiol−Ene Coupling (Right)23
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absorption or reflection. The use of quartz glass was avoided to filter out
highly energetic UV radiation below 300 nm. After the addition of both
oligomers, the mixture was instantly freeze-dried again to remove the
water and oxygen. The freeze-dried mixture of the two oligomers was
flushed with argon and closed. DMSO andH2Owere degassed using the
freeze−pump−thaw method. TCEP was freshly freeze-dried, and a
stock solution of 50 mM in degassed DMSO was prepared. A DMPA
stock solution of 100 mM in degassed DMSO was prepared without
previous freeze-drying. From the stock solutions, required amounts
were added to the vial with the freeze-dried oligomer mixture to obtain
concentrations between 25 and 125 mM of DMPA and between 0.5 and
5 mM of TCEP, respectively. Additionally, degassed DMSO and
degassed H2O were added to obtain a total volume of 200 μL of a
DMSO/H2O mixture in a ratio 9/1, leading to a concentration of
50 mM of each oligomer. The vial was flushed with and kept under
argon. The oligomers were completely dissolved, the vials were placed
next to the UV lamp (distance of 7−10 cm) on a magnetic stirrer, and
the mixture was stirred and irradiated for 1 h.
After 1 h of irradiation, the product was precipitated slowly in 10 mL

of a mixture of ice cold diethyl ether/acetone with a volume ratio of 1/3.
The obtained pallet was redissolved in 1 mL MeOH and reprecipitated
in 10 mL ice cold diethyl ether. The pallets of glycopolymers had to be
dissolved in 1 mL of MeOH with an additional drop of water. The pallet
was redissolved again in 6 mL water and freeze-dried to give the final
product.
Turbidity Assay/Ligand Concentration Dependent Assay. For

the ligand concentration dependent assay, an adapted protocol from
previous work by Kiessling et al. was used.29 A ConA stock solution of
approximately 20 μM was prepared in lectin binding buffer (LBB)
(10mMHepes, 50 mMNaCl, 1 mMMnCl2, 1 mMCaCl2, pH 7.4). The
exact concentration was determined by measuring the absorption of the
ConA solution at 280 nm (ε 30150 L/(mol*cm)). For each ligand
(glycomacromonomer or glycopolymer), a stock solution was prepared.
Their concentration varied from 5 μM to 250 μM.
In a UV quartz cuvette, 5 μM of ConA in 2000 μL LBB were added

and the measurement was started (100% of intensity for the clear
solution). Subsequently, a certain amount of ligand (between 0.01 μM
and 0.5 μM, V = 2 μL) was added to the cuvette, vigorously mixed using
a Pasteur pipet, and the precipitate was allowed to form for 20 min. After
20 min, the concentration of ligand was further increased by the same
amount. This was repeated until no further decrease in intensity was
observed. The required ligand concentration for reaching the half-
maximal turbidity (conc. 1/2TMax) measured was then determined from
the curves for comparison of the different glycooligomer/-polymers.
The measurement was repeated three times for each ligand (see SI), and
the average value as well as the standard deviation were calculated.
Quantitative Precipitation Assay. The quantitative precipitation

assay is a widely used assay in receptor/ligand interaction studies and
was adapted from previous examples in literature.30−33 For the
quantitative precipitation assay, a ConA stock solution of approximately
30 μM was prepared in LBB. The exact concentration was determined
by measuring the absorption of the ConA solution at 280 nm
(ε 30150 L/(mol·cm)). Stock solutions of 500 μM, 50 μM and 5 μM
were prepared in LBB for each ligand (glycomacromonomer or
glycopolymer). As reaction vessels, 2 mL Eppendorf tubes were used.
The total volume of the ConA/ligand mixture was 1 mL for all
concentrations. In each Eppendorf tube, the ConA concentration
amounts to 15 μM. The concentrations of ligand varied between
125 μM to 0.01 μM. After the addition of the ligand, the tubes were
stored overnight, allowing the precipitant to form. The Eppendorf tubes
were centrifuged for 5 min at 4400 rpm. The supernatant was removed,
and the formed palette was carefully washed twice with 1 mL of cold
LBB and centrifuged again under the same conditions. One milliliter of
0.05 M α-methyl-mannose solution in LBB was added to dissolve the
palette. The ConA concentration of the solution was determined by
measuring the UV absorption at 280 nm (ε 30150 L/(mol·cm)). The
ligand concentration used to determine the ConA/ligand ratio in the
precipitant (0.1, 0.5, 1.0, 2.5, and 5.0 μM) were measured three times
and the average value as well as the standard deviation were calculated.
The ConA/ligand ratio was found to have a linear regime for ligand

concentrations from 0.5 μM to 2.5 μMallowing for the determination of
an average ConA/ligand ratio in this concentration range. For the
negative controls not containing sugar moieties, the assay was
performed with one ligand concentration (5 μM) only.

Surface Plasmon Resonance (SPR). Ligand-ConA affinity experi-
ments were performed using surface plasmon resonance (SPR)
measurements, applying a direct binding assay with covalently bound
ConA on a CM5 sensor chip (immobilization of 3085 RU). The assay
was based on similar SPR assays performed by the groups of Fernandez-
Megia and Riguera20 as well as the group of Haddleton34 also working
with Man ligands and lectin.

LBB was used as the running buffer. Each ligand (glycomacromo-
nomer or glycopolymer) was injected at different concentrations,
ranging from 600 to 0.09 μM depending on the ligand. Each ligand was
injected with six different concentrations (see SI for exact concentration
values for each ligand). The flow rate was set to 30 μL/min, and the
contact and dissociation times were 120 and 180 s, respectively. After
ligand injection, the sensor chip was regenerated by injecting 0.8 M α-
methyl-mannose in LBB buffer at a flow rate of 10 μL/min twice, to
completely dissociate the bound ligand from the immobilized ConA.
The equilibrium response 4 s before injection stop as a function of ligand
concentration is fitted by using a steady state model, from which the
dissociation constants KD and KA can be derived. Each ligand was
measured three times to obtain standard deviations. As an internal
reference, structure 6 was measured with a concentration of 6 μM in
each measurement, showing good reproducibility within the series of
glycomacromonomers and glycopolymers.

■ RESULTS AND DISCUSSION

Method Development of the Step-Growth Polymer-
ization of Monodisperse Macromonomers by Photo-
induced TEC. A medium pressure mercury UV lamp with a
maximum intensity at 365 nm was used as the UV source.
Macromonomers used for establishing TEC polymerization
method contained five hydrophilic spacing building blocks
(EDS) and either two terminal L-cysteine or alkene function-
alized building blocks (DDS) (Scheme 2). Here we used single
coupling and no additional purification of the macromonomers
yielding bothmacromonomers with purities >92% as determined
by RP-HPLC (structures were confirmed by 1H NMR and
HRMS, see SI). The impurities are mainly truncated sequences
containing lower amounts of EDS, as determined by LC-MS
measurements (see SI). If required, macromonomers can be
obtained in higher purities by applying multiple coupling or
additional purification after cleavage, e.g., by preparative HPLC.
To ensure complete introduction of the reactive groups a double
coupling of L-cysteine and DDS was performed. For TEC
polymerization method development, the polymeric material
was analyzed with GPC-RI-LS determining the molecular weight
and dispersity and with MALDI-TOF-MS excluding interfering
side-reactions. In all reactions both macromonomers were used
in an equimolar ratio and high concentration (50 mM).
From the series of experiments varying solvent and irradiation

time, the highest M̅n, as determined by GPC-RI-LS analysis, was
observed when using dimethyl sulfoxide and water in a ratio of
9:1 and 60 min of irradiation. Next, in order to further increase
X̅n, a screening of different photoinitiators was performed. A total
of five photoinitiators, containing two benzophenone, two
acetophenone, and one azo-based initiator, were tested. The
initiators were chosen to include cleavage-type (Type I) and H-
abstraction type (Type II) initiators from which one shows a
maximum absorption slightly below and the other one close to
the maximum intensity of the used UV lamp (365 nm). Best
results were obtained when using the acetophenone based
initiator DMPA, which is a Type I initiator with an absorption
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maximum of 250 nm, in agreement with previous results from the
Yagci group.35 Subsequently, DMPAwas added to the reaction in
different concentrations. An equimolar concentration of the
photoinitiator (50 mM) showed highest M̅n of 14−16 kDa which
corresponds to a X̅n of 9−10. A lower amount of DMPA of 0.5
equiv as well as a higher amount of 1.5 equiv lead to polymers
with slightly lower M̅n values of only 9−15 kDa. Without the
addition of an initiator, only a poor X̅n of about 5 was obtained,
showing that the use of an initiator is essential in the performed
reaction. All results are listed in Table 1.
Further, the influence of the addition of a reducing agent to the

reaction mixture was evaluated. Due to the formation of disulfide
bonds by oxidation, reactive end groups can be lost. There are
different methods to prevent loss of reactive thiol groups due to
oxidation, e.g., using thiolactone in situ generating a thiol after
aminolysis.7 For the reduction of disulfides, here we chose the
addition of TCEP. There are two concurrent side reactions of
TCEP, which can lead to the loss of reactive end groups and need
to be evaluated. On the one hand, an irreversible hydro-
phosphination of the alkene moiety can occur under radical
initiation, leading to the loss of reactive alkene groups.36 Besides
that, it is also possible that a thiyl radical, which is formed during
the polymerization, reacts with the phosphine, forming a
phosphine sulfide and alanine.37 Both side reactions were
observed by MALDI-TOF-MS analysis in first tests with high
amounts of TCEP. An optimal amount of TCEP was determined
by varying its concentration in the reaction mixture. Polymers
with largest M̅n were obtained when adding 0.01 equiv (0.5 mM)
TCEP to the reaction mixture (Table 1). Additionally, the
observed M̅w/M̅n of final polymers was lower compared to
reactions with higher and lower TCEP concentrations. Thus, the
optimum amount of TCEP is sufficient to reduce formed

disulfides but is still too low to significantly react with the alkene
or thiyl groups. Hydrophosphination and desulfurization
products were not observed by MALDI-TOF-MS analysis
when using these conditions. However, during this analysis the
presence of small amounts of remaining 1 with an intramolecular
disulfide was determined. In 1HNMR analysis of 3, a total of 14%
remaining alkene moieties which did not react during the
polymerization was determined. In the reaction leading to 3, a
slightly higher amount of the alkene bearing macromonomer 2
was used as determined by 1H NMR analysis of the product (1
and 2 in the ratio of 1:1.07, see SI). This means some alkene
groups remained in the product due to the mismatch in
stoichiometry. Nevertheless, an extension of the irradiation time
did not lead to further conversion. Potentially, a new building
block containing a more reactive functional alkene group for
photoinduced TEC could be investigated in future studies to
obtain higher conversion and thus further increase X̅n. All
polymerization experiments were repeated three times showing a
variation of the M̅n in a range of up to 2.5 kDa corresponding to a
X̅n between 1 and 2, when using the same reaction conditions in a
series of experiments. The obtained M̅w, M̅n, and M̅w/M̅n as well
as the resulting X̅n are listed in Table 1.

Application of the Developed TEC Method for the
Synthesis of Sequence-Controlled Multiblock Glycopol-
ymers. After establishing suitable polymerization protocols, a
series of four different precision glycomacromolecules carrying
Man to be used as macromonomers were synthesized following
the previously established protocols.10,13 In preliminary turbidity
tests with trivalent glycomacromolecules, containing either two
terminal DDS building blocks, two terminal L-cysteine residues,
or no end-functionalization, it was observed that glycomacro-
molecules with either terminal alkene moieties or unfunction-

Scheme 2. Polymerization of Precision Macromonomers 1 and 2 via Step-Growth TEC Resulting in the Sequence-Controlled
Multiblock Copolymer 3

Table 1. Obtained M̅w, M̅n, M̅w/M̅n, and X̅n after the Variation of the DMPA and TCEP Concentration in TEC Step-Growth
Polymerization Reactionsa

oligomer concentration [mM] irradiation time [min] DMPA [eq ] TCEP [eq ] M̅w [kDa] M̅n [kDa] M̅w/M̅n X̅n

50 60 0 0.01 16.1 7.80 2.06 5

50 60 0.5 0 26.5 10.8 2.46 7

50 60 0.5 0.01 22.5 12.6 1.79 8

50 60 0.5 0.1 21.9 8.70 2.52 6

50 60 1.0 0 32.6 14.5 2.24 9

50 60 1.0 0.01 29.0 16.0 1.81 10

50 60 1.0 0.1 26.4 14.5 1.82 9

50 60 1.5 0 29.1 14.8 1.97 9

50 60 1.5 0.01 28.9 14.9 1.94 9

50 60 1.5 0.1 23.8 11.7 2.04 7
aThe final reaction conditions are highlighted.
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alized end groups show similar binding to ConA. In contrast to
that, the glycomacromolecule with terminal L-cysteine residues
showed a slightly higher cluster formation, potentially due to the
conjunction of glycomacromolecules by the formation of
disulfides. Therefore, all glycomacromolecules were synthesized
with terminal DDS building blocks to allow for direct
comparison of the macromonomer to the derived glycopolymer
in later receptor binding studies.
The oligomers DDS(1,7)Man(4)-7 (4), DDS(1,7)Man(2,6)-

7 (5), DDS(1,7)Man(2,4,6)-7 (6) and DDS(1,7)Man(2−6)-7
(7) were obtained with purities >92% after cleavage from the
resin and a double precipitation from diethyl ether as determined
by RP-HPLC and structures were confirmed by 1H NMR and
HRMS (see SI). Similar to the impurities determined in
compounds 1 and 2, the impurities are mainly truncated
sequences with lower amounts of EDS or TDS (see SI). A double
coupling of DDS was performed to ensure a complete

introduction of the terminal alkene moieties for a successful
polymerization. The structures of the glycomacromonomers are
shown in Figure 1. All four glycomacromolecules were
copolymerized with hydrophilic EDS-oligomer 1 under the
previously established polymerization conditions giving final
glycopolymers 8−11. All polymers were analyzed by GPC-RI-
LS, MALDI-TOF-MS, and 1H NMR. The GPC data of
glycopolymer 11 and the original macromonomers 1 and 7 is
exemplarily presented in Figure 2. FromGPC data of the purified
glycopolymers after precipitation in cold diethyl ether, no
remaining macromonomers were observed after polymerization.
All four Man-presenting glycopolymers 8−11 were obtained

with the same X̅n and M̅w/M̅n. The X̅n of 8 for all glycopolymers
was slightly lower as compared to the reaction optimization
experiments with the spacer macromonomers (X̅n of 10). This
indicates that the reactivity of glycomacromonomers is lower,
e.g., due to differences in polarity or accessibility of the functional

Figure 1. Structures of the glycomacromonomers 4−7 (top) and a schematic illustration of the formed multiblock glycopolymers 8−11 (bottom).
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end groups. In the polymerization of glycomacromonomers 5−7,
a slightly higher amount of the thiol bearing macromonomer 1
was used, as determined by 1HNMR (1 and 5, 6, 7 in the ratio of
1:0.88, 1:0.84, and 1:0.85, respectively; see SI). Because of this,
the glycopolymers 9−11 show almost no remaining alkene
moieties. In the polymerization leading to glycopolymer 8, the
ratio of the two monomers was almost equal; however, the
determined remaining alkene moiety was 18% (1 and 4 in the
ratio of 1:0.94; see SI). In comparison to the remaining alkene
moieties with about 14% for the polymer from reaction
optimization, this value also suggests that the Man-bearing
macromonomers are less reactive under these reaction
conditions than the spacer macromonomers 1 and 2. A schematic
illustration of all multiblock glycopolymers is presented in Figure
1. Obtained M̅w, M̅n, X̅n, M̅w/M̅n and the resulting amount of
sugar moieties for all glycopolymers are listed in Table 2.

Binding Behavior of Glycomacromonomers and
Glycopolymers toward ConA. The binding behavior of the
glycomacromonomers as well as the glycopolymers to the lectin
ConA were tested in a turbidity and precipitation assay and by
SPR, performing a direct ligand binding assay. ConA is a plant
lectin and widely used as model lectin to investigate ligand/
receptor interactions of glycomimetics since it was the first lectin
to be isolated, fully characterized, and commercially available.38 It
binds specifically to Man and does not have an affinity to
galactose (Gal).39 At a pH greater 7, it mainly exists in a
homotetrameric form containing four identical Man binding
subunits.40 An interaction with multimeric carbohydrates or
glycopolymers leads to clustering since the lectin acts as a cross-
linker, known as the cluster glycoside effect.19,41When clustering

occurs in solution, the formed cluster precipitates and the
solution turns turbid. By different turbidity assays, the efficiency
of the synthesized glycomacromonomers or glycopolymers in
forming clusters with the lectin ConA can be determined. Besides
the clustering potential, binding of glycopolymers to ConA can
be further investigated using methods such as SPR,10,20,32

isothermal titration calorimetry (ITC),42 atomic force micros-
copy (AFM)43 or soft colloidal probe−reflection interference
contrast microscopy (SCP-RICM)13,18 providing information on
the binding affinity, kinetics and energies. Previously, a great
number of studies investigating the cluster glycoside effect and
multivalent interactions of synthetic glycomimetics, especially
glycopolymers, has been published showing the influence, e.g., of
total carbohydrate valency, epitope density, molecular weight,
scaffold flexibility, and architecture of the glycopolymer on the
resulting receptor binding properties.10,13,18,29−31,44

With the presented synthetic approach, we now have access to
a series of ligands gradually varying the valency and going from
lower molecular weight glycomacromonomers to higher
molecular weight glycopolymers, each with similar degree of
polymerization and dispersity. The contour length of the spacing
block between the binding epitopes is about 140 Å for structures
5−7 and 200 Å for structure 4. It can be expected that due to the
flexibility of the backbone of the glycopolymers, they adapt coiled
conformations, but still have enough spacing between the sugar
functionalized blocks to potentially address several binding sites
of ConA. Thus, the different spacing of sugar ligands during
synthesis should translate into different sugar ligand densities for
glycomacromolecules and−polymers in solution.
For the turbidity assay, a protocol from the work of the group

of Kiessling29 was adapted. In our study, the macromolecular
ligands were titrated into the ConA solution in order to obtain
the ligand concentration required for reaching the half-maximal
turbidity (conc. 1/2TMax). The ligand concentration was
increased stepwise via titration to a solution with a constant
receptor concentration instead of preparing different receptor/
ligand ratios in separate tubes. The ligand’s potential to form
clusters with ConA can be expressed as the reciprocal of the
determined values (1/(conc. 1/2TMax)). In addition, by means of
UV−vis measurements a quantitative precipitation assay was
performed yielding the amount of glycooligomer-bound of
ConA, and hence the stoichiometry of the glycooligomer or
-polymer/ConA complex.33 From both parameters, comple-
mentary information on the ConA clustering efficiency can be
obtained. For the direct binding SPR assay, a similar procedure as
described by the groups of Fernandez−Megia and Riguera was
performed, using a sensor chip with covalently boundConA onto
which the glycomacromonomers and glycopolymers were
injected in different concentrations.20 From the direct binding
experiments, KD andKA can be obtained. As negative control, the
oligomeric and polymeric structures 2 and 3, not containing
sugar moieties, were tested for all three assays showing no
binding to the lectin. Results from the three assays for all
oligomeric and polymeric structures are shown in Figure 3.
From the obtained data for the cluster formation of mono-, di-,

tri-, and pentavalent glycooligomers 4 to 7, we were able to
confirm preliminary findings on the lower limit of presented
sugar ligands as well as the correlation of an increase in ConA
clustering efficiency with an increasing Man valency.10 A
minimum of three sugar moieties were required for a clustering
of the tetrameric lectin, as mono and divalent structures 4 and 5
did not show any precipitate formation in either of the performed
assays. The increase from three to five Man moieties on an

Figure 2.GPC-RI-LS data from the analysis of the glycopolymer 11 and
its corresponding precursor macromonomers 1 and 7. Columns:
Suprema Lux (2× 100 and 1000 Å). Buffer: 50 mMNaH2PO4, 150 mM
NaCl, 250 ppm of NaN3 (pH 7.2), 30% ACN. Flow: 1 mL/min.

Table 2. Obtained M̅w, M̅n, M̅w/M̅n, and X̅n and the Resulting
Amount of SugarMoieties (N) for the Glycopolymers 8−11 as
well as their Precursor Glycomacromonomers

oligomer used polymer M̅w [kDa] M̅n [kDa] M̅w/M̅n X̅n N (sugar)

4 8 25.0 13.4 1.87 8 4

5 9 27.7 14.8 1.87 8 8

6 10 29.7 16.6 1.80 8 12

7 11 30.8 17.5 1.76 8 20
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oligomeric scaffold, compounds 6 and 7, leads to a significant
increase in cluster formation in both assays (Figure 3A,B, black
bars).
Comparing the glycopolymers and glycomacromonomers, it

seems that molecular weight of the structures does not influence
the clustering but there is a strong dependency on the number of
sugars presented on the scaffold. Values from both assays for
glycopolymers 8 and 9 presenting on average 4 and 8 sugar
ligands are in the same regime as for the tri- and pentavalent
glycomacromonomers 6 and 7. (Figure 3A,B, black bars).
The dependency of the Man valency on the ConA clustering

can also be observed for the determined values from the
quantitative precipitation assay for glycopolymers 8−11. Here

we see a steady increase in cluster formation with an increase in
Man valency, where glycopolymers presenting more sugar
ligands bind more ConA molecules in the formed precipitate
(ConA/ligand) (Figure 3B, black bars). The lowest ConA/
glycopolymer ratio was determined for the glycopolymer 8
presenting an average of 4 Man moieties, followed by the
glycopolymers with an average of 8, 12, and 20 Man moieties 9,
10, and 11, respectively.
The data of the turbidity assay shows a plateau in the efficiency

of clustering ConA after reaching a certain Man valency. The
obtained values for 1/(conc. 1/2TMax) were equal for the
glycopolymers 10 and 11, presenting 12 and 20 Man moieties,
respectively (Figure 3A, black bars). Similar findings were
previously reported for other glycopolymers binding to ConA,
showing a maximum for the ligand concentration in the turbidity
assay along with a steady increase of ConA/ligand ratio in a
precipitation assay.29−32 Indeed, the glycopolymer 10 with 12
Man moieties has a similar Man valency as the polymer reaching
the maximum in a similar turbidity assay as presented by
Kiessling and co-workers further supporting these findings.29

In order to evaluate the efficiency of glycomacromonomers
and glycopolymers in terms of the presented Man moieties,
values from all three assays were also normalized to the number
of Man ligands per macromolecule/polymer (Figure 3A,B,C,
gray bars). Interestingly, both assays based on the cluster
formation reveal a maximum efficiency in cluster formation per
Man ligand for glycopolymers 9 and 10with 8−12Manmoieties.
For the precipitation assay, glycomacromonomer 7 with 5 Man
moieties already reaches the observed maximum ConA/Man
value. Glycopolymer 11with an average of 20Manmoieties even
shows a decrease in clustering perMan unit in both assays. Again,
these findings are in agreement with previous studies from the
groups of Kiessling, Haddleton, and Stenzel, when normalizing
their results to the number ofMan ligands.29−32 Such amaximum
in cluster efficiency per Man ligand is often explained by the
requirement of a certain Man density, rather than a Man valency,
for the efficient clustering of ConA with glycopolymers.32 Even if
every repeating unit/monomer carries a sugar ligand, it is unlikely
that all ligands will be involved in the cluster formation. Thus, a
reduction in the ligand density, e.g., by introducing nonbinding
ligands or increasing the spacing between the ligands, while
maintaining the required number of binding ligands, should not
alter the cluster efficiency.29,30 When comparing our glyco-
macromonomers and glycopolymers, we even find that the
spacing and size of the scaffold does not change the ability to
form ConA clusters, as long as the valency is high enough.
However, so far we do not have any information on the
conformation of the glycopolymers in solution, and thus the
density of accessible Man ligands which might be available for
cluster formation.
In order to gain more insights into the availability of Man

ligands for binding, we performed a direct binding assay
determining the KA of the glycomacromonomers and glycopol-
ymers binding to immobilized ConA via SPR (Figure 3C). Again,
we see a strong dependency of the binding on the valency of the
ligands, with the glycopolymer with the highest valency 11 giving
the highest KA in this series. Ligands of the same valency, e.g.,
glycomacromonomer 6 with 3 Man ligands and glycopolymer 8
with an average of 4 Man ligands show very similar values for KA

despite their different contour length. When looking at KA per
Man ligand, we do not observe a decrease for the higher valent
glycopolymers as we did for the cluster formation. Nevertheless,

Figure 3.Results from turbidity assay (A) showing the reciprocal of half-
maximal precipitation per ligand (black, left y-axis) and per Man (gray,
right y-axis). Results from the quantitative precipitation assay (B)
showing the amount of ConA bound per ligand (black, left y-axis) and
per Man (gray, right y-axis). (C) Results from the SPR direct binding
experiments showing the determined binding constant KA per ligand
(black, left y-axis) and per Man (gray, right y-axis).
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the increase of KA per Man ligand with increasing valency starts
to stall for the higher valent glycopolymers.
Overall, it is difficult to directly compare the turbidity and

direct binding assay, as different parameters of the measurement
will also influence the ligand−receptor binding, e.g., the binding
of glycopolymers to a surface-anchored ConA might lead to
conformational changes, which would not be expected for
binding in solution.13,20 Nevertheless, all three assays show a
similar trend, where we see a strong influence of the valency of
the glycomacromonomers and glycopolymers but so far no
influence of the overall size of the molecules with respect to KA

and ConA clustering. Furthermore, all three assays indicate that
there is a maximum efficiency in clustering or binding when
normalizing to the number of Man ligands, where a further
increase in valency would not lead to a further increase in
clustering or binding.

■ CONCLUSION

In summary, we were able to introduce a new strategy for the
synthesis of sequence-controlled polymers combining solid
phase synthesis and TEC. In a first step, two sets of
macromonomers were obtained from the solid phase assembly
of functional building blocks introducing either a hydrophilic
spacer block with thiol end groups or sugar-presenting blocks
with varying number of sugar ligands in the side chain and alkene
end groups. Through TEC step-growth polymerization, multi-
block copolymers were obtained with M̅n of 16 kDa,
corresponding to a X̅n of 10. Thereby the monomer sequence
of the macromonomers translates into sequence-controlled
glycopolymers allowing for the variation of the number and
positioning of sugar ligands. In a first binding study, precision
glycomacromonomers and glycopolymers were investigated for
their lectin clustering behavior showing a dependency on the
number of sugar ligands on the clustering ability. For the
glycopolymers with the highest ligand valencies studied in this
series, the efficiency in forming clusters reached a maximum,
which indicates, in conformity with previous studies from
literature, that at a certain level of ligand valency a further
increase in receptor clustering cannot simply be achieved by
adding more sugars to the scaffold. In this study we could also
show that when keeping the valency constant, further increase in
clustering or direct binding of glycopolymers could not be
achieved by increasing the size of the ligand-presenting scaffold.
The presented multiblock glycopolymers combine blocks with
precise positioning of binding ligands with nonbinding spacer
blocks and thus give access to glycopolymers with a locally highly
controlled valency as well as density of ligands. The local control
of functionality along a polymer backbone is especially
interesting for bioactive, biomimetic, and bioconjugate polymers
more closely imitating monomer sequences of natural
biopolymers but might also be applied for other classes of
polymeric materials in the future.
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Experimental Parts 

Materials: 

Dimethyl sulfoxide (DMSO) (≥ 99.9%), 2,2-dimethoxy-2-phenylacetophenone (DMPA) (99%), diethyl ether 
(with BHT as inhibitor, ≥ 99.8%), triisopropylsilane (TIPS) (98%), (+)-sodium-L-ascorbate (≥ 99.0%), manganese 
(II) chloride tetrahydrate (≥ 99%) and Concanavalin A from Canavalia ensiformis (Jack bean), Type IV (for the 
precipitation and turbidimetry assay), were all purchased from Sigma-Aldrich. N,N-Diisopropylethylamine 
(DIEA) (≥ 99%) and tris(2-carboxyethyl)phosphine hydrochloride (TCEP) (≥ 98%) were purchased from Carl 
Roth. Methanol (100%) and acetic anhydride (99.7%) were purchased from VWR BDH Prolabo Chemicals. 
Dimethylformamide (DMF) (99.8%, for peptide synthesis), piperidine (99%) and copper (II) sulfate (98%) were 
purchased from Acros Organics. Dichloromethane (DCM) (99.99%), sodium chloride (99.98%) and 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (99%) were purchased from Fisher Scientific. 
Concanavalin A (for the SPR measurements) was purchased from LKT Laboratories. Calcium chloride (≥ 97%) 
was purchased from AppliChem. Trifluoroacetic acid (TFA) (99%) was purchased from Fluorochem. N-alpha-(9-
Fluorenylmethyloxycarboxyl)-S-trityl-L-cysteine (Fmoc-L-Cys(Trt)-OH) (99.9%) was purchased from Iris 
Biotech. Tentagel S RAM (Rink Amide) resin (Capacity 0.23 mmol/g) was purchased from Rapp Polymere. 

Instrumentation 

Nuclear Magnetic Resonance spectroscopy (NMR) 
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 (δ 4.79 ppm for D2O). The following abbreviations are used to indicate the 
multiplicities: s, singlet, d, doublet; t, triplet; m multiplet. 

Reversed Phase - High Pressure 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 40 °C. UV and MS spectral analysis was 
done within the OpenLab ChemStation software for LC/MS from Agilent Technologies. 
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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. 

Matrix-Assisted Laser Desorption Ionization- Time Of Flight – Mass Spectrometry (MALDI-TOF-MS) 

Compounds were analyzed using a Bruker MALDI-TOF Ultraflex I system with 2,5-dihydroxybenzoic acid 
(DHB) as matrix. The ratio of matrix to compound was 10:1. Spectra were acquired in both linear, for a m/z range 
of 1000-4000, and reflector mode for a m/z range 2000-20000. The reflector mode was calibrated using a protein 
mixture whereas the linear mode was not calibrated. 

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× 100 Å of 300 mm, 1000 Å of 300 mm). MilliQ water with 50 mM NaH2PO4, 150 mM 
NaCl, 250 ppm NaN3 and of pH7 + 30% ACN, filtered through an inline 0.1 µm membrane filter, was used as 
GPC eluent with a flow rate of 1 mL/min. UV spectra were recorded on a Waters 486 Tunable Absorbance 
Detector. 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 poly-/oligo(amidoamine)s. 

Turbidimetry photometer. 

Measurements were performed with a Tepper Turbidimetry Photometer containing a class 2 laser with a 
wavelength of 630-690 nm and an intensity of < 1 mW. 

Surface Plasmon Resonance (SPR) 

SPR measurements were performed with a Biacore X100 instrument from GE Healthcare Life Sciences. ConA 
was immobilized on a CM5 carboxymethyl dextran matrix sensor chip using 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) and N-hydroxysuccinimide (NHS) to 3085 response units (RU). The 
immobilization was performed in acetate buffer with pH 4.5. Sensorgrams were recorded with the Biacore X100 
Control Software and evaluated with the Biacore X100 Evaluation Software. 

UV-Vis photometer 

UV measurements were performed with a SPECORD 210 PLUS UV-Vis photometer from Analytik Jena AG. The 
instrument was operated using Win ASPECT PLUS software. For ConA concentration determination, a Spectral 
Scan from 270-290 nm was performed. All measurements were performed in a 3.5 mL precision quartz glass 
cuvette from Carl Roth GmbH + Co. KG. 

UV-lamp 

A TQ150 Hg medium pressure UV lamp from Haraeus Nobellight GmbH with a quartz glass immersion and 
cooling tube from Peschl Ultraviolet GmbH was used for Thiol-Ene click reactions. 

Freeze dryer 

The final oligomers and polymers were freeze dried with an Alpha 1-4 LD plus instrument from Martin Christ 
Freeze Dryers GmbH. The Main Drying method was set to -42 °C and 0.1 mbar. 
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General Methods 

Solid phase synthesis protocols 

The batch sizes for synthesizing the oligomers using solid phase synthesis varied. The EDS spacing oligomers 
Cys(1,7)-7 (1) and DDS(1,7)-7 (2) were synthesized in a batch size of 0.3 mmol whereas the glycooligomers 4 - 7 
were all synthesized in a batch size of 0.2 mmol. The amounts of reagents from following protocols correspond to 
the synthesis of 0.2 mmol of oligomer and can be multiplied by 1.5 for the synthesis of the oligomers that were 
synthesized in a batch size of 0.3 mmol. 

Fmoc cleavage 

The Fmoc protecting group of the resin as well as from the coupled building blocks or amino acid was cleaved by 
the addition of 10 mL of a solution of 25% piperidine in DMF. The deprotection was performed twice, the first 
time for 20 min and the second for 10 min. After that, the resin was washed thoroughly with DMF and DCM, 
seven times using 10 mL of each. 

General coupling protocol 

Commercially available Tentagel S RAM (Rink Amide) resin was used as resin for solid phase synthesis. First, 
0.2 mmol (0.87 g) of resin were swollen in 10 mL of DCM for 20 min and subsequently washed four 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 or amino acid was coupled to the resin using a mixture of 1 mmol (5 eq) of 
building block or amino acid and 1 mmol PyBOP (5 eq) dissolved in 4 mL DMF to which 2 mmol (2 eq) of DIEA 
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 both, DMF and DCM. A double coupling, adding fresh building block and coupling 
reagents without prior deprotection of the Fmoc protective group, was performed each time L-cysteine or DDS 
was coupled.  

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 15 min. 

General CuAAC protocol 

To 0.2 mmol of resin loaded with the oligomeric structure, 0.8 mmol (4 eq) of acetyl protected 2-azidoethyl 
pyranoside per alkyne group, dissolved in 3 mL DMF was added.  
20 mol% sodium ascorbate per alkyne group and 20 mol% CuSO4 per alkyne group were dissolved in 1 mL water 
and also added to the resin. This mixture was shaken overnight and subsequently washed extensively with a 23 mM 
solution of sodium diethyldithiocarbamate in DMF, water, DMF and DCM. 

On resin acetyl deprotection 

In order to remove the acetyl protective groups of the 2-azidoethyl pyranoside 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 and DCM. 

Cleavage from solid phase 
13 mL of a mixture of 95% TFA and 5% of TIPS were added to the resin and shaken for 1 h. The filtrate was 
poured into 120 mL cold diethyl ether. The resin was washed with an additional 5 mL of DCM which was also 
added to the cold ether. The resulting precipitate was centrifuged and the ether decanted. The crude product was 
dried over a stream of nitrogen, dissolved in 3 mL of methanol and precipitated again in 30 mL of cold diethyl 
ether. The precipitate was centrifuged and the ether decanted again. The pellet was dried over a stream of nitrogen, 
dissolved in 6 mL of water and lyophilized. 
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Additional Information about ConA Binding Studies 

Ligand concentration dependent assay 

Oligomeric structures (2+4-7): 

 

 

 

Figure S1: Obtained intensities from three ligand concentration dependent assays performed for oligomeric structures 2 as well as 4-7. Data 
points were fitted either with a linear fit or with a Hill1 fit. A) DDS(1,7)Man(4)-7 (4), B) DDS(1,7)Man(2,6)-7 (5), C) DDS(1,7)Man(2,4,6)-7 
(6), D) DDS(1,7)Man(2-6)-7 (7), E) DDS(1,7)-7 (2) 

 

 

 

 

 

 

A) 

E) 
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Polymeric structures (3+8-11): 

 

 

 

Figure S2: Obtained intensities from three ligand concentration dependent assays performed for polymeric structures 3 as well as 8-11. Data 
points were fitted either with a linear fit or with a Hill1 fit. A) Poly-DDS(1,7)Man(4)-7 (8), B) Poly-DDS(1,7)Man(2,6)-7 (9), C) Poly-
DDS(1,7)Man(2,4,6)-7 (10), D) Poly-DDS(1,7)Man(2-6)-7 (11), E) Poly-DDS(1,7)-7 (3) 
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Table S1: Results from the ligand concentration dependent turbidity assay calculated for the actual ligand concentration and the total 
mannose concentration 

  Per Glycomonomer/polymer Per Mannose 
Entry 

 
N(sugar) 

 
Conc. ½TMax 

[µM] 
1/(Conc. ½TMax) 

[1/µM] 
1/(Conc. ½TMax) 

[1/µM] 
2 0 n. p. n. p. n. p. 
4 1 n. p. n. p. n. p. 
5 2 n. p. n. p. n. p. 
6 3 4.69 ± 0.02 (± 0.45 %) 0.213 ± 0.001 0.0711 ± 0.0003 
7 5 0.89 ± 0.03 (± 3.6 %) 1.12 ± 0.04 0.224 ± 0.008 
3 0 n. p. n. p. n. p. 
8 Ø 4 3.72 ± 0.09 (± 2.3 %) 0.269 ± 0.006 0.067 ± 0.002 
9 Ø 8 0.389 ± 0.002 (± 0.51 %) 2.57 ± 0.01 0.321 ± 0.002 

10 Ø 12 0.26 ± 0.02 (± 6.6 %) 3.89 ± 0.26 0.32 ± 0.02 
11 Ø 20 0.260 ± 0.005 (± 1.9 %) 3.84 ± 0.07 0.192 ± 0.004 

 

 

Quantitative precipitation assay 

For structures DDS(1,7)Man(4)-7 (4), DDS(1,7)Man(2,6)-7 (5), DDS(1,7)-7 (2) and Poly-DDS(1,7)-7 (3), the 
assay was only performed with a concentration of 5 µM of ligand. None of the structures showed a formation of 
precipitate. The amount of ConA in the formed precipitate as a function of the glycooligomer/ -polymer 
concentrations are shown in Figures S3 and S4.  

 

 

Figure S3: Obtained ConA amounts in formed precipitates with different concentrations of ligands DDS(1,7)Man(2,4,6)-7 (6), 
DDS(1,7)Man(2-6)-7 (7), Poly-DDS(1,7)Man(4)-7 (8), Poly-DDS(1,7)Man(2,6)-7 (9), Poly-DDS(1,7)Man(2,4,6)-7 (10) and Poly-
DDS(1,7)Man(2-6)-7 (11).  
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Surface Plasmon Resonance measurements  

Oligomeric structures (2+4-7): 

 

 

Figure S5: Sensorgrams of unfunctionalized macromonomer DDS(1,7)-7 (2) injected at different concentrations, showing no binding to the 
immobilized ConA sensor chip and sensorgram from measured reference trivalent glycomacromonomer DDS(1,7)Man(2,4,6)-7 (6) injected at 
6 µM (blue). The unfunctionalized macromonomer was injected at concentrations of 0.6, 6, 60 and 600 µM. 

 

 

Figure S6: Sensorgrams and the equilibrium response as a function of concentration from glycomacromonomer DDS(1,7)Man(4)-7 (4) plotted 
using a steady state model. Experimental data from three consecutive measurements is plotted. The standard deviation is shown as error bar 
for each data point. The glycomacromonomer was injected at concentrations of 6, 9, 30, 60, 90, 300 and 600 µM. 
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Figure S7: Sensorgrams and the equilibrium response as a function of concentration from glycomacromonomer DDS(1,7)Man(2,6)-7 (5) 
plotted using a steady state model. Experimental data from three consecutive measurements is plotted. The standard deviation is shown as error 
bar for each data point. The glycomacromonomer was injected at concentrations of 0.9, 3, 6, 9, 30, 60, 90, 300 and 600 µM. 

 

 

Figure S8: Sensorgrams and the equilibrium response as a function of concentration from glycomacromonomer DDS(1,7)Man(2,4,6)-7 (6) 
plotted using a steady state model. Experimental data from three consecutive measurements is plotted. The standard deviation is shown as error 
bar for each data point. The glycomacromonomer was injected at concentrations of 0.3, 0.6, 0.9, 3, 6, 9, 30, 60 and 90 µM. 
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Figure S9: Sensorgrams and the equilibrium response as a function of concentration from glycomacromonomer DDS(1,7)Man(2-6)-7 (7) 
plotted using a steady state model. Experimental data from three consecutive measurements is plotted. The standard deviation is shown as error 
bar for each data point. The glycomacromonomer was injected at concentrations of 0.3, 0.6, 0.9, 3, 6, 9, 30, 60 and 90 µM. 

 

Polymeric structures (3+8-11): 

 

 

Figure S10: Sensorgrams of unfunctionalized macromonomer Poly-DDS(1,7)-7 (3) injected at different concentrations, showing no binding to 
the immobilized ConA sensor chip and sensorgram from measured reference trivalent glycomacromonomer DDS(1,7)Man(2,4,6)-7 (6) injected 
at 6 µM (pink). The unfunctionalized macromonomer was injected at concentrations of 0.09, 0.9, 9, and 90 µM. 
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Figure S11: Sensorgrams and the equilibrium response as a function of concentration from glycomacromonomer Poly-DDS(1,7)Man(4)-7 (8) 
plotted using a steady state model. Experimental data from three consecutive measurements is plotted. The standard deviation is shown as error 
bar for each data point. The glycopolymer was injected at concentrations of 0.3, 0.6, 0.9, 3, 6, 9, 30, 60 and 90 µM. 

 

 

Figure S12: Sensorgrams and the equilibrium response as a function of concentration from glycomacromonomer Poly-DDS(1,7)Man(2,6)-
7 (9) plotted using a steady state model. Experimental data from three consecutive measurements is plotted. The standard deviation is shown 
as error bar for each data point. The glycopolymer was injected at concentrations of 0.09, 0.3, 0.6, 0.9, 3, 6, 9 and 30 µM. 
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Figure S13: Sensorgrams and the equilibrium response as a function of concentration from glycomacromonomer Poly-DDS(1,7)Man(2,4,6)-7 
(10) plotted using a steady state model. Experimental data from three consecutive measurements is plotted. The standard deviation is shown 
as error bar for each data point. The glycopolymer was injected at concentrations of 0.09, 0.3, 0.6, 0.9, 3, 6 and 9 µM. 

 

 

Figure S14: Sensorgrams and the equilibrium response as a function of concentration from glycomacromonomer Poly-DDS(1,7)Man(2-6)-7 
(11) plotted using a steady state model. Experimental data from three consecutive measurements is plotted. The standard deviation is shown 
as error bar for each data point. The glycopolymer was injected at concentrations of 0.09, 0.3, 0.6, 0.9, 3 and 6 µM. 
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Table S3: Determined KD values from the equilibrium response curves and the standard deviation from three consecutive measurements for 
oligomeric structures 2 and 4 – 7 for the actual ligand concentration and the total mannose concentration. 

  Per Glycomonomer Per Mannose 
Entry N(sugar) KD [M] KD [M] 

2 0 n. b. n. b. 
4 1 3.82 *10-4 ± 4.09 * 10-5 (± 11 %) 3.82 *10-4 ± 4.09 * 10-5 (± 11 %) 
5 2 1.12 *10-4 ± 1.13 * 10-5 (± 10 %) 2.24 *10-4 ± 2.25 * 10-5 (± 10 %) 
6 3 6.54 *10-5 ± 6.09 * 10-6 (± 9.3 %) 1.96 *10-4 ± 1.83 * 10-5 (± 9.3 %) 
7 5 3.72 *10-5 ± 1.28 * 10-6 (± 3.4 %) 1.86 *10-4 ± 6.28 * 10-6 (± 3.4 %) 

 

Table S4: KA values calculated from the determined KD for oligomeric structures 2 and 4 – 7 and the standard deviation from three 
consecutive measurements for the actual ligand concentration and the total mannose concentration. 

  Per Glycomonomer Per Mannose 
Entry N(sugar) KA [1/M] KA [1/M] 

2 0 n. b. n. b. 
4 1 2.62 *103 ± 3.02 * 102 (± 11 %) 2.62 *103 ± 3.02 * 102 (± 11 %) 
5 2 8.92 *103 ± 9.11 * 102 (± 10 %) 4.46 *103 ± 4.55 * 102 (± 10 %) 
6 3 1.53 *104 ± 1.40 * 103 (± 9.1 %) 5.10 *103 ± 4.66 * 102 (± 9.1 %) 
7 5 2.69 *104 ± 9.01 * 102 (± 3.3 %) 5.38 *103 ± 1.80 * 102 (± 3.3 %) 

 

 

 

Table S5: Determined KD values from the equilibrium response curves and the standard deviation from three consecutive measurements for 
polymeric structures 3 and 8 – 11 for the actual ligand concentration and the total mannose concentration. 

  Per Glycopolymer Per Mannose 
Entry N(sugar) KD [M] KD [M] 

3 0 n. b. n. b. 
8 Ø 4 6.17 *10-5 ± 1.79 * 10-5 (± 29 %) 2.47 *10-4 ± 7.15 * 10-5 (± 29 %) 
9 Ø 8 7.39 *10-6 ± 7.59 * 10-7 (± 10 %) 5.91 *10-5 ± 6.07 * 10-6 (± 10 %) 

10 Ø 12 2.26 *10-6 ± 1.31 * 10-7 (± 5.8 %) 2.71 *10-5 ± 1.57 * 10-6 (± 5.8 %) 
11 Ø 20 1.17 *10-6 ± 1.43 * 10-7 (± 12 %) 2.34 *10-5 ± 2.86 * 10-6 (± 12 %) 

 

Table S6: KA values calculated from the determined KD for polymeric structures 3 and 8 – 11 and the standard deviation from three 
consecutive measurements for the actual ligand concentration and the total mannose concentration. 

  Per Glycopolymer Per Mannose 
Entry N(sugar) KA [1/M] KA [1/M] 

3 0 n. b. n. b. 
8 Ø 4 1.62 *104 ± 6.61 * 103 (± 36 %) 4.05 *103 ± 1.65 * 103 (± 36 %) 
9 Ø 8 1.35 *105 ± 1.51 * 104 (± 11 %) 1.69 *104 ± 1.89 * 103 (± 11 %) 

10 Ø 12 4.43 *105 ± 2.57 * 104 (± 5.8 %) 3.69 *104 ± 2.14 * 103 (± 5.8 %) 
11 Ø 20 8.55 *106 ± 1.06 * 105 (± 12 %) 4.27 *104 ± 5.30 * 103 (± 12 %) 
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Analytical Data 

Cys(1,7)-7 (1): 

 

Compound 1 was obtained in a yield of 81%. In 1H NMR an unidentified signal was detected with a chemical shift 
of δ 3.71 (s) ppm. 1H NMR (600 MHz, D2O): δ 4.49 (dd, J = 7.1, 5.1 Hz, 1H,1), 4.46 (t, J = 6.2 Hz, 1H, 8), 3.68 
(s, 20H, 6), 3.62 (t, J = 5.5 Hz, 20H, 5), 3.46 – 3.42 (m, 2H, 7), 3.39 (t, J = 5.4 Hz, 18H, 4), 2.97 – 2.87 (m, 4H, 2 
+ 9), 2.66 – 2.53 (m, 20H, 3), 2.07 (s, 3H, 10) ppm. The assignment of the signals was verified by the 
implementation of 1H-1H-COSY experiments (data not shown). 

HR-ESI-MS for C58H105N13O23S2. (Exact monoisotopic mass 1415.6888): [M+2H]2+ calcd. 708.8517, found 
708.8510, mass accuracy -0.99 ppm. 

RP-HPLC (linear gradient from 0 - 50% eluent B in 30 min at 40 °C): tR = 10.0 min. Determined purity: 97% 
(addition of the area for 1, 93%, the disulfide from 1, tR = 9.6 min 2%, and the dimer from 1 via disulfide, 
tR = 11.7 min 2%). 

 

 

Figure S15: 1H-NMR (600 MHz, D2O) of compound 1. 

 

Figure S16: HR-MS (ESI+ Q-TOF) of compound 1. 
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Figure S17: RP-HPLC analysis (linear gradient from 0 - 50% eluent B in 30 min at 40 °C) chromatogram of compound 1 with retention time. 
Identified truncated sequences and disulfide products are listed in the table with corresponding retention times, amounts and molecular weights. 
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DDS(1,7)-7 (2): 

 

Compound 2 was obtained in a yield of 45%. For the acetyl group on the N-terminal end we observed two singlets 
with a ratio of 1:1 that we assign to two rotational isomers in equal amounts. The presence of rotational isomers 
was identified in 1H-NMR experiments at higher temperatures (data not shown). 1H NMR (600 MHz, D2O): δ 5.93 
– 5.84 (m, 2H, c), 5.13 – 5.07 (m, 2H, d), 5.07 – 5.03 (m, 2H, d‘), 3.69 (s, 20H, 6), 3.63 (t, J = 5.4 Hz, 20H, 5), 
3.55 – 3.46 (m, 8H, 3+7), 3.43 – 3.34 (m, 28H, 2+4), 2.57 – 2.48 (m, 32H, 1+a), 2.37 – 2.30 (m, 4H, b), 1.98 + 
1.96 (2s, 3H, 8) ppm. The assignment of the signals was verified by the implementation of 1H-1H-COSY 
experiments (data not shown). 

HR-ESI-MS for C78H137N17O27 (Exact monoisotopic mass 1743.9870): [M+3H]3+ calcd. 583.3363, found 
582.3372, mass accuracy 1.55 ppm. 

RP-HPLC (linear gradient from 0 - 50% eluent B in 30 min at 40 °C): tR = 11.2 min. Determined purity: 92%. 

 

Figure S18: RP-HPLC analysis (linear gradient from 0 - 50% eluent B in 30 min at 40 °C) chromatogram of compound 2 with retention time. 
Identified truncated sequences are listed in the table with corresponding retention times, amounts and molecular weights. 
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DDS(1,7)Man(4)-7 (4): 

 

Compound 4 was obtained in a yield of 49%. The anomeric proton of Mannose (A) could not be examined in 1H-
NMR due to the overlaying signal from the residual solvent. An unidentified signal was detected with a chemical 
shift of δ 3.71 (s) ppm. For the acetyl group on the N-terminal end we observed two singlets with a ratio of 1:1 
that we assign to two rotational isomers in equal amounts. The presence of rotational isomers was identified in 1H-
NMR experiments at higher temperatures (data not shown). 1H NMR (600 MHz, D2O): δ 7.98 (s, 1H, g), 5.92 – 
5.83 (m, 2H, c), 5.12 – 5.06 (m, 2H, d), 5.06 – 5.02 (m, 2H, d’), 4.70 – 4.66 (m, 2H, h), 4.14 – 4.08 (m, 1H, i or 
i’), 3.96 – 3.91 (m, 1H, i or i’), 3.86 (dd, J = 3.4, 1.7 Hz, 1H, B), 3.75 (dd, J = 12.2, 2.3 Hz, 1H, F or F’), 3.71 – 
3.64 (m, 19H, 6+C+D+F or F’), 3.63 – 3.59 (m, 16H, 5), 3.54 – 3.44 (m, 12H, 3+7), 3.43 – 3.31 (m, 28H, 2+4), 
3.09 – 3.06 (m, 1H, E), 3.03 (t, J = 7.2 Hz, 2H, f), 2.82 (t, J = 7.3 Hz, 2H, e), 2.59 – 2.43 (m, 32H, 1+a), 2.35 – 
2.29 (m, 4H, b), 1.98 + 1.95 (2s, 3H, 8) ppm. The assignment of the signals was verified by the implementation of 
1H-1H-COSY experiments (data not shown). 

HR-ESI-MS for C89H153N21O32 (exact monoisotopic mass 2028.0991): [M+3H]3+ calcd. 677.0403, found 
677.0402, mass accuracy -0.15 ppm. 

RP-HPLC (linear gradient from 0 - 50% eluent B in 30 min at 40 °C): tR = 10.7 min. Determined purity: 92%. 

 

Figure S19: RP-HPLC analysis (linear gradient from 0 - 50% eluent B in 30 min at 40 °C) chromatogram of compound 4 with retention time. 
Identified truncated sequences are listed in the table with corresponding retention times, amounts and molecular weights. 
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DDS(1,7)Man(2,6)-7 (5): 

 

Compound 5 was obtained in a yield of 54%. The anomeric proton of Mannose (A) could not be examined in 1H-
NMR due to the overlaying signal from the residual solvent. An unidentified signal was detected with a chemical 
shift of δ 3.71 (s) ppm. For the acetyl group on the N-terminal end we observed two singlets with a ratio of 1:1 
that we assign to two rotational isomers in equal amounts. The presence of rotational isomers was identified in 1H-
NMR experiments at higher temperatures (data not shown). 1H NMR (600 MHz, D2O): δ 8.01 (s, 2H, g), 5.91 – 
5.82 (m, 2H, c), 5.10 – 5.05 (m, 2H, d), 5.04 – 5.00 (m, 2H, d‘), 4.72 – 4.65 (m, 4H, h), 4.14 – 4.07 (m, 2H, i or 
i‘), 3.97 – 3.91 (m, 2H, i or i‘), 3.86 (dd, J = 3.3, 1.7 Hz, 2H, B), 3.75 (dd, J = 12.2, 2.3 Hz, 2H, F or F‘), 3.71 – 
3.63 (m, 18H, 6+C+D+F or F’), 3.63 – 3.59 (m, 12H, 5), 3.53 – 3.43 (m, 16H, 3+7), 3.41 – 3.31 (m, 28H, 2+4), 
3.11 – 3.06 (m, 2H, E), 3.04 (t, J = 7.2 Hz, 4H, f), 2.82 (t, J = 7.2 Hz, 4H, e), 2.58 – 2.42 (m, 32H, 1+a), 2.34 – 
2.28 (m, 4H, b), 1.97+1.95 (2s, 3H, 8) ppm. The assignment of the signals was achieved according to the structural 
similarities with compound 4. 

HR-ESI-MS for C100H169N25O37 (exact monoisotopic mass 2312.2111): [M+3H]3+ calcd. 771.7443, found 
771.7445, mass accuracy 0.26 ppm. 

RP-HPLC (linear gradient from 0 - 50% eluent B in 30 min at 40 °C): tR = 10.0 min. Determined purity: 92%. 

 

Figure S20: RP-HPLC analysis (linear gradient from 0 - 50% eluent B in 30 min at 40 °C) chromatogram of compound 5 with retention time. 
Identified truncated sequences are listed in the table with corresponding retention times, amounts and molecular weights. 
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DDS(1,7)Man(2,4,6)-7 (6): 

 

Compound 6 was obtained in a yield of 58%. The anomeric proton of Mannose (A) could not be examined in 1H-
NMR due to the overlaying signal from the residual solvent. An unidentified signal was detected with a chemical 
shift of δ 3.71 (s) ppm. For the acetyl group on the N-terminal end we observed two singlets with a ratio of 1:1 
that we assign to two rotational isomers in equal amounts. The presence of rotational isomers was identified in 1H-
NMR experiments at higher temperatures (data not shown). 1H NMR (600 MHz, D2O): δ 8.03 (s, 3H, g), 5.90 – 
5.81 (m, 2H, c), 5.10 – 5.04 (m, 2H, d), 5.04 – 5.00 (m, 2H, d‘), 4.72 – 4.67 (m, 6H, h), 4.15 – 4.07 (m, 3H, i or 
i‘), 3.97 – 9.91 (m, 3H, i or i‘), 3.87 – 3.84 (m, 3H, B), 3.75 (dd, J = 12.2, 2.3 Hz, 3H, F or F‘), 3.71 – 3.63 (m, 
17H, 6+C+D+F or F’), 3.62 – 3.58 (m, 8H, 5), 3.53 – 3.42 (m, 20H, 3+7), 3.41 – 3.30 (m, 28H, 2+4), 3.14 – 3.07 
(m, 3H, E), 3.04 (t, J = 7.2 Hz, 6H, f), 2.82 (t, J = 7.2 Hz, 6H, e), 2.57 – 2.41 (m, 32H, 1+a), 2.34 – 2.27 (m, 4H, 
b), 1.96+1.94 (2s, 3H, 8) ppm. The assignment of the signals was achieved according to the structural similarities 
with compound 4. 

HR-ESI-MS for C111H185N29O42 (exact monoisotopic mass 2596.3232): [M+3H]3+ calcd. 866.4483, found 
866.4476, mass accuracy -0.81 ppm. 

RP-HPLC (linear gradient from 0 - 50% eluent B in 30 min at 40 °C): tR = 9.4 min. Determined purity: 92%. 

 

Figure S21: 1H-NMR (600 MHz, D2O) of compound 6. 
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Figure S22: HR-MS (ESI+ Q-TOF) of compound 6. 

 

Figure S23: RP-HPLC analysis (linear gradient from 0 - 50% eluent B in 30 min at 40 °C) chromatogram of compound 6 with retention time. 
Identified truncated sequences are listed in the table with corresponding retention times, amounts and molecular weights. 
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DDS(1,7)Man(2-6)-7 (7): 

 

Compound 7 was obtained in a yield of 70%. The anomeric proton of Mannose (A) could not be examined in 1H-
NMR due to the overlaying signal from the residual solvent. An unidentified signal was detected with a chemical 
shift of δ 3.71 (s) ppm. For the acetyl group on the N-terminal end we observed two singlets with a ratio of 1:1 
that we assign to two rotational isomers in equal amounts. The presence of rotational isomers was identified in 1H-
NMR experiments at higher temperatures (data not shown). 1H NMR (600 MHz, D2O): δ 8.03 (s, 5H, g), 5.90 – 
5.81 (m, 2H, c), 5.09 – 5.03 (m, 2H, d), 5.03 – 4.99 (m, 2H, d‘), 4.72 – 4.65 (m, 10H, h), 4.14 – 4.06 (m, 5H, i or 
i‘), 3.97 – 3.90 (m, 5H, i or i‘), 3.87 – 3.83 (m, 5H, B), 3.77 – 3.72 (m, 5H, F or F’), 3.68 – 3.62 (m, 10H, C+F or 
F’), 3.59 (t, J = 9.7 Hz, 5H, D), 3.54 – 3.41 (m, 28H, 3+4), 3.40 – 3.27 (m, 28H, 2), 3.13 – 3.07 (m, 5H, E), 3.06 
– 2.98 (m, 10H, f), 2.85 – 2.78 (m, 10H, e), 2.55 – 2.39 (m, 32H, 1+a), 2.33 – 2.26 (m, 4H, b), 1.96 +1.94 (2s, 3H, 
5) ppm. The assignment of the signals was achieved according to the structural similarities with compound 4. 

HR-ESI-MS for C133H217N37O52 (exact monoisotopic mass 3164.5473): [M+4H]4+ calcd. 792.1441, found 
792.1449, mass accuracy 1.01 ppm. 

RP-HPLC (linear gradient from 0 - 50% eluent B in 30 min at 40 °C): tR = 8.5 min. Determined purity: 92%. 

 

Figure S24: RP-HPLC analysis (linear gradient from 0 - 50% eluent B in 30 min at 40 °C) chromatogram of compound 7 with retention time. 
Identified truncated sequences are listed in the table with corresponding retention times, amounts and molecular weights.  
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Poly-DDS(1,7)-7 (3): 

 

Polymer 3 was obtained in a yield of 70%. In 1H-NMR two unidentified signals were detected with a chemical 
shift of δ 3.71 (s) and δ 2.65 (s) ppm. 14% of remaining functional alkene group were determined by 1H-NMR. 
The ratio of macromonomer 1:2 was determined to be 1:1.07 by integration of the corresponding signals of the 
respective acetyl groups. Stated amounts of protons correspond to one repeating unit of the polymer. 1H NMR 
(600 MHz, D2O): δ 5.89 – 5.71 (m, end-group, c), 5.04 – 4.99 (m, end-group, d), 4.98 – 4.95 (m, end-group, d’), 
4.41 – 4.36 (m, 2H, 2+8), 3.60 (s, 40H, 6), 3.54 (t, J = 5.4 Hz, 40H, 5), 3.46 – 3.37 (m, 8H, 14+16), 3.36 – 3.25 
(m, 48H, 4+15), 2.98 – 2.74 (m, 4H, 1+9), 2.61 – 2.38 (m, 58H, 7+10), 2.36 – 2.30 (m, 4H, 13), 2.28 – 2.22 (m, 
end-group, b), 1.98 (s, 3H, 3), 1.90+1.88 (2s, 3H, 17), 1.61 – 1.47 (m, 8H, 11+12) ppm. The assignment of the 
signals was verified by the implementation of 1H-1H-COSY experiments (data not shown). 

 

MALDI-TOF-MS in reflector mode in a m/z range from 1000 to 3000:  
For remaining macromonomer 1 C58H105N13O23S2. (Monoisotopic mass 1415.7 g/mol): No signal detected. 
For remaining macromonomer 2 C78H137N17O27 (Monoisotopic mass 1744.0 g/mol): [2+H]+ calcd. 1745.0, found 
1745.0, [2+Na]+ calcd. 1767.0, found 1767.0. 
For dimer 1-2 C136H242N30O50S2 (Monoisotopic mass 3159.7 g/mol): [(1-2)+H]+ calcd. 3160.7, found 3160.6, [(1-

2)+Na]+ calcd. 3182.7, found 3182.6. 

MALDI-TOF-MS in linear mode in a m/z range from 2000 to 20000:  
For dimer 1-2 C136H242N30O50S2 (Monoisotopic mass 3159.7 g/mol): [(1-2)+Na]+ calcd. 3182.7, found 3189. 
For trimer 1-2-1 C194H347N43O73S4 (Monoisotopic mass 4575.4 g/mol): [(1-2-1)+Na]+ calcd. 4598.4, found 4604. 
For trimer 2-1-2 C214H379N47O77S2 (Monoisotopic mass 4903.7 g/mol): [(2-1-2)+Na]+ calcd. 4926.7, found 4934. 
For tetramer 2-1-2-1 C272H484N60O100S4 (Monoisotopic mass 6319.4 g/mol): [(2-1-2-1)+Na]+ calcd. 6342.4, found 
6351. 
For pentamer 1-2-1-2-1 C330H589N73O123S6 (Monoisotopic mass 7735.1 g/mol): [(1-2-1-2-1)+Na]+ calcd. 7758.1, 
found 7764. 
For pentamer 2-1-2-1-2 C350H621N77O127S4 (Monoisotopic mass 8063.4 g/mol): [(2-1-2-1-2)+Na]+ calcd. 8086.4, 
found 8092. 
For hexamer 2-1-2-1-2-1 C408H726N90O150S6 (Monoisotopic mass 9479.1 g/mol): [(2-1-2-1-2-1)+Na]+ calcd. 
9502.1, found 9511. 
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Figure S25: 1H-NMR (600 MHz, D2O) of compound 3 with an enlargement of the area from 5.9 to 5.7 ppm with the signal for proton c from 
the remaining reactive alkene group. 

 

Figure S26: GPC-RI-LS of compound 3. Columns: Suprema Lux (2x 100 Å and 1000 Å). Buffer: 50 mM NaH2PO4, 150 mM NaCl, 250 ppm 
NaN3 (pH 7.2), 30% ACN. Flow rate: 1 mL/min. 
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Figure S27: MALDI-TOF-MS of polymer 3 in reflector mode in a m/z range of 1000-4000 using DHB as matrix in a compound to matrix ratio 
of 1:10. 

 

Figure S28: MALDI-TOF-MS of polymer 3 in linear mode in a m/z range of 2000-20000 using DHB as matrix in a compound to matrix ratio 
of 1:10.  
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Poly-DDS(1,7)Man(4)-7 (8): 

Glycopolymer 8 was obtained in a yield of 65%. The anomeric proton of Mannose (A) could not be examined in 
1H-NMR due to the overlaying signal from the residual solvent. Two unidentified signals were detected with a 
chemical shift of δ 3.71 (s) and δ 2.65 (s) ppm. 18% of remaining functional alkene group were determined from 
the 1H-NMR. The ratio of macromonomer 1:4 was determined to be 1:0.94 by integration of the corresponding 
signals of the respective acetyl groups. Stated amounts of protons correspond to one repeating unit of the polymer. 
1H NMR (600 MHz, D2O): δ 7.88 (s, 1H, g), 5.93 – 5.84 (m, end-group, c), 5.13 – 5.07 (m, end-group, d), 5.07 – 
5.03 (m, end-group, d’), 4.67 – 4.61 (m, 2H, h), 4.51 – 4.44 (m, 2H, 2+8), 4.12 – 4.05 (m, 1H, i or i’), 3.95 – 3.90 
(m, 1H, i or i’), 3.88 – 3.85 (m, 1H, B), 3.74 (dd, J = 12.3, 2.4 Hz, 1H, F or F’), 3.71 – 3.66 (m, 39H, 6+C+D+F 
or F’), 3.65 – 3.59 (m, 36H, 5), 3.55 – 3.45 (m, 12H, 14+16), 3.45 – 3.32 (m, 48H, 4+15), 3.08 – 2.84 (m, 7H, 
1+9+E+f), 2.80 (t, J = 7.3 Hz, 2H, e), 2.66 – 2.46 (m, 52H, 7+10), 2.44 – 2.39 (m, 4H, 13), 2.36 – 2.30 (m, end-
group, b), 2.07 (s, 3H, 3), 1.99 + 1.96 (2s, 3H, 17), 1.70 – 1.56 (m, 8H, 11+12) ppm. The assignment of the signals 
was performed according to the structural similarities with compound 1 and 4 as well as polymer 3. 

MALDI-TOF-MS in reflector mode in a m/z range from 1000 to 3000:  
Remaining macromonomer 1 C58H105N13O23S2. (Monoisotopic mass 1415.7 g/mol): [1+H]+ calcd. 1416.7, found 
1416.7, [1+Na]+ calcd. 1438.7, found 1438.8. 
Disulfide from macromonomer 1 C58H103N13O23S2. (Monoisotopic mass 1413.7 g/mol): [(1Disulfide)+H]+ calcd. 
1414.7, found 1414.7. 
Remaining macromonomer 4 C89H153N21O32 (Monoisotopic mass 2028.1 g/mol): No signal detected. 
Dimer 1-4 C147H258N34O55S2 (Monoisotopic mass 3443.8 g/mol): [(1-4)+H]+ calcd. 3444.8, found 3444.7, [(1-

4)+Na]+ calcd. 3466.8, found 3466.7. 

MALDI-TOF-MS in linear mode in a m/z range from 2000 to 20000:  
For dimer 1-4 C147H258N34O55S2 (Monoisotopic mass 3443.8 g/mol): [(1-4)+Na]+ calcd. 3466.8, found 3474. 
For trimer 1-4-1 C205H363N43O73S4 (Monoisotopic mass 4859.5 g/mol): [(1-4-1)+Na]+ calcd. 4882.5, found 4887. 
For trimer 4-1-4 C236H411N55O87S2 (Monoisotopic mass 5471.9 g/mol): [(4-1-4)+Na]+ calcd. 5494.9, found 5505. 
For tetramer 4-1-4-1 C294H516N68O110S4 (Monoisotopic mass 6887.6 g/mol): [(4-1-4-1)+Na]+ calcd. 6910.6, found 
6919. 
For pentamer 1-4-1-4-1 C352H621N81O133S6 (Monoisotopic mass 8303.3 g/mol): [(1-4-1-4-1)+Na]+ calcd. 8326.3, 
found 8335. 
For pentamer 4-1-4-1-4 C383H669N89O142S4 (Monoisotopic mass 8915.7 g/mol): [(4-1-4-1-4)+Na]+ calcd. 8938.7, 
found 8949. 
For hexamer 4-1-4-1-4-1 C441H774N102O165S6 (Monoisotopic mass 10331.4 g/mol): [(4-1-4-1-4-1)+Na]+ calcd. 
10354.4, found. 10364. 
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Figure S29: GPC-RI-LS of compound 8. Columns: Suprema Lux (2x 100 Å and 1000 Å). Buffer: 50 mM NaH2PO4, 150 mM NaCl, 250 ppm 
NaN3 (pH 7.2), 30% ACN. Flow rate: 1 mL/min. 

 
Figure S30: MALDI-TOF-MS of polymer 8 in reflector mode in a m/z range of 1000-4000 using DHB as matrix in a compound to matrix ratio 
of 1:10. 
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Figure S31: MALDI-TOF-MS of polymer 8 in linear mode in a m/z range of 2000-20000 using DHB as matrix in a compound to matrix ratio 
of 1:10. 
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Poly-DDS(1,7)Man(2,6)-7 (9): 

 

Glycopolymer 9 was obtained in a yield of 67%. The anomeric proton of Mannose (A) could not be examined in 
1H-NMR due to the overlaying signal from the residual solvent. Two unidentified signals were detected with a 
chemical shift of δ 3.71 (s) and δ 2.65 (s) ppm. 4% of remaining functional alkene group were determined from 
the 1H-NMR. The ratio of macromonomer 1:5 was determined to be 1:0.88 by integration of the corresponding 
signals of the respective acetyl groups. Stated amounts of protons correspond to one repeating unit of the polymer. 
1H NMR (600 MHz, D2O): δ 7.88 (s, 2H, g), 5.92 – 5.81 (m, end-group, c), 5.12 – 5.05 (m, end-group, d), 5.05 – 
5.02 (m, end-group, d’), 4.69 – 4.59 (m, 4H, h), 4.51 – 4.44 (m, 1H, 2+8), 4.13 – 4.05 (m, 2H, i or i’), 3.96 – 3.90 
(m, 2H, i or i’), 3.88 – 3.85 (m, 2H, B), 3.74 (dd, J = 12.2, 2.3 Hz, 2H, F or F’), 3.71 – 3.66 (m, 38H, 6+C+D+F 
or F’), 3.65 – 3.60 (m, 32H, 5), 3.55 – 3.45 (m, 16H, 14+16), 3.44 – 3.32 (m, 48H, 4+15), 3.08 – 2.83 (m, 10H, 
1+9+E+f), 2.80 (t, J = 7.3 Hz, 4H, e), 2.70 – 2.44 (m, 52H, 7+10), 2.41 (t, J = 7.2 Hz, 4H, 13), 2.35 – 2.29 (m, 
end-group, b), 2.06 (s, 3H, 3), 1.98 + 1.96 (2s, 3H, 17), 1.74 – 1.53 (m, 8H, 11+12) ppm. The assignment of the 
signals was performed according to the structural similarities with compound 1 and 5 as well as polymer 3. 

MALDI-TOF-MS in reflector mode in a m/z range from 1000 to 3000:  
Remaining macromonomer 1 C58H105N13O23S2. (Monoisotopic mass 1415.7 g/mol): [1+H]+ calcd. 1416.7, found 
1416.7, [1+Na]+ calcd. 1438.7, found 1438.7. 
Disulfide from macromonomer 1 C58H103N13O23S2. (Monoisotopic mass 1413.7 g/mol): [(1Disulfide)+Na]+ calcd. 
1436.7, found 1436.7. 
Remaining macromonomer 5 C100H169N25O37 (Monoisotopic mass 2028.1 g/mol): No signal detected. 
Dimer 1-5 C158H274N38O60S2 (Monoisotopic mass 3727.9 g/mol): [(1-5)+Na]+ calcd. 3750.9, found 3750.7. 

MALDI-TOF-MS in linear mode in a m/z range from 2000 to 20000: 
For dimer 1-5 C158H274N38O60S2 (Monoisotopic mass 3727.9 g/mol): [(1-5)+Na]+ calcd. 3750.9, found 3757. 
For trimer 1-5-1 C216H379N51O83S4 (Monoisotopic mass 5143.6 g/mol): [(1-5-1)+Na]+ calcd. 5166.6, found 5173. 
For trimer 5-1-5 C258H443N63O97S2 (Monoisotopic mass 6040.1 g/mol): [(5-1-5)+Na]+ calcd. 6063.1, found 6072. 
For tetramer 5-1-5-1 C316H548N76O120S4 (Monoisotopic mass 7455.8 g/mol): [(5-1-5-1)+Na]+ calcd. 7478.8, found 
7488. 
For pentamer 1-5-1-5-1 C374H653N89O143S6 (Monoisotopic mass 8871.5 g/mol): [(1-5-1-5-1)+Na]+ calcd. 8894.5, 
found 8901. 
For pentamer 5-1-5-1-5 C416H717N101O157S4 (Monoisotopic mass 9768.0 g/mol): [(5-1-5-1-5)+Na]+ calcd. 9791.0, 
found 9799. 
For hexamer 5-1-5-1-5-1 C474H822N114O160S6 (Monoisotopic mass 11183.7 g/mol): [(5-1-5-1-5-1)+Na]+ calcd. 
11206.7, found. 11215.7 
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Figure S32: GPC-RI-LS of compound 9. Columns: Suprema Lux (2x 100 Å and 1000 Å). Buffer: 50 mM NaH2PO4, 150 mM NaCl, 250 ppm 
NaN3 (pH 7.2), 30% ACN. Flow rate: 1 mL/min. 

 
Figure S33: MALDI-TOF-MS of polymer 9 in reflector mode in a m/z range of 1000-4000 using DHB as matrix in a compound to matrix ratio 
of 1:10. 
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Figure S34: MALDI-TOF-MS of polymer 9 in linear mode in a m/z range of 2000-20000 using DHB as matrix in a compound to matrix ratio 
of 1:10.  
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Poly-DDS(1,7)Man(2,4,6)-7 (10): 

 

Glycopolymer 10 was obtained in a yield of 66%. The anomeric proton of Mannose (A) could not be examined in 
1H-NMR due to the overlaying signal from the residual solvent. Two unidentified signals were detected with a 
chemical shift of δ 3.71 (s) and δ 2.65 (s) ppm. 5% of remaining functional alkene group were determined from 
the 1H-NMR. The ratio of macromonomer 1:6 was determined to be 1:0.84 by integration of the corresponding 
signals of the respective acetyl groups. Stated amounts of protons correspond to one repeating unit of the polymer. 
1H NMR (600 MHz, D2O): δ 7.88 (s, 3H, g), 5.94 – 5.81 (m, end-group, c), 5.11 – 5.06 (m, end-group, d), 5.05 – 
5.01 (m, end-group, d‘), 4.70 – 4.59 (m, 6H, h), 4.50 – 4.43 (m, 2H, 2+8), 4.13 – 4.05 (m, 3H, i or i‘), 3.95 – 3.89 
(m, 3H, i or i’), 3.88 – 3.85 (m, 3H, B), 3.74 (dd, J = 12.3, 2.4 Hz, 3H, F or F’), 3.70 – 3.64 (m, 37H, 6+C+D+F 
or F’), 3.64 – 3.59 (m, 28H, 5), 3.54 – 3.44 (m, 20H, 14+16), 3.42 – 3.32 (m, 48H, 4+15), 3.08 – 2.83 (m, 13H, 
1+9+E+f), 2.80 (t, J = 7.4 Hz, 6H, e), 2.67 – 2.44 (m, 52H, 7+10), 2.41 (t, J = 7.2 Hz, 4H, 13), 2.35 – 2.29 (m, 
end-group, b), 2.06 (s, 3H, 3), 1.98 + 1.96 (2s, 3H, 17), 1.70 – 1.56 (m, 8H, 11+12) ppm. The assignment of the 
signals was performed according to the structural similarities with compound 1 and 6 as well as polymer 3. 

MALDI-TOF-MS in reflector mode in a m/z range from 1000 to 3000:  
Remaining macromonomer 1 C58H105N13O23S2. (Monoisotopic mass 1415.7 g/mol): [1+H]+ calcd. 1416.7, found 
1416.7, [1+Na]+ calcd. 1438.7, found 1438.7. 
Disulfide from macromonomer 1 C58H103N13O23S2. (Monoisotopic mass 1413.7 g/mol): [(1Disulfide)+H]+ calcd. 
1414.7, found 1414.7. 
Remaining macromonomer 6 C111H185N29O37 (Monoisotopic mass 2596.3 g/mol): No signal detected. 

MALDI-TOF-MS in linear mode in a m/z range from 2000 to 20000:  
For dimer 1-6 C169H290N42O65S2 (Monoisotopic mass 4012.0 g/mol): [(1-6)+Na]+ calcd. 4025.0, found 4042. 
For trimer 1-6-1 C227H395N55O88S4 (Monoisotopic mass 5427.7 g/mol): [(1-6-1)+Na]+ calcd. 5450.7, found 5458. 
For tetramer 6-1-6-1 C338H580N84O130S4 (Monoisotopic mass 8024.0 g/mol): [(6-1-6-1)+Na]+ calcd. 8047.0, found 
8056. 
For pentamer 1-6-1-6-1 C396H685N97O153S6 (Monoisotopic mass 9439.7 g/mol): [(1-6-1-6-1)+Na]+ calcd. 9462.7, 
found 9468. 
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Figure S35: 1H-NMR (600 MHz, D2O) of compound 10 with an enlargement of the area from 6.0 to 5.8 ppm with the signal from the remaining 
proton c from the reactive alkene group and the area from 4.2 to 3.3 ppm. 

 

Figure S36: GPC-RI-LS of compound 10. Columns: Suprema Lux (2x 100 Å and 1000 Å). Buffer: 50 mM NaH2PO4, 150 mM NaCl, 250 
ppm NaN3 (pH 7.2), 30% ACN. Flow rate: 1 mL/min. 
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Figure S37 MALDI-TOF-MS of polymer 10 in reflector mode in a m/z range of 1000-4000 using DHB as matrix in a compound to matrix ratio 
of 1:10. 

 

Figure S38: MALDI-TOF-MS of polymer 10 in linear mode in a m/z range of 2000-20000 using DHB as matrix in a compound to matrix ratio 
of 1:10.  

1000 1500 2000 2500 3000 3500 4000

0.0

5.0x10
3

1.0x10
4

1.5x10
4

In
te

n
s
it
y
 [

a
. 

u
.]

m/z

1436.7

[(1Disulfide)+Na]
+

1438.7

[(1)+Na]
+

[(1Disulfide)+H]
+

1414.7

2000 4000 6000 8000 10000 12000 14000 16000 18000 20000

0,0

5,0x10
3

1,0x10
4

1,5x10
4

2,0x10
4

In
te

n
s
it
y
 [

a
. 

u
.]

m/z

[(1-6)+Na]
+

4042

5458

[(1-6-1)+Na]
+

[(1-6-1-6)+Na]
+

8056

[(1-6-1-6-1)+Na]
+

9468



S34 

 

Poly-DDS(1,7)Man(2-6)-7 (11): 

 

Glycopolymer 11 was obtained in a yield of 66%. The anomeric proton of Mannose (A) could not be examined in 
1H-NMR due to the overlaying signal from the residual solvent. Two unidentified signals were detected with a 
chemical shift of δ 3.71 (s) and δ 2.65 (s) ppm. No remaining functional alkene group was determined from the 
1H-NMR. The ratio of macromonomer 1:7 was determined to be 1:0.85 by integration of the corresponding signals 
of the respective acetyl groups. Stated amounts of protons correspond to one repeating unit of the polymer. 1H 
NMR (600 MHz, D2O): δ 7.87 (s, 5H, g), 4.68 – 4.58 (m, 10H, h), 4.51 – 4.43 (m, 2H, 2+8), 4.11 – 4.05 (m, 5H, 
i or i’), 3.94 – 3.89 (m, 5H, i or i’), 3.88 – 3.85 (m, 5H, B), 3.76 – 3.72 (m, 5H, F or F’), 3.70 – 3.64 (m, 35H, 
6+C+D+F or F’), 3.64 – 3.58 (m, 20H, 5), 3.53 – 3.42 (m, 28H, 14+16), 3.41 – 3.30 (m, 48H, 4+15), 3.06 – 2.83 
(m, 19H, 1+9+E+f), 2.81 – 2.76 (m, 10H, e), 2.67 – 2.37 (m, 56H, 7+10+13), 2.06 (s, 3H,3), 1.98 + 1.96 (2s, 3H, 
17), 1.70 – 1.52 (m, 8H, 11+12) ppm. The assignment of the signals was performed according to the structural 
similarities with compound 1 and 7 as well as polymer 3. 

MALDI-TOF-MS in reflector mode in a m/z range from 1000 to 3000:  
Remaining macromonomer 1 C58H105N13O23S2. (Monoisotopic mass 1415.7 g/mol): [1+H]+ calcd. 1416.7, found 
1416.7, [1+Na]+ calcd. 1438.7, found 1438.7. 
Disulfide from macromonomer 1 C58H103N13O23S2. (Monoisotopic mass 1413.7 g/mol): [(1Disulfide)+H]+ calcd. 
1414.7, found 1414.7. 
Remaining macromonomer 7 C133H217N37O52 (Monoisotopic mass 3164.5 g/mol): No signal detected. 

MALDI-TOF-MS in linear mode in a m/z range from 2000 to 20000:  
For dimer 1-7 C191H322N50O75S2 (Monoisotopic mass 4580.20 g/mol): [(1-7)+Na]+ calcd. 4603.2, found 4610. 
For trimer 1-7-1 C249H427N63O98S4 (Monoisotopic mass 5995.9 g/mol): [(1-7-1)+Na]+ calcd. 6018.9, found 6026. 
For tetramer 7-1-7-1 C382H644N100O150S4 (Monoisotopic mass 9160.4 g/mol): [(7-1-7-1)+Na]+ calcd. 9183.4, found 
9192. 
For pentamer 1-7-1-7-1 C440H749N113O173S6 (Monoisotopic mass 10576.1 g/mol): [(1-7-1-7-1)+Na]+ calcd. 
10599.1, found 10605. 
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Figure S39: GPC-RI-LS of compound 11. Columns: Suprema Lux (2x 100 Å and 1000 Å). Buffer: 50 mM NaH2PO4, 150 mM NaCl, 250 
ppm NaN3 (pH 7.2), 30% ACN. Flow rate: 1 mL/min. 

 
Figure S40: MALDI-TOF-MS of polymer 11 in reflector mode in a m/z range of 1000-4000 using DHB as matrix in a compound to matrix 
ratio of 1:10. 
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Figure S41: MALDI-TOF-MS of polymer 11 in linear mode in a m/z range of 2000-20000 using DHB as matrix in a compound to matrix ratio 
of 1:10. 
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ABSTRACT: A synthesis toward sequence-controlled multi-
block glycopolymers, presenting a mannopyranoside (Man)
glyco(oligoamide) block followed by a poly(ethylene glycol)
(PEG) (M̅n of 6 kDa) block, is shown. Therefore,
monodisperse and sequence-defined glyco(oligoamide) macro-
monomers derived from solid phase synthesis (SPS) are
polymerized with dithiol-functionalized PEG via thiol−ene
coupling (TEC) in a step-growth fashion. For the polymer-
ization, a novel building block introducing a norbornene moiety
is developed which is used for end-functionalization of the
glyco(oligoamide) macromonomers. As a highly reactive alkene moiety in photoinduced TEC, this gives access to X̅n of up to
45. A total of 12 glyco(oligoamide)−PEG multiblock copolymers with maximum M̅n of 200 kDa are obtained and subjected to
a series of purification steps decreasing overall dispersity. In different binding studies toward model lectin Concanavalin A,
despite their high number of Man ligands, we see rather weak binding of glycopolymers that we attribute to the introduction of
higher molecular weight PEG blocks.

■ INTRODUCTION

The synthesis of well-defined polymeric materials, e.g.,
achieving narrow dispersity, monomer sequence, or a defined
complex polymeric architecture, has gained increasing
attention over the past decades.1−6 Especially for the use of
polymers as biomimetic materials, a well-defined structure is
important as it allows for new insights into their structure−
property relationships.7−9 Despite the synthetic challenges,
numerous approaches have been successfully established in the
past years, from controlled polymerization methods10−14 to the
use of iterative coupling protocols in solution15−21 or on solid
support22−25 to the use of specifically functionalized
monomers.26−28 In our group, we introduced an approach
based on solid phase synthesis (SPS), as originally introduced
by Merrifield,29 to synthesize monodisperse, sequence-defined
oligoamides or so-called precision macromolecules. In short,
our synthetic strategy is based on the use of tailor-made
building blocks carrying a free carboxylic acid and an Fmoc-
protected amine terminus, thus allowing for stepwise assembly
on solid support applying standard Fmoc coupling protocols.30

Through choice of building block in every coupling step, we
can control the monomer sequence of the final macromolecule
introducing different main chain and side chain motifs as well
as varying the architecture of the final construct, e.g., from
linear to branched.31−34 We are specifically interested in the
synthesis and characterization of glycomacromolecules,

oligoamides with pending sugar ligands at specific positions
within the side chains.33−35 The glycomacromolecules are
applied as tools to study complex binding mechanisms in
multivalent sugar−lectin interactions, which are of high
importance in various biological processes such as cell−cell
interactions or pathogen recognition.33−35 In recent studies
and in agreement with previous work from other groups
looking at glycopolymers derived from classical polymerization
methods, we found that both the number and the spacing of
sugar ligands along the macromolecular scaffold strongly
influence complex formation with lectins.34−43 However, SPS
is limited in terms of the overall chain length, where for longer
chains purity and yield of the desired macromolecular structure
decrease significantly.
In order to access higher molecular weight glycopolymers

while maintaining sequence control, we introduced the
polymerization of monodisperse macromonomers derived
from SPS via photoinduced thiol−ene coupling (TEC),
resulting in multiblock copolymers with two strictly alternating
blocks of well-defined sequences.36 Macromonomers were
functionalized either with terminal cysteine moieties, introduc-
ing the required thiol functionality, or with tailor-made
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building blocks (DDS), introducing terminal alkene groups.
Applying optimized thiol−ene reaction conditions, a first
generation of sequence-controlled multiblock glycopolymers,
containing α-D-mannopyranoside (Man) bearing binding and
ethylene glycol-based nonbinding blocks in alternating fashion,
was synthesized. Within the binding block, the number of Man
ligands was varied from one to five while the nonbinding block
was kept constant at a total of five ethylene glycol-based
building blocks (EDS). Interestingly, for this first generation of
multiblock glycopolymers we did not see an influence of the
spacing on the resulting affinity toward model lectin
Concanavalin A (Con A) but rather a pronounced effect of
the overall number of Man ligands.36

In this work, we now extend on the concept of sequence-
controlled multiblock glycopolymers, making use of the
previously established polymerization method by thiol−ene
polyaddition of sequence-defined macromonomers but using a
higher molecular weight dithiol−poly(ethylene glycol) (PEG-
(SH)2) with a number-average molecular weight (M̅n) of
6000 Da as nonbinding spacer block. Furthermore, a novel

building block (norbornene−diethylenetriamine−succinic
acid, NDS) introducing a norbornene group as one of the
most reactive alkene groups for thiol−ene coupling (TEC) was
developed.44 Thereby, sequence-controlled multiblock glyco-
polymers with high definition in the sugar ligand presenting
block but overall higher molecular weight were targeted.
A schematic overview of the six macromonomers (O1−O6)

as well as the resulting sequence-controlled glyco-
(oligoamide)−PEG hybrid multiblock copolymers (P1−P6)
is shown in Scheme 1.

■ RESULTS AND DISCUSSION

Synthesis of a Novel Norbornene Bearing Building
Block. To further improve the step-growth polymerization
using TEC, a novel alkene bearing building block that can be
used in SPS applying established coupling protocols was
developed. The building block is a new component of our
library of functional building blocks based on diethylenetri-
amine with a specific functional group on the centered
secondary amine. The primary amines are functionalized by an

Scheme 1. Schematic Depiction of Macromonomers O1−O6 and Resulting Multiblock Copolymers P1−P6 after
Polymerization with PEG(SH)2-6000 and Structures of Applied Building Blocks

Figure 1. (A) Schematic overview of the polymerization of O1a and O1b with O7 by TEC and their resulting polymers P7a and P7b with different
thioether linkages resulting from the NDS and the DDS building blocks. (B) GPC-RI-LS elugrams from the glycopolymers P7a (black) and P7b
(blue). Columns: Suprema Lux (2 × 100 and 1 × 1000 Å). Buffer: 50 mM NaH2PO4, 150 mM NaCl, 250 ppm of NaN3 (pH 7.2), 30% ACN.
Flow: 0.8 mL/min.
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Fmoc protection and a succinic acid group, similar to
previously developed building blocks.30,45 In contrast to the
DDS building block previously used for thiol−ene chemistry36

(Figure 1), the new NDS building block is equipped with a
norbornene moiety in the side chain. Norbornenes have been
described as one of the most reactive alkene groups for
photoinduced thiol−ene click chemistry due to the high
tension of the alkene bond within the ring structure.44 A
schematic overview of the synthesis of the norbornene building
block is shown in Scheme 2. Synthesis followed previously
established protocols, starting from the so-called key
intermediate 1.30 In short, N-propionic acid-functionalized
nadicimide (3) was chosen as norbornene linker which was
coupled to the centered secondary amine of the key
intermediate 1 after transformation into its acid chloride
form 4. Following established protocols30 exchanging
protection groups from intermediate 5, first replacing the
TFA group by an Fmoc group (6) and then the Trt group by a
succinic acid group, the final NDS building block 7 was
obtained in high purity (>98%) as confirmed by RP-HPLC, 1H
NMR, HRMS, and elementary analysis (for a detailed synthetic
procedure as well as analytical data of the intermediates and
product see the Supporting Information). In 1H NMR spectra
a broadening of signals and a presence of multiple signals for
chemically equivalent protons were observed which we
attribute to the presence of rotational isomers. Therefore, the
1H NMR spectrum of 7 was recorded at 70 °C, showing signal
sharpening and coalescence which also is in agreement with
previous observations for similar building blocks.33 The effect
is not as pronounced compared to previous findings, but
measurements at temperatures above 70 °C could not be
conducted due to starting decomposition of the material (see
the Supporting Information).
Coupling efficiency of NDS in SPS proved to be similar

compared to other building blocks from our library when
applying the same established coupling protocols using 5 equiv
of the building block, 5 equiv of benzotriazol-1-yl-oxy-
tris(pyrrolidino)phosphonium hexafluorophosphate (PyBOP)

as coupling reagent, and 10 equiv of N,N-diisopropyl-
ethylamine (DIEA) (see Supporting Information). It was
also possible to include NDS in the fully automated solid phase
synthesis using a standard peptide synthesizer. In total, seven
macromonomers O1−O7 were synthesized in an automated
fashion introducing norbornene end-groups (Scheme 1). Six of
the macromonomers present Man ligands in varying valency
from one to three and different spacing by introduction of
additional EDS building blocks. Furthermore, an all EDS
macromonomer was synthesized to be used as negative control
in later binding studies. All macromonomers were obtained
directly after cleavage from the resin with purities >93%. Main
side products were identified as deletion sequences missing
one or two building blocks. All macromonomers were further
purified using preparative RP-HPLC to allow for a better
stoichiometric control in later polyaddition reactions. Relative
purities were determined by integration of UV signals in
HPLC, and structures were confirmed by 1H NMR and HRMS
(see Supporting Information).

Comparison of Different Terminal Alkene Groups for
the TEC Polymerization of Macromonomers. To prove
the higher reactivity of the norbornene functionality on the
novel NDS building block, a polymerization of a macro-
monomer with two terminal NDS moieties O1a was compared
to macromonomer with two of the previously described DDS
moieties O1b. Both macromonomers were polymerized with
the same dithiol-terminated macromonomer O7 using the
same reaction conditions as previously optimized for the TEC
polyaddition of similar macromonomers.36 Macromonomers
O1a, O1b, and O7, the resulting glycopolymers P7a and P7b,
and the resulting thioether linkages from the NDS and DDS
building blocks are schematically illustrated in Figure 1A. In
short, polyaddition reaction was performed irradiating 10 μmol
of each macromonomer for 60 min in the presence of 1 equiv
of photoinitiator 2,2-dimethoxy-2-phenylacetophenone
(DMPA) and 0.01 equiv of the reducing agent tris(2-
carboxyethyl)phosphine hydrochloride (TCEP) in a mixture
of DMSO and water with the ratio of 9/1 (total volume of

Scheme 2. Norbornene Building Block (NDS) Synthesis (Bottom) and the Synthesis of Its Precursors, the Protected
Diethylenetriamine Key Intermediate 1 (Top), and the Norbornene Linker Acid Chloride 4 (Center)a

aSynthesis of key intermediate 1: (a) TrtCl in DCM followed by EtOTFA in THF both at 0 °C. Synthesis of the norbornene linker 4: (b) ethyl
acetate and petroleum ether (60−80 °C) at 0 °C; (c) β-alanine and DABCO in toluene under reflux; (d) oxalyl chloride and cat. amounts of DMF
in DCM at 0 °C. Synthesis of NDS 7: (e) NEt3 in DCM at 0 °C; (f) K2CO3 in water and methanol at 65 °C followed by FmocCl in THF and
water at RT; (g) TFA and iPr3SiH in DCM followed by succinic anhydride and NEt3 in DCM both at RT.
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200 μL). Polymers P7a and P7b were isolated by multiple
precipitation steps and analyzed using GPC-RI-LS, 1H NMR,
and MALDI-TOF analysis (see Supporting Information).
A degree of polymerization (X̅n) of 18 was achieved for

oligomer O1a with terminal NDS moieties whereas only a X̅n

of 11 was achieved with O1b carrying the DDS moieties,
indicating that with the norbornene building block the step-
growth polymerization via TEC can be further improved
toward higher X̅n. However, the dispersity of P7a was also
significantly higher in comparison to polymer P7b, which
according to Flory could be expected for polymerizations
following a step-growth polymerization mechanism when
reaching higher conversions.46 Elugrams from GPC-RI-LS
analysis of the glycopolymers P7a and P7b are shown in Figure
1B.
Synthesis of Glyco(oligoamide)−PEG Hybrid Multi-

block Copolymers. For the polymerization of macro-
monomers O1−O6 derived from SPS and PEG(SH)2-6000
the reaction conditions had to be modified from previously
optimized conditions. After only a few seconds of UV
irradiation, the reaction mixture solidified due to the low
solubility of the PEG-glyco-oligomer conjugates in DMSO/
H2O mixture with a ratio of 9/1 (50 mM of both monomers,
10 μmol in 200 μL), as used previously. Therefore, a ratio of
1/1 of DMSO/H2O with a lower concentration of 25 mM for
both monomers (20 μmol in a total of 800 μL) and a reaction
temperature of 55 °C were applied, providing good solubility
for both monomers as well as photoinitiator and reducing
agent during the course of the reaction. The concentration of
photoinitiator DMPA and reducing agent TCEP and a reaction
time of 60 min were adapted from previous protocols. Each
polymerization was performed twice independently to
determine the reproducibility of the reaction. The final
glyco(oligoamide)−PEG multiblock copolymers P1−P6 were
analyzed by GPC-RI-LS and 1H NMR analysis (see Supporting
Information). Analysis using MALDI-TOF was not successful.
Determined molecular weights, dispersities, and degrees of
polymerization are given in Table 1. Exemplarily structures of
glyco(oligoamide) O4, the PEG(SH)2-6000 macromonomer,
and the resulting glycopolymer P4 are illustrated in Scheme 3.
Measured X̅n were significantly higher compared to those

reported previously from the first series of multiblock
glycopolymers.36 This is especially true for P1−P3 as well as
P6, for which an average X̅n of 45 was reached, resulting in 10-
fold higher M̅n compared to the previously synthesized
glycopolymers. This could be related to the higher reactivity
of the norbornene moiety in newly introduced NDS building
block. Besides the norbornene group, the increased reaction
temperature is also assumed to have a positive influence on the
polymerization outcome, potentially increasing the diffusion
rate of the monomers and preventing a strong increase in
viscosity during the reaction. Indeed, when using lower
reaction temperatures as in the case of P7a, X̅n was found to
be significantly lower (see achieved X̅n for P7a in previous
subsection). For glycopolymers P4 and P5, X̅n with an average
value of 10 (not including the discordant value for batch 1 of
P4) were found to be lower compared to the other
glycopolymers P1−P3 as well as P6 and in a similar range
as previously synthesized glycopolymers. However, achieved
M̅n are still significantly higher due to the use of the high
molecular weight PEG(SH)2-6000 macromonomer.
Furthermore, X̅n for polymers P1−P3, obtained by polymer-

ization of the short macromonomers O1−O3 with PEG(SH)2-

6000, are significantly higher than for polymers P4 and P5,
derived from the longer macromonomers O4 and O5. The
highest X̅n was achieved for P1 from the shortest macro-
monomer O1. The size of the macromonomers seems to have
an influence on the degree of polymerization, potentially due
to the velocity of diffusion in the reaction mixture. Besides this,
also other factors could influence the X̅n such as differences in
polarity or rigidity of the macromonomers O1−O3 when
compared to O4 or O5, containing higher amounts of the EDS
building block.
Unfortunately, reproducibility of the polymerizations was

low with pronounced differences in the molecular weights and
molecular weight distributions for different reactions using the
same macromonomer (see Table 1). Here, especially the
polymerization of macromonomer O4 showed significant
deviations within the two polymerizations as well as when
compared to the polymerizations of the other macro-
monomers. The first polymerization of O4 with PEG(SH)2-
6000 resulted in the largest polymer of all polymerizations with
a M̅n of approximately 240 kDa, which corresponds to a degree
of polymerization of 60. For the second batch of the
polymerization of O4 the smallest X̅n of this series was
achieved.
Furthermore, elugrams of the final polymers showed

multimodal distributions for most of the samples (see Figure
2A and Supporting Information). Besides the peak shape, it
was also observed that the high molecular weight portion of
the polymers show a slightly different slope when plotting the
change in molecular weight against elution volume. Both these
observations indicate a mixture of two different polymers
assumingly due to formation of a side product. However, in 1H
NMR analysis, no further observations reinforcing our
assumption were made, and MALDI-TOF analysis of the
polymers was not successful. An exemplary GPC elugram of P3
batch 2, showing the multimodal distribution and the
difference in the slope of the molecular weight vs elution
volume plot, is illustrated in Figure 2A. Therefore, in order to
investigate potential side reactions during polyaddition
reactions, several control experiments were performed.

Table 1. Obtained M̅w, M̅n, M̅w/M̅n, and X̅n for Polymers
P1−P6 Determined by GPC-RI-LS Analysis (Each
Polymerization Was Performed Twice)

macromonomer
used polymer

batch
no.

M̅w
a

[kDa]
M̅n

a

[kDa] M̅w/M̅n
a X̅n

b

O1 P1 1 365.2 174.1 2.10 45

2 360.2 162.5 2.22 42

O2 P2 1 375.1 183.9 2.04 44

2 362.5 187.6 1.93 45

O3 P3 1 349.0 170.2 2.05 39

2 329.1 130.5 2.52 30

O4 P4 1 488.8 305.0 1.60 66

2 113.5 28.79 3.94 6

O5 P5 1 166.1 73.83 2.25 14

2 157.5 61.05 2.58 11

O6 P6 1 366.1 238.5 1.54 60

2 306.0 170.7 1.79 43
aMolecular weights and molecular weight distributions were
determined using a GPC setup coupled to a RI and LS detector.
The refractive index increment (dn/dc) was determined manually for
the novel glyco(oligoamide)−PEG copolymers. bThe X̅n was
calculated using the M̅n and assuming that the ratio of glyco-
(oligoamide) and PEG(SH)2-6000 in the final polymer is 1:1.
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Investigations of Potential Side Reactions in Step-
Growth TEC Polymerization. During the TEC polymer-
ization method development from previous work,36 we found
that functional groups of the macromonomers, e.g., the alcohol
groups from the Man moieties, do not undergo side reactions.
Consequently, we assume that potential side reactions can only
occur with participation of the newly introduced NDS building
block or the PEG(SH)2-6000 macromonomer. An irradiation
of the NDS bearing macromonomer O1, using the same
polymerization conditions as used in the polymerizations of
P1−P6 without the addition of PEG(SH)2-6000, was
performed. As expected, only very small amounts of dimer
and trimer were observed in GPC (see Supporting
Information) since norbornene moieties have been shown to

not undergo homopolymerization under the applied reaction
conditions.47

The PEG(SH)2-6000 macromonomer can theoretically
undergo two different side reactions: First, an oxidation of
the terminal thiol moieties to disulfides and thus a linkage of
multiple PEG(SH)2-6000 macromolecules are possible. To
reduce such disulfides, the reducing agent TCEP was added to
the reaction mixture. However, the amount might be too low
to sufficiently reduce the disulfides of the high molecular
weight PEG conjugates. Second, a radical transfer to the
ethylene glycol of the PEG backbone can occur which could
potentially lead to formation of a cross-linked network.48

However, for the generation of radicals in the PEG backbone,
usually higher amounts of radical initiators are required which

Scheme 3. Step-Growth TEC Polymerization of Glyco(oligoamide) O4 with PEG(SH)2-6000 and the Resulting
Glyco(oligoamide)−PEG Multiblock Copolymer P4

Figure 2. Overview of formed compounds using the example of the glyco(oligoamide)−PEG multiblock copolymer P3 after synthesis as well as the
separation of the two impurities applying different purification procedures. The purification procedures are illustrated schematically and the
separation of a specific species is stated. Exemplary GPC-RI-LS elugrams after each purification step are shown. (A) Structure of desired product
(1) as well as the two major side products (2 + 3) and GPC elugram (black) as well as the molecular weight plot (blue) for P3. (B) Illustration of
purification by affinity chromatography and GPC elugram after washing (red) and elution (blue) process of P3. (C) Illustration of fractionation
procedure by preparative GPC and GPC elugrams of the three separated fractions 1, 2, and 3 (blue, green, and red) of P3. (D) Illustration of
disulfide reduction and thiol capping procedure and GPC elugram of the final purified glyco(oligoamide)−PEG multiblock copolymer P3 (blue).
GPC-RI-LS setup: columns: Suprema Lux (2 × 100 and 1 × 1000 Å); buffer: 50 mM NaH2PO4, 150 mM NaCl, 250 ppm of NaN3 (pH 7.2), 30%
ACN; flow: 0.8 mL/min.
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is not the case for the used TEC polymerization conditions.
Despite the fact that dithiol-PEGs are widely used in TEC
reactions, in most studies no information about an ongoing
side reaction is given or the oxidation is stated to be
negligible.49−52 In most cases the dithiol-PEGs are used to
synthesize cross-linked hydrogels by TEC. Small amounts of
disulfide bridges or cross-linking from the PEG chain in
addition to the thioether bonds do not change the properties
of the hydrogels, and a strict control of a sequence is not
necessary. However, for our goal of synthesizing multiblock
glyco(oligoamide)−PEG hybrid copolymers even small
amounts of PEG-disulfides might strongly influence the final
products.
Therefore, both possible side reactions were investigated by

irradiating PEG(SH)2-6000 without the presence of the
norbornene bearing reaction partner varying the amount of
reducing agent TCEP as well as photoinitiator DMPA.
Furthermore, PEG-10000 without terminal thiol groups was
irradiated using the TEC polymerization conditions (see
Supporting Information for molecular weights, dispersities, and
GPC elugrams for the control experiments).
We were able to show that the side product observed during

TEC is most likely caused by formation of disulfide bonds of
the PEG(SH)2-6000. Only with increased amounts of reducing
agent TCEP during TEC reaction, the formation of higher
molecular weight compounds was significantly decreased. A
decrease of the amount of DMPA did not have an effect on the
homopolymerization of the PEG(SH)2-6000, indicating that
the side reaction does not depend on the amount of radicals
and should be no cross-linking reaction. This is further
supported by the obtained results of irradiating PEG-10000
without thiol moieties, which did not lead to the formation of

any higher molecular weight compounds. To further support
our assumption, the higher molecular weight PEG conjugates
obtained in the control experiment (experiment using 0.01
equiv of TCEP and 1 equiv of DMPA) were incubated with
TCEP to reduce the formed disulfides showing a reduction to
the original M̅n, indicating complete cleavage of previously
formed disulfide linkages.
To prevent the oxidation of the PEG thiol groups,

polymerization was performed with higher amounts of the
reducing agent TCEP (0.5 and 1 equiv). However, as already
observed during previous method development, the degree of
polymerization decreases significantly when further increasing
the amount of TCEP caused by an occurring desulfurization
reaction.53,54 With the formation of terminal ethyl groups,
which were determined by 1H NMR (see Supporting
Information), the reactive end-groups are lost, consequently
resulting in the termination of the polymerization reaction.
Because of these findings, we assume that the large deviation

between the different batches can be attributed to the ongoing
side reaction, which is in some batches more pronounced
compared to others e.g. due to different amounts of oxygen in
the reaction.
Since an increase of the reducing agent TCEP is no option

during polymerization, our next attempt was the separation of
side products, isolating the targeted glyco(oligoamide)−PEG
hybrid multiblock copolymers.

Purification of Glyco(oligoamide)−PEG Hybrid Multi-
block Copolymers. From our control experiments, we
assume that the major side product observed in the GPC
analysis is based on PEG(SH)2-6000 bridged by disulfides,
with no or only very low amounts of glyco(oligoamide) blocks
(disulfide-PEG impurity, Figure 2A). However, also glyco-

Table 2. Obtained M̅n and M̅w/M̅n for Oligoamide−PEG Copolymers P1−P6 after each Purification Step as Determined by
GPC-RI-LS Analysis as well as Final X̅n and Average Amount of Man Moieties (N) for the Final Structures

affinity chromatography preparative GPC fractionation disulfide reduction and thiol capping

macromonomer used polymer M̅n
a [kDa] M̅w/M̅n

a fraction M̅n
a [kDa] M̅w/M̅n

a M̅n
a [kDa] M̅w/M̅n

a X̅n
b N (Man)

O1 P1 123.7 1.75 1 240.1 1.38 185.5 1.43 43 Ø 22

2 127.5 1.70 130.8 1.55 32 Ø 16

3 77.86 1.94

O2 P2 123.5 1.81 1 235.2 1.35 195.2 1.39 44 Ø 44

2 117.9 1.66 123.7 1.42 28 Ø 28

3 66.74 2.04

O3 P3 134.3 1.72 1 253.1 1.36 205.4 1.40 44 Ø 65

2 143.0 1.62 153.8 1.51 33 Ø 49

3 69.79 2.04

O4 P4 114.3 1.72 1 222.1 1.34 152.7 1.43 31 Ø 31

2 111.5 1.63 118.7 1.35 24 Ø 24

3 64.24 1.95

O5 P5 126.6 1.45 1 192.6 1.20 128.0 1.31 23 Ø 34

2 135.8 1.29 102.7 1.33 19 Ø 28

3 82.04 1.48 75.85 1.38 14 Ø 21

O6 P6 222.2 1.65 56 0
aMolecular weights and molecular weight distributions were determined using a GPC setup coupled to a RI and LS detector. The refractive index
increment (dn/dc) was determined manually for glyco(oligoamide)−PEG copolymers. bThe X̅n was calculated using the M̅n taking into account
the determined ratio of oligoamide and PEG(SH)2-6000 in the final polymer by 1H NMR. See Supporting Information for the exact ratio in final
copolymers.
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(oligoamide)−PEG copolymers containing higher amounts of
PEG due to disulfide formation are possible (disulfide−
copolymer impurity, Figure 2A). In order to isolate the desired
glyco(oligoamide)−PEG copolymers and potentially decrease
overall dispersity of the samples, a series of purification steps
were performed. In short, first, disulfide−PEG impurities were
removed via affinity chromatography. Second, fractionation via
preparative GPC was performed, and third, reductive cleavage,
maleimide capping, and purification via dialysis gave final
glyco(oligoamide)−PEG multiblock copolymers (see Figure
2).
In the first step, affinity chromatography using Sepharose 4B

resin containing immobilized Con A was performed (see
Figure 2B). Multiblock glycopolymers with high Man valency
will bind to the column material, whereas PEG and structures
with low Man valency will be eluted off the column.
Glycopolymers P1−P5 from the two batches were pooled,
dissolved in lectin binding buffer (LBB) (10 mM Hepes,
50 mM NaCl, 1 mM MnCl2, 1 mM CaCl2, pH 7.4), and
applied to the Con A Sepharose 4B column. Polymer P6, not
presenting Man moieties, could not be purified with the Con A
Sepharose column. After extensive washing with LBB,
glycopolymers bound to the column material were eluted
using a solution of methyl-α-D-mannopyranoside (αMeMan)
in LBB (0.1 M for P1, P2, P4 and 0.2 M for P3, P5). After
desalting by ultrafiltration and freeze-drying, polymer fractions
from the washing as well as the elution procedure were
analyzed by GPC-RI-LS and 1H NMR analysis. GPC traces
from the washing fractions of glycopolymers P1−P5 showed
two separated peaks, indicating a higher and a lower molecular
weight polymer with low binding avidity to the Con A
Sepharose column (see Supporting Information). The first
signal (elution volume 17−22 mL) is assumed to be PEG-
based homopolymer whereas the second peak (elution volume
22−27 mL) is low molecular weight glyco(oligoamide)−PEG
copolymer with an insufficient Man valency to withstand the
washing procedure of the Con A Sepharose column. 1H NMR
analysis gives glyco(oligoamide):PEG ratios of 0.7:1 for the
washing fractions, additionally supporting this assumption. The
amount of the PEG homopolymer is approximately 30%
(integration of the GPC traces), which is in correspondence
with the determined ratios of glyco(oligoamide) and PEG by
1H NMR analysis in the isolated polymer mixture. GPC
elugrams of glycopolymers after the elution procedure show
unimodal distributions for all samples (see Supporting
Information). An almost equimolar ratio of glyco(oligoamide)
and PEG was determined by 1H NMR analysis (0.95:1),
indicating that the removal of PEG homopolymer was
successful. Number-average molecular weights and dispersities
of the purified glycopolymers are listed in Table 2 (column 1:
affinity chromatography).
In the second step of purification, glycopolymers P1−P5

were subjected to preparative GPC and fractionated into three
samples. Negative control P6 was not purified by preparative
GPC. Fractions were desalted by ultrafiltration and freeze-
dried before further GPC-RI-LS and 1H NMR analysis. A
successful decrease in dispersity of approximately 0.3 was
achieved for the highest molecular weight fraction 1 of all
glycopolymers. No improvement of the dispersities was
observed for fractions 2 and 3 of glycopolymers P1−P4 (see
Supporting Information for GPC elugrams). Number-average
molecular weights and dispersities for different fractions of
P1−P5 are listed in Table 2 (column 2: preparative GPC

fractionation). Only fractions with dispersities lower 1.7 were
used for further studies.

1H NMR analysis of glycopolymers after these two
purification procedures still indicates the presence of disulfide
bonds, as the amount of PEG(SH)2-6000 is always slightly
higher than the amount of glyco(oligoamide). This is
especially pronounced for higher molecular weight structures
(fraction 1) of all glycopolymers. Therefore, following
previously used protocols,55 disulfides were reduced by
incubating glycopolymers P1−P5 as well as negative control
P6 for 48 h with high excess of TCEP (50 equiv) in degassed
water. After the incubation, the reducing agent was removed by
ultrafiltration, and terminal thiol groups were capped by
reaction with N-ethylmaleimide (NEM) in high access (50
equiv) to prevent successive oxidation. Such reaction is also
highly interesting for the introduction of a functional end-
group to the glycopolymers such as a fluorophore or drug. To
demonstrate this, parts of fraction 2 of P2 as well as P3 were
functionalized with Alexa Fluor 488 C5 maleimide using a
slightly lower excess (15 equiv) as for the functionalization
with NEM (see Supporting Information). Smaller fragments
from the reductive treatment and capping reaction were
removed from the samples by ultrafiltration with high
molecular weight cut off membranes (MWCO 50 kDa and
100 kDa, depending on the sample; see Supporting
Information). Determined molecular weights, dispersities,
and degree of polymerization as well as the average Man
valencies are listed in Table 2 (column 3: disulfide reduction
and thiol capping).
For glycopolymers (fraction 1 of P1−P4 as well as fractions

1−3 of P5 and P6) purified using membranes with MWCO of
50 kDa after reductive treatment and capping, we observed a
reduction in molecular weight but no change in dispersity. A
further decrease in dispersity can be achieved when
membranes with higher MWCO are used (as for fraction 2
of P1−P4), however, also resulting in substantial loss of
material (about one-third of the material in comparison to
yields after the previous step of purification).
For this final set of glyco(oligoamide)−PEG multiblock

copolymers, we looked in more detail at the structural
information accessible from the GPC-LS experiments. By
plotting the Rg as a function of the molecular weight,
information on the conformation of the polymer in solution
can be derived from the resulting slope of the curve. For
comparison, a PEG sample with a molecular weight of 100 kDa
with an expected random coil conformation was measured.
Calculated slopes for the conformation plots were slightly
higher for structures P1−P5 (average of 0.3) compared to the
slope of PEG-100000 (0.23) (see Supporting Information),
indicating that the glyco(oligoamide)−PEG multiblock co-
polymers also adapt a coiled conformation in solution but are
less compact compared to PEG. For the negative control P6
containing no sugar ligands in the oligoamide segment, a lower
slope was determined (0.19). Thus, this data suggests that
multiblock glycopolymers also adapt coiled conformation in
solution but that sugar moieties seem to reduce intramolecular
interaction, resulting in a less compact conformation compared
to pure PEG. Without the presence of the sugar moieties,
introduction of oligoamide segments seems to have the
opposite effect, promoting intramolecular interactions e.g. via
hydrogen bonding, leading to a slightly more compact
structure in comparison to pure PEG.
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Con A Binding Affinity and Adhesion Reduction of
the Glyco(oligoamide)e−PEG Hybrid Multiblock Co-
polymers. In previous studies investigating the lectin binding
of glycopolymers, we and others have found that a highly dense
presentation of carbohydrate ligands along a polymeric
backbone is not always beneficial for effective binding to a
lectin receptor. In such highly functionalized polymers, not
every sugar ligand can contribute to the binding, especially for
multivalent binding events such as clustering of lectin
receptors. Closely positioned ligands could even sterically
interfere and thus negatively influence the binding
event.36−39,56,57 With this new series of multiblock glycopol-
ymers now introducing higher molecular weight non-
glycofunctionalized blocks through the introduction of the
PEG(SH)2-6000, we extend the spacing between the sugar
ligand presenting blocks of the copolymer. Valency of the
overall glycopolymer is varied both by the introduction of a
defined number of sugar ligands within the glycofunctionalized
block during solid phase assembly as well as through the
resulting degree of polymerization after polyaddition reaction.
Furthermore, for the di- and trivalent glycofunctionalized
blocks, shorter and longer spacings are realized by addition of
spacing building blocks (EDS) during solid phase assembly
(Scheme 1). Overall, multiblock glycopolymers with similar
degrees of polymerization (X̅n) and number-average molecular
weights (M̅n) but different Man valencies, e.g. fractions 1 of
structures P1−P3, but also structures with similar Man
valencies but different molecular weights, e.g. fractions 1 of
structure P1 and fraction 3 of P5, are available for lectin
binding studies using Con A as well established model
lectin.58,59 To allow for a comparison with our previous
studies, we performed a similar direct binding assay using
surface plasmon resonance (SPR) and immobilized Con A in

its predominantly tetrameric form in LBB.60,61 Following their
binding to the Con A-functionalized chip surface, dissociation
and binding constants KD and KA of multiblock glycopolymers
were determined. Specifically, fractions 1 and 2 for each
glycopolymer P1−P4 as well as fractions 1, 2, and 3 for P5 and
the negative control P6 were injected at five different
concentrations between 0.25 and 20 μM in single cycle
experiments. Each sample was measured four times. However,
to our surprise, all structures showed dissociation constants KD

significantly above the highest concentration injected (see
Supporting Information for KD and Rmax values), although for
multiblock glycopolymers with low molecular weight spacers
from previous study36 KD values below 20 μM were
determined. Here, a structure of this first series of multiblock
glycopolymers was included in the SPR measurements, and the
KD from previous SPR measurements36 was reproduced
showing the comparability of these studies. Binding affinities,
stated in Table 3 as binding constants KA (reciprocal value of
KD), of multiblock glycopolymers from the current series seem
to be significantly lower in comparison to our first generation
of multiblock glycopolymers,36 although most of the structures
present a higher Man valency. Besides low KA values, also the
fast association and especially dissociation indicate a weak
interaction with the immobilized lectin, although no values for
kon and koff were determined (see Supporting Information).
Overall, the results of this lectin binding study with

multiblock glycopolymers show that the introduction of a
higher molecular weight PEG chain into the glycopolymer
structure and thereby reduction in overall ligand density as well
as increase of steric repulsion has a negative effect on the
binding affinity as determined by the direct binding assay.
These results are in agreement with findings of the group of
Fernandez-Megia62 which showed that a PEGylation of their

Table 3. Determined Binding Constants KA per Ligand and Normalized per Man Moiety in M−1 from SPR Direct Binding
Assay as well as the Adhesion Reduction in % from SCP−Adhesion Assay Are Given for Final Oligoamide−PEG Copolymers
P1−P6; Schematic Illustration of each Copolymer, the Number-Average Molecular Weight (M̅n), Molecular Weight
Distribution (M̅w/M̅n), and the Resulting Average Man Valency (N)

aM̅n and M̅w/M̅n were determined using a GPC setup coupled to a RI and LS detector. The refractive index increment (dn/dc) was determined
manually for glyco(oligoamide)−PEG copolymers. bErrors in KA refer to the standard deviation from two independent experiments performing a
duplicate determination for all oligoamide−PEG multiblock copolymers included in the SPR assay. cErrors in adhesion reduction refer to the
standard deviation from three independent experiments for all oligoamide−PEG multiblock copolymers included in the SCP−adhesion assay. dNot
determined (n.d.) as less than four binding events were observed for the five concentrations injected for this sample (see Supporting Information
for details on SPR experiment and evaluation). eNot measured (n.m.). fNo binding (n.b.).

Macromolecules Article

DOI: 10.1021/acs.macromol.8b00982
Macromolecules 2018, 51, 5608−5619

5615



glycodendrimers resulted in a reduction in lectin binding
affinity. Potentially, this finding can be attributed to the coiled
structure of the glyco(oligoamide)−PEG multiblock copoly-
mers as was determined by GPC analysis. The PEG chains may
shield Man moieties sitting on the inside of such a coil from
interacting with the lectin receptor, which becomes more
evident when normalizing the determined KA values to the
number of Man moieties (see Table 3). The relative
contribution in binding of one Man moiety is higher for
glyco(oligoamide)−PEG multiblock copolymers with lower
molecular weights and lower PEG content, e.g., when
comparing the three fractions of P5. Furthermore, previous
studies looking at the binding of Man-functionalized PEG
microgels56 indicated that the conformational flexibility of the
PEG chains might lead to negative entropic contributions upon
binding to the receptor which could also occur for the
multiblock copolymers. Thus, our results for the glyco-
(oligoamide)−PEG multiblock copolymers indicate that
when decreasing the ligand density below a certain threshold,
lowered accessibility and potential entropic contributions
could decrease binding probability.
Another related structural feature that seems to play a key

role in this direct binding assay is the molecular weight and
overall size of the glyco(oligoamide)−PEG hybrid copolymers.
When comparing for example the binding affinities of fractions
1 from P2 and P4, both presenting two Man moieties in their
binding block, we can see very similar KA values despite the
fact that fraction 1 of P2 contains a significantly higher average
Man valency. Also when comparing the three fractions of P5,
an effect of the molecular weight can be observed. All three
structures show similar binding constants, although the average
Man valency decreases constantly from fractions 1 to 3. Since
their molecular weight decreases along with the average
valency, it could be reasoned that reduction in binding by
decrease in valency is compensated by more favorable binding
of lower weight polymers with reduced steric repulsion, leading
in the end to similar affinities for all three structures. Similar
observations of molecular weight influence on lectin binding
were made previously e.g. by the groups of Stenzel,37

Haddleton,38 and Kiessling39 also seeing a decrease in binding
affinity toward Con A when increasing molecular weight of
glycopolymers with similar valency.
When looking at the influence of the ligand presenting

blocks within the glycopolymers, we observe highest binding
affinities for the fractions 1 and 2 of P3 as well as fractions 1, 2,
and 3 of P5, carrying three Man moieties in their
glycofunctionalized blocks. For fraction 1 of P2 and P4,
presenting two Man in the binding block, the determined
values for KA were smaller than for the other five structures
despite having a similar or even a higher overall average Man
valency, especially compared to the three fractions of P5.
Comparing fraction 2 of P4 with fraction 2 of P5, not only
their average Man valencies but also their M̅n as well as Rg are
similar, indicating an affinity increasing effect when raising the
amount of Man moieties within the binding block. A higher
local concentration of Man ligands within the glycofunction-
alized block might enhance statistical probability of binding to
a receptor. Thus, when such a trivalent glycooligomer block is
exposed and available for binding, it has a higher chance in
binding than its divalent counterpart.
In addition to the direct binding assay, we also performed an

adhesion reduction assay for selected multiblock glycopol-
ymers. The assay is based on the so-called soft colloidal probe

(SCP) adhesion, in which the adhesion energy of a Man-
functionalized PEG microparticle on a Con A-functionalized
glass surface is determined.34,63 More in detail, the mechanical
deformation of the SCPs upon their adhesion to the surface is
detected and evaluated using the Johnson−Kendall−Roberts
model.64 Determination of the SCP mechanical deformation
was done by evaluating the interference pattern formed by
illuminating the planar Con A surface and adhered SCP with
monochromatic light using reflection interference contrast
microscopy (RICM). To perform an adhesion reduction assay,
the adhesion of a Man-functionalized SCP on a Con A-
functionalized glass slide was inhibited with 22 μM of
glycopolymers P1−P5 as well as the negative control P6.
The decrease in SCP adhesion upon addition of this fixed
concentration of glycopolymer normalized to the SCP
adhesion without the presence of inhibitor in % is given in
Table 3. The negative control P6 did not show a reduction of
the SCPs adhesion. The highest adhesion reduction was
achieved for the glycopolymer presenting the highest amount
of Man moieties (fraction 1 of P3), which was also the
structure with the highest binding in the SPR direct binding
assay. In general, for the adhesion reduction assay we can
observe a strong dependency on the Man valency. The higher
the Man valency, the better the potential of the multiblock
glycopolymers to reduce the SCP adhesion to the Con A
surface. This also means that fraction 1 of P1 and fraction 3 of
P5, both carrying a similar average amount of Man moieties
(22 and 21 moieties, respectively), are able to reduce the SCP
adhesion to a similar degree, although they exhibited different
direct binding properties in the SPR study. When comparing
the three fractions of P5, a decrease in adhesion reduction with
decreasing Man valency as well as decreasing molecular weight
can be observed. Thus, the molecular weight of the
glycomimetic seems to contribute differently in an adhesion
reduction assay than a direct binding situation.

■ CONCLUSION

Sequence-controlled multiblock copolymers by combining SPS
and step-growth polymerization via photoinduced TEC with
further increased M̅n as well as X̅n were realized, on the one
hand, by using PEG(SH)2-6000 macromonomers and, on the
other, by applying norbornene end-groups. Norbornene
moieties were introduced during SPS via a novel functional
building block (NDS).
During polymerization, formation of a major side product

was observed which is attributed to the oxidation of the
PEG(SH)2-6000 macromonomers resulting in their linkage via
disulfide bonds. We were able to successfully remove this side
product by affinity chromatography using a Sepharose column
with immobilized Con A. For further improvement of
dispersity, samples were fractionated by preparative GPC,
and as last purification step, disulfide bonds within the
sequence were reduced by incubation in reducing agent TCEP
and liberated thiols subsequently capped with different
maleimide derivatives preventing oxidation to disulfides.
A total of 12 glyco(oligoamide)−PEG multiblock copoly-

mers were synthesized with dispersities below 1.55 after
purification and a variation in their average Man amounts
ranging from 65 to 16 moieties. All glycopolymers were
subsequently applied in a direct binding as well as an adhesion
reduction assay, investigating their interactions with model
lectin Con A. We observed surprisingly low binding affinities
for all glycopolymers which we attribute to the introduction of
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the PEG blocks resulting in a decrease in ligand density as well
as an increase in overall molecular weight, which increases
steric repulsion. Both parameters have been shown to
potentially decrease binding affinity of glycopolymers. This
indicates that introducing a high molecular weight PEG as
nonbinding spacing block has a negative influence on the
binding to the Con A receptors. In contrast to the finding from
the direct binding assay, results from the adhesion reduction
assay exclusively show a correlation between the overall
average Man valency and adhesion reduction whereas
molecular weight or Man valency within a binding block
does not seem to influence their ability to inhibit Man−Con A
interactions.
Overall, combination of precision macromolecules derived

from SPS and polymers from classical polymerization reactions
via photoinduced TEC gives access to a large variety of
multiblock copolymers with varying degrees of sequence
control. We believe this is not only relevant for the synthesis
of glycopolymers but can also be applied to other functional
macromolecules and extends the overall realm of sequence-
controlled, multifunctional polymers.
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Materials: 

Dimethyl sulfoxide (DMSO) (≥ 99.9%), 2,2-dimethoxy-2-phenylacetophenone (DMPA) (99%), diethyl ether 
(with BHT as inhibitor, ≥ 99.8%), triisopropylsilane (TIPS) (98%), (+)-sodium-L-ascorbate (≥ 99.0%), manganese 
(II) chloride tetrahydrate (≥ 99%), sodium diethyldithiocarbamate trihydrate (≥ 99%), acetic acid (99.8%), conc. 
hydrochloric acid (p.a.), 1,4-diazabicyclo[2.2.2]octane (DABCO) (≥ 99%), 3-aminopropionic acid (≥ 99%) and 
N-ethylmaleimide (NEM) (≥ 98%) were all purchased from Sigma-Aldrich. N,N-Diisopropylethylamine (DIEA) 
(≥ 99%) and tris(2-carboxyethyl)phosphine hydrochloride (TCEP) (≥ 98%) were purchased by Carl Roth. 
Methanol (100%) and acetic anhydride (99.7%) were purchased from VWR BDH Prolabo Chemicals. 
Dimethylformamide (DMF) (99.8%, for peptide synthesis), piperidine (99%), copper (II) sulfate (98%), 
cyclopentadiene (95%) trityl chloride (Trt-Cl) (98%), maleic anhydride (99%), succinic anhydride (99%) and 
methyl-α-D-mannopyranoside (αMeMan) (≥ 99%) were purchased Acros Organics. Dichloromethane (DCM) 
(99.99%), sodium chloride (99.98%), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (99%), 
tetrahydrofuran (THF) (analytical reagent grade), ethyl acetate (analytical reagent grade), sodium hydrogen 
carbonate (analytical reagent grade), toluene (analytical reagent grade), triethylamine (≥ 99%) and Alexa FluorTM 
488 C5 maleimide were purchased from Fisher Scientific. Tentagel S RAM (Rink Amide) resin (Capacity 0.23 
mmol/g) and poly(ethylene glycol) dithiol MW 6000 Dalton were purchased from Rapp Polymere. Calcium 
chloride (≥ 97%), potassium carbonate (99%) and citric acid monohydrate (for analysis) were purchased from 
AppliChem. Oxalyl chloride (98%) and sodium methoxide (98%) were purchased from Alfa Aesar. Trifluoroacetic 
acid (TFA) (99%) and benzotriazol-1-yl-oxy-tris-(pyrrolidino)-phosphonium hexafluorophosphate (PyBOP) were 
purchased from Fluorochem. Concanavalin A was purchased from LKT Laboratories. Sodium sulfate (anhydrous) 
was purchased from Caelo. N-alpha-(9-Fluorenylmethyloxycarboxyl)-S-trityl-L-cysteine (Fmoc-L-Cys(Trt)-OH) 
(99.9%) was purchased from Iris Biotech. 9-Fluorenylmethoxycarbonyl chloride (FmocCl) (98%) was purchased 
from ChemPur. AG ® 1-X8 Anion Exchange Resin, analytical grade, 100–200 mesh, acetate form was purchased 
from Bio Rad. Con A Sepharose 4B was purchased from GE Healthcare Life Sciences. Vivaspin 6 and 20 
ultrafiltration concentrators with MWCO of 5, 50 and 100 kDa were purchased from VWR. Water was purified 
with a Milli-Q system (Millipore) obtaining a final resistivity of 18 MΩcm. 
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Instrumentation 

Nuclear Magnetic Resonance spectroscopy (NMR) 
1H-NMR (600 MHz) and 13C-NMR (151 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). The signal of residual 
solvent was used as internal standard (For 1H-NMR: δ 4.79 ppm for D2O, δ 7.26 ppm for CDCl3, δ 2.50 ppm for 
DMSO-d6 and for 13C-NMR δ 77.16 ppm for CDCl3, δ 39.52 ppm for DMSO-d6). The following abbreviations are 
used to indicate the multiplicities: s, singlet; d, doublet; dd, doublet of doublets; dt, doublet of triplets; t, triplet; m 
multiplet. All measurements were performed at 25°C if not stated otherwise. 

Reversed Phase - High Pressure 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 MZ-Aqua Perfect C18 
(3.0×50 mm, 3 µm) RP Column from MZ Analysetechnik 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. The flow rate was 
set to 0.4 mL/min. NDS intermediates 5 and 6 as well as final NDS 7 were analyzed using a liner gradient starting 
with 80% mobile phase A reaching 80% mobile phase B within 30 min. Oligoamides O1 – O7 and NDS 
intermediate 3 were analyzed 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. 

Preparative Reversed Phase – High Pressure Liquid Chromatography (Preparative RP-HPLC) 

For the purification of the glycooligomers an Agilent 1260 Infinity instrument coupled to a variable wavelength 
detector (VWD) (set to 214 nm) and an automated fraction collector (FC) was used. For the purification of the 
glycooligomers as RP-HPLC column a CAPCELL PAK C18 (20×250 mm, 5 µm) was used. The mobile phases 
A and B were H2O and ACN, respectively. Both mobile phases contained 0.1% of formic acid. The flow rate was 
set to 20 ml/min. The gradient was varied for each compound and is stated in the analytical data for each compound. 

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. 

Matrix-Assisted Laser Desorption Ionization- Time Of Flight – Mass Spectrometry (MALDI-TOF-MS) 

Compounds were analyzed using a Bruker MALDI-TOF Ultraflex I system with 2,5-dihydroxybenzoic acid 
(DHB) as matrix. The ratio of matrix to compound were 10:1 and 1:1. Spectra were acquired in both linear, for a 
m/z range of 1000-4000, and reflector mode for a m/z range 2000-20000. The reflector mode was calibrated using 
a protein mixture whereas the linear mode was not calibrated. 

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× 100 Å of 300 mm, 1000 Å of 300 mm). MilliQ water with 50 mM NaH2PO4, 150 mM 
NaCl, 250 ppm NaN3 and of pH7 + 30% ACN, filtered through an inline 0.1 µm membrane filter, was used as 
GPC eluent with a flow rate of 1 mL/min. UV spectra were recorded on a Waters 486 Tunable Absorbance 
Detector. 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 measured dn/dc values of 0.111 mL/g for poly(ethylene glycol) samples, 
0.130 mL/g for oligoamide – PEG hybrid copolymers (P1 – P6) and 0.156 mL/g for the poly(amidoamine) P7. 
All dn/dc values were determined prior to the analysis of the samples. 

UV-Vis photometer 

UV measurements were performed with a SPECORD 210 PLUS UV-Vis photometer from Analytik Jena AG. The 
instrument was operated using Win ASPECT PLUS software. For determination of the fulvene-piperidine adduct, 
a Spectral Scan from 290-310 nm was performed. All measurements were performed in a 3.5 mL precision quartz 
glass cuvette from Carl Roth GmbH + Co. KG. 
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UV-lamp 

A TQ150 Hg medium pressure UV lamp from Haraeus Nobellight GmbH with a quartz glass immersion and 
cooling tube from Peschl Ultraviolet GmbH was used for Thiol-Ene click reactions. 

Freeze dryer 

The final oligomers and polymers were freeze dried with an Alpha 1-4 LD plus instrument from Martin Christ 
Freeze Dryers GmbH. The Main Drying method was set to -42 °C and 0.1 mbar. 

Peptide Synthesizer 

Oligomers O2 – O7 were synthesized on an automated peptide synthesizer CS136X from CS Bio. 
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Building block synthesis 
Synthesis of building blocks DDS2, EDS3 and TDS4 as well as the synthesis of 2-azidoethyl-α-D-
Mannopyranoside4 were reported earlier. 

Synthesis and characterization of the NDS building block 
Key Intermediate synthesis 

2,2,2-trifluoro-N-(2-((2-(tritylamino)ethyl)amino)ethyl)acetamide (1) was synthesized according to a previously 
published method.4 

Synthesis of (3aR,4S,7R,7aS)-3a,4,7,7a-tetrahydro-4,7-methanoisobenzofuran-1,3-dione (2) 

 

The reaction of cyclopentadiene and maleic anhydride was performed according to a protocol from literature.5 
50 mL of dicyclopentadiene were freshly distilled. The temperature of the oil-bath was set to 180 °C and the 
transition temperature should not exceed 45 °C. The collector flask with cyclopentadiene was cooled with an ice 
bath to prevent dimerization. The freshly distilled cyclopentadiene has to be applied directly in the following 
reaction step. 24.18 g (245 mmol) maleic anhydride were dissolved in 80 mL ethyl acetate followed by an addition 
of 60 mL petroleum ether (60-80 °C). The solution was cooled with an ice bath to 0 °C. 33 mL (380 mmol) 
cyclopentadiene in 25 mL petroleum ether were added in three portions using a dropping funnel. The mixture was 
stirred for another 10 min. Compound 2 crystallized in the reaction mixture and the crystals were filtered under 
vacuum and dried under high vacuum. 21.3 g (130 mmol, 53%) of compound 2 were isolated as white crystals. 
The endo norbornene product was formed exclusively as confirmed by 1H-NMR. 

1H-NMR (600 MHz, CDCl3): δ 6.43 – 6.08 (m, 2H, 1), 3.59 – 3.53 (m, 2H, 3), 3.47 – 3.42 (m, 2H, 2), 1.75 – 1.69 
(m, 1H, 4 or 4’), 1.57 – 1.52 (m, 1H, 4 or 4’) ppm. 

13C-NMR (151 MHz, CDCl3): δ 171.5, 135.5, 52.7, 47.1, 46.1 ppm. 

HR-ESI-MS for C9H8O3 (Exact monoisotopic mass 164.0473 g/mol): [M+H]+ calcd. 165.0546, found 165.0546, 
mass accuracy 0.00 ppm. 

 

Figure S1: 1H-NMR (600 MHz, CDCl3) of compound 2. 
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Figure S2: 13C-NMR (151 MHz, CDCl3) of compound 2. 
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Synthesis of 3-((3aR,4S,7R,7aS)-1,3-dioxo-1,3,3a,4,7,7a-hexahydro-2H-4,7-methanoisoindol-2-

yl)propanoic acid (3) 

 

The reaction of 2 and 3-aminopropionic acid (ß-alanine) was performed according to the published protocol from 
Zhang et al.6 The protocol was changed and 1,4-diazabicyclo[2.2.2]octan (DABCO) was used as base instead of 
triethylamine (TEA). The amount of base used remained equal. Reaction mixture was refluxed for only 7 h instead 
of 12 h. 

Compound 2 (16.4 g, 100 mmol), 3-aminopropionic acid (11.6 g, 130 mmol), and 1,4-diazabicyclo[2.2.2]octan 
(DABCO) (1.5 mg, 13 mmol) were dissolved in 60 mL toluene. The mixture was refluxed for 7 h using a Dean-
Stark apparatus. After refluxing, the reaction solution was cooled and concentrated under reduced pressure. The 
crude solid was dissolved in chloroform (300 mL) and washed using acidic water (pH = 1) (3 × 200 mL). After 
drying the chloroform phase with anhydrous Na2SO4, the chloroform was removed under reduced pressure giving 
16.5 g (70%) of compound 3 as white solid. 

1H-NMR (600 MHz, CDCl3): δ 10.56 (s, 1H, 7), 6.06 (t, J = 2.0 Hz, 2H, 1), 3.62 (t, J = 7.5 Hz, 2H, 5), 3.39 – 3.33 
(m, 2H, 2), 3.27 – 3.22 (m, 2H, 3), 2.51 (t, J = 7.5 Hz, 2H, 6), 1.70 (dt, J = 8.8, 1.7 Hz, 1H, 4 or 4’), 1.51 (dt, J = 
8.8, 1.5 Hz, 1H, 4 or 4’) ppm. 

13C-NMR (151 MHz, CDCl3): δ 177.6, 176.1, 134.5, 52.3, 45.8, 45.1, 33.8, 31.9 ppm. 

HR-ESI-MS for C12H13NO4. (Exact monoisotopic mass 235.0845 g/mol): [M+H]+ calcd. 236.0917; found 
235.0917; mass accuracy 0.00 ppm. 

 

 

Figure S3: 1H-NMR (600 MHz, CDCl3) of compound 3. 
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Figure S4: 13C-NMR (151 MHz, CDCl3) of compound 2. 

 

Figure S5: RP-HPLC analysis (linear gradient from 0 - 50% eluent B in 30 min at 25 °C) chromatogram of compound 2.  
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Synthesis of 3-((3aR,4S,7R,7aS)-1,3-dioxo-1,3,3a,4,7,7a-hexahydro-2H-4,7-methanoisoindol-2-

yl)propanoyl chloride (4) 

 

To a solution of 3 (12.8 g, 54.4 mmol) in 100 mL DCM and 0.1vol% DMF at 0°C, oxalyl chloride (7 ml, 10.36 g, 
81.6 mmol) was added dropwise and the reaction was stirred for an additional 2h at room temperature. The solvent 
and the remaining oxalyl chloride were removed under reduced pressure giving a yellow solid. Product 4 was 
obtained in quantitative yield (13.8 g, 54.4 mmol) and used in the next reaction step without further purification. 

1H-NMR (600 MHz, CDCl3): δ 6.07 (t, J = 1.9 Hz, 2H, 1), 3.65 (t, J = 7.0 Hz, 2H, 5), 3.41 – 3.33 (m, 2H, 2), 3.27 
– 3.22 (m, 2H, 3), 3.06 (t, J = 7.0 Hz, 2H, 6), 1.72 (dt, J = 8.8, 1.7 Hz, 1H, 4 or 4’), 1.52 (dt, J = 8.9, 1.5 Hz, 1H, 
4 or 4’) ppm. 

13C-NMR (151 MHz, CDCl3): δ 177.12, 171.29, 134.58, 52.33, 45.81, 45.10, 44.22, 33.58 ppm.  

 

 

Figure S6: 1H-NMR (600 MHz, CDCl3) of compound 4. 
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Figure S7: 13C-NMR (151 MHz, CDCl3) of compound 4. 
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Synthesis of 3-((3aR,4S,7R,7aS)-1,3-dioxo-1,3,3a,4,7,7a-hexahydro-2H-4,7-methanoisoindol-2-yl)-N-(2-

(2,2,2-trifluoroacetamido)ethyl)-N-(2-(tritylamino)ethyl)propanamide (5) 

 

Compound 1 (20.0 g, 45.3 mmol) and triethylamine (12.5 mL, 9.1 g, 90 mmol) in DCM (350 mL) were cooled to 
0°C under inert atmosphere. The norbornen linker chloride 4 (13.8 g, 54.4 mmol) was dissolved in 50 mL DCM 
and added dropwise to the reaction mixture. The mixture was stirred for an additional 3 hours at room temperature 
and was subsequently washed three times with sat. NaHCO3 (250 ml). The DCM was dried with Na2SO4 and 
concentrated under reduced pressure. The crude product was dried under high vacuum and crystallized from 
methanol giving 5 (21.5 g, 32.6 mmol, 72%) as a white solid. 

1H-NMR (600 MHz, CDCl3): δ 8.07 – 7.99 (m, 1H, 9), 7.44 – 7.37 (m, 6H, 12), 7.34 – 7.27 (m, 6H, 13), 7.24 – 
7.15 (m, 3H, 14), 6.11 – 6.04 (m, 2H, 1), 3.67 (t, J = 7.3 Hz, 2H, 5), 3.51 – 3.31 (m, 9H, 2+7+8+11), 3.29 – 3.21 
(m, 2H, 3), 2.69 (t, J = 7.3 Hz, 2H, 6), 2.35 – 2.22 (m, 2H, 10), 1.72 (dt, J = 8.9, 1.7 Hz, 1H, 4 or 4’), 1.53 (dt, J = 
8.8, 1.5 Hz, 1H, 4 or 4’) ppm. 

13C-NMR (151 MHz, DMSO-d6): δ 177.20, 170.26, 169.24, 156.74 – 155.91 (m), 145.98, 134.29, 128.27, 127.71, 
126.06, 116.81, 114.90, 70.34, 70.25, 51.53, 47.76, 46.67, 45.66, 45.15, 44.32, 43.58, 42.40, 42.00, 37.68, 37.08, 
34.05, 30.67, 30.01 ppm. 

RP-HPLC (linear gradient from 20 - 80% eluent B in 30 min at 25 °C): tR = 17.4 min. Determined purity: > 98%. 

HR-ESI-MS for C37H37F3N4O4 (Exact monoisotopic mass 658.2767 g/mol): [M+H]+ calcd. 659.2840; found 
659.2851; mass accuracy 1.67 ppm. 

Elemental analysis calcd (%) for C37H37F3N4O4: C 67.47, H 5.66, N 8.51; found: C 67.29, H 5.75, N 8.28. 
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Figure S8: 1H-NMR (600 MHz, CDCl3) of compound 5. 

 

Figure S9: 13C-NMR (151 MHz, DMSO-d6) of compound 5. 
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Figure S10: RP-HPLC analysis (linear gradient from 20 - 80% eluent B in 30 min at 25 °C) chromatogram of compound 5 .. 

 

Figure S11: HR-MS (ESI+ Q-TOF) of compound 5. 
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Synthesis of (9H-fluoren-9-yl)methyl (2-(3-((3aR,4S,7R,7aS)-1,3-dioxo-1,3,3a,4,7,7a-hexahydro-2H-4,7-

methanoisoindol-2-yl)-N-(2-(tritylamino)ethyl)propanamido)ethyl)carbamate (6) 

 

Product 5 (20 g, 30.4 mmol) was dissolved in 400 mL methanol and heated to 65°C (85°C water bath). K2CO3 

(29 g, 168 mmol) was dissolved in 40 mL water and added to the solution (MeOH/H2O 9/1). The reaction mixture 
was stirred for 30 min at 70°C. Reaction time and temperature have to be applied exactly to prevent formation of 
a rearranged side product as stated in previous work.7 Methanol and water were removed under reduced pressure 
and the product was dried under high vacuum. 

The introduction of the Fmoc-protective group was performed without further purification. The crude product was 
dissolved in 150 mL THF and 130 mL water, giving a biphasic system. FmocCl (9.44 g, 30.4 mmol) was added 
and the reaction mixture was stirred overnight. Subsequently THF was removed under reduced pressure and the 
crude product subsequently dissolved in 300 mL EtOAc. The organic layer was washed with sat. NaHCO3 (3 x 
250 mL). The organic phase was dried with Na2SO4 and EtOAc was removed under reduced pressure. The product 
was dried under high vacuum and crystallized in EtOAc and slight amounts of petroleum ether (40-60°C). The 
white crystals of product 6 (17.4 g, 22.2 mmol, 73%) were filtered and dried under high vacuum. 

1H-NMR (600 MHz, CDCl3): δ 7.75 (d, J = 7.6 Hz, 2H, 15), 7.65 – 7.50 (m, 2H, 12), 7.46 – 7.33 (m, 8H, 13+18), 
7.33 – 7.24 (m, 8H, 14+19), 7.23 – 7.12 (m, 3H, 20), 6.15 – 6.01 (m, 2H, 1), 5.60 – 4.94 (m, 1H, 9), 4.53 – 4.29 
(m, 2H, 10), 4.20 (t, J = 7.3 Hz, 1H, 11), 3.78 – 3.61 (m, 2H, 5), 3.55 – 2.84 (m, 11H, 2+3+7+8+17), 2.79 – 2.46 
(m, 2H, 6), 2.44 – 2.19 (m, 2H, 16), 1.74 – 1.68 (m, 1H, 4 or 4’), 1.57 – 1.48 (m, 1H, 4 or 4’) ppm. Signals for 
residue ethyl acetate were observed with chemical shifts of δ 4.12 (q, 2H), 2.05 (s, 3H), 1.26 (t, 3H) ppm. 

13C-NMR (151 MHz, DMSO-d6): 177.26, 169.95, 169.39, 156.26, 156.11, 146.06, 145.93, 143.88, 142.56, 140.73, 
139.41, 137.42, 134.32, 128.92, 128.28, 127.71, 127.58, 127.28, 127.03, 126.06, 125.09, 121.38, 120.08, 109.75, 
70.34, 70.26, 65.44, 65.22, 51.52, 48.07, 47.34, 46.75, 45.55, 45.16, 44.62, 44.34, 42.37, 41.98, 38.63, 38.11, 
34.13, 30.68, 30.09 ppm. Signals for residue ethyl acetate were observed with chemical shifts of δ 59.76, 20.76, 
14.09 ppm. 

RP-HPLC (linear gradient from 20 - 80% eluent B in 30 min at 25 °C): tR = 23.3 min. Determined purity: > 98%. 

HR-ESI-MS for C50H48N4O5 (Exact monoisotopic mass 784.3625 g/mol): [M+H]+ calcd. 785.3697; found 
785.3696; mass accuracy -0.13 ppm. 

Elemental analysis calcd (%) for C50H48N4O5: C 76.51, H 6.16, N 7.14; found: C 76.34, H 6.13, N 7.09. 
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Figure S12: 1H-NMR (600 MHz, CDCl3) of compound 6. 

 

Figure S13: 13C-NMR (151 MHz, DMSO-d6) of compound 6. 
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Figure S14: RP-HPLC analysis (linear gradient from 20 - 80% eluent B in 30 min at 25 °C) chromatogram of compound 6. 

 

Figure S15: HR-MS (ESI+ Q-TOF) of compound 6. 
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Synthesis of 7-(3-((3aR,4S,7R,7aS)-1,3-dioxo-1,3,3a,4,7,7a-hexahydro-2H-4,7-methanoisoindol-2-

yl)propanoyl)-1-(9H-fluoren-9-yl)-3,11-dioxo-2-oxa-4,7,10-triazatetradecan-14-oic acid (7) 

 

 

Product 6 (17.4 g, 22.2 mmol) was dissolved in 280 mL DCM and triisopropylsilane (13.6 ml, 10.6 g, 66.6 mmol) 
were added. The reaction mixture was cooled to 0°C and TFA (15 ml, total of 5vol%) was added dropwise to the 
reaction mixture. The reaction was stirred for 30 min and the reaction mixture was concentrated under reduced 
pressure. 200 mL of toluene were added twice to coevaporate TFA. The crude product was dissolved in 45 mL 
DCM and slowly poured into 450 mL cold diethyl ether to precipitate the product. The product was centrifuged 
and the ether decanted. 

The introduction of the succinyl group was performed without further purification. The crude product and succinic 
anhydride (2.44 g, 24.4 mmol) were dissolved in 360 mL DCM. Triethylamine (9.28 ml, 6.74 g, 66.6 mmol) was 
slowly added to the solution and the reaction mixture was stirred for 1h at room temperature. The reaction mixture 
was washed twice with 200 mL of 10% citric acid and the organic phase was dried with Na2SO4. DCM was 
evaporated under reduced pressure and product 7 was dried under high vacuum. Product 7 (13.2 g, 20.5 mmol, 
93%) crystallized as white solid from ethyl acetate and small amounts of petroleum ether. 

Protons for the two amides 9 and 12 give two signals each with intensities of 0.5 that we assign to two rotational 
isomers in equal amounts. NMR experiments at higher temperatures show coalescence and signal sharpening. The 
effect is exemplarily shown for the signals from the Fmoc residue as well as the amide signals in the area of 
chemical shifts from δ 8.2 – 7.0 ppm. 1H-NMR (600 MHz, DMSO-d6): δ 12.06 (s, 1H, 11), 8.01 (t, J = 5.9 Hz, 
0.5H, 9), 7.93 – 7.84 (m, 2.5H, 9+18), 7.68 (dd, J = 7.7, 3.4 Hz, 2H, 15), 7.45 (t, J = 6.0 Hz, 0.5H, 12), 7.43 – 7.38 
(m, 2H, 17), 7.37 – 7.29 (m, 2.5H, 12+16), 6.18 – 5.96 (m, 2H, 1), 4.30 (t, J = 6.9 Hz, 2H, 13), 4.25 – 4.18 (m, 
1H, 14), 3.44 – 3.37 (m, 2H, 5), 3.31 – 3.05 (m, 12H, 2+3+7+8), 2.42 (dt, J = 7.0, 2.4 Hz, 2H, 6), 2.39 – 2.25 (m, 
4H, 10), 1.61 – 1.46 (m, 2H, 4+4’) ppm. Signals for residual ethyl acetate were observed with chemical shifts of δ 
4.03 (q, 2H), 1.99 (s, 3H), 1.17 (t, 3H) ppm. 

13C-NMR (151 MHz, DMSO-d6): δ 177.24, 173.84, 171.46, 171.11, 169.69, 156.22, 143.90, 140.73, 134.31, 
128.92, 127.60, 127.06, 125.11, 120.11, 65.50, 65.34, 51.52, 46.99, 46.72, 45.14, 44.34, 34.03, 30.12, 29.91, 29.17, 
29.05 ppm. Signals for residue ethyl acetate were observed with chemical shifts of δ 170.33, 59.76, 20.76, 
14.09 ppm. 

RP-HPLC (linear gradient from 20 - 80% eluent B in 30 min at 25 °C): tR = 14.4 min. Determined purity: > 98%. 

HR-ESI-MS for C35H38N4O8 (Exact monoisotopic mass 642.2690 g/mol): [M+H]+ calcd. 643.2762; found 
643.2766; mass accuracy 0.62 ppm. 

Elemental analysis calcd (%) for C35H38N4O8: C 65.41, H 5.96, N 8.72; found: C 65.10, H 6.24, N 8.41. 
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Figure S16: 1H-NMR (600 MHz, DMSO-d6) of compound 7. 

 

Figure S17: 1H-NMR (600 MHz, DMSO-d6) from δ 8.2 – 7.0 ppm at 25, 40, 55 and 70 °C of compound 7. 
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Figure S18: 13C-NMR (151 MHz, DMSO-d6) of compound 7. 

 

Figure S19: RP-HPLC analysis (linear gradient from 20 - 80% eluent B in 30 min at 25 °C) chromatogram of compound 7. 

 

Figure S20: HR-MS (ESI+ Q-TOF) of compound 7.  
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Coupling efficiency of final NDS: 

The coupling efficiency of a coupling step can be determined by quantification of the released Fmoc moiety from 
a previously coupled building block. The amount of cleaved Fmoc can be photometrically quantified (fulvene-
piperidine adduct) and is an established procedure to determine the resin capacity. The determined value for the 
fulvene-piperidine adduct is directly proportional to the amount of previously coupled building block and the 
resulting decrease in resin capacity [%] corresponds to the coupling efficiency for each coupling step. A test 
sequence (50 µmol batch size), consisting of two EDS building blocks, followed by the novel NDS building block 
and a further EDS building block was synthesized using a Tentagel S Ram (Rink Amide) resin (capacity of 0.22 
mmol/g). The coupling procedure was performed in a 10 mL syringe reactor. 5 equiv of the coupling reagent 
PyBOP as well as the building block and 10 equiv of DIEA were used. The exact coupling protocol used for SPS 
by hand was established in previous work.4, 8 After each coupling step, approximately 10 mg of resin with Fmoc 
protected building block were taken from the batch to determine the resin capacity and thus the coupling efficiency. 
The resin was put into a 2 mL Eppendorf tube and 800 µL of DMF were added and agitated for 15 min to swell 
the resin. Subsequently 200 µL of piperidine were added and the tube with the resin was agitated for an additional 
15 min. 100 µL of the cleavage solution were transferred into a quartz cuvette (1 cm) and diluted with 900 µL 
DMF. The absorbance at 301 nm was measured to determine the amount of released Fmoc as the formed fulvene-
piperidine adduct. Each sample was measured three times. To calculate the resin capacity (in mmol/g), the 
extinction coefficient 7800 mL/mmol*cm was used. Finally, the purity of the test oligomer (acetylated N-terminus) 
was determined by RP-HPLC measurements. 

 

 

 

Figure S21: Left: RP-HPLC analysis (linear gradient from 0 - 50% eluent B in 10 min at 40 °C) chromatogram of a test compound (EDS)2-
NDS-EDS synthesized to determine the coupling efficiency of NDS. Right: Coupling efficiencies for each coupling step compared to the 
previous step in %. 
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Synthesis and characterization of glycooligoamides 
Solid phase synthesis protocols 

Glycooligomers O1 – O7 were synthesized applying established protocols.4, 8 The used batch size was 0.3 mmol 
for all structures and the synthesis was performed using an automated peptide synthesizer. The mannose 
functionalization of oligomers O1 - O5 was performed in a 25 mL syringe reactor. 

Preswell of the resin (On automated synthesizer) 

Commercially available Tentagel S RAM (Rink Amide) resin (Capacity of 0.25 mmol/g) was used as resin for 
solid phase synthesis. First, 0.3 mmol (1.2 g) of resin were swollen in 15 mL of DCM for 30 min and subsequently 
washed three times with 15 mL of DMF for 1 min. The Fmoc protection group of the Tentagel S RAM resin was 
removed following the Fmoc cleavage protocol. 

Fmoc cleavage (On automated synthesizer) 

The Fmoc protecting group of the resin as well as from the coupled building blocks or amino acid was cleaved by 
the addition of 18 mL of a solution of 25% piperidine in DMF. The deprotection was performed three times for 
10 min. After the first and second deprotection, the resin was washed once with 16 mL DMF for 1 min. After the 
third deprotection, the resin was washed thoroughly with DMF, 10 times using 16 mL. 

General coupling protocol (On automated synthesizer) 

Coupling reagent, base and building blocks or amino acids were prepared in separate vessels on the automated 
peptide synthesizer. All reagents were dissolved or diluted in DMF. Building blocks and amino acids were supplied 
at a concentration of 0.6 M, the coupling reagent PyBOP at a concentration of 0.5 M and DIEA at 1 M. For the 
coupling, 3 mL of the dissolved building block or amino acid (1.8 mmol, 6 eq.), 3.5 mL of dissolved PyBOP 
(1.8 mmol, 6 eq) and 3 mL of DIEA solution (3 mmol, 10 eq.) were transferred to the activation vessel and the 
reaction mixture was activated under nitrogen stream for 1 min. After activation, the mixture (total of 9.5 mL) was 
transferred to the reaction vessel with the resin and shaken for 1 h. After that, the resin was washed from excessive 
reagent 6 times with 15 mL DMF. A double coupling, adding fresh building block and coupling reagents without 
prior deprotection of the Fmoc protective group, was performed for structures 3 and 4 starting with the sixth 
building block or amino acid to ensure a complete coupling. 

Capping of N-terminal primary amine (On automated synthesizer) 

After successful assembly of the desired number of building blocks on solid phase, the N-terminal site was capped 
with an acetyl group. Therefore, 15 mL acetic anhydride were shaken with the resin for 30 min and the resin was 
washed three times with 15 mL DMF and DCM, respectively. 

General CuAAC protocol (In a syringe reactor) 

To 0.3 mmol of resin loaded with the oligomeric structure, 1.2 mmol (4 eq) of acetyl protected 2-azidoethyl 
pyranoside per alkyne group dissolved in 6 mL DMF, was added. 20 mol% sodium ascorbate per alkyne group 
and 20 mol% CuSO4 per alkyne group were dissolved in 2 mL water and also added to the resin. This mixture was 
shaken overnight and subsequently washed extensively with a 23 mM solution of sodium diethyldithiocarbamate 
in DMF, DCM, DMF and water. 

On resin acetyl deprotection (In a syringe reactor) 

In order to remove the acetyl protective groups of the 2-azidoethyl pyranoside moieties, 10 mL of an ice-cold 
0.1 M solution of sodium methanolate in methanol were added to the resin and shaken for 1 h. The deprotection 
was performed in an ice/water bath at 0°C. Subsequently, the resin was washed 5 times with 10 mL of DMF and 
DCM. 
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Cleavage from solid phase (In a syringe reactor) 

13 mL of a mixture of 95% TFA and 5% of TIPS were added to the resin and shaken for 1 h. The filtrate was 
poured into 120 mL cold diethyl ether. The resin was washed with an additional 5 mL of DCM which was also 
added to the cold ether. The resulting precipitate was centrifuged and the ether decanted. The crude product was 
dried under a stream of nitrogen, dissolved in 3 mL of methanol and precipitated again in 30 mL of cold diethyl 
ether. The precipitate was centrifuged and the ether decanted again. The pellet was dried over a stream of nitrogen, 
dissolved in 6 mL of water and lyophilized. 

TFA removal (In a syringe reactor) 

Trifluoroacetate was removed according to the described procedure from Cintrat, Fay and co-workers.9 4 g of 
anion exchange resin was transferred to a 20 mL syringe reactor and washed three times with 13 mL of 1.6 N 
acetic acid and three times with 13 mL of 0.16 N acetic acid. The oligomers O1 – O7 were dissolved in 12 mL 
water each and transferred to a syringe reactor with conditioned anion exchange resin. The syringe reactor was 
shaken for 1 h, the oligomer solution was recovered in a flask and the resin was washed three times with 13 mL 
water. The solutions were pooled and the water removed under reduced pressure. The remaining oligomer was 
dissolved with 5 mL water and freeze-dried. 
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Analytical Data 

NDS(1,3)Man(2)-3 (O1a): 

 

Compound O1a was obtained in a yield of 69% (258.0 mg) after purification by preparative HPLC. The anomeric 
proton of Mannose (A) could not be examined in 1H-NMR due to interference with the signal from the residual 
solvent. For the acetyl group on the N-terminal end we observed two singlets with a ratio of 1:1 that we assign to 
two rotational isomers in equal amounts. The presence of rotational isomers was identified in 1H-NMR 
experiments at higher temperatures (data not shown). 1H-NMR (600 MHz, D2O): δ 7.88 (s, 1H, i), 6.14 – 6.11 (m, 
4H, e), 4.69 – 4.60 (m, 2H, j), 4.13 – 4.06 (m, 1H, k or k’), 3.97 – 3.90 (m, 1H, k or k’), 3.88 – 3.84 (m, 1H, B), 
3.77 – 3.72 (m, 1H, F or F’), 3.70 – 3.55 (m, 7H, F or F’+C+D+b), 3.52 – 3.31 (m, 32H, 2+3+b+c), 3.07 – 3.02 
(m, 1H, E), 3.00 (t, J = 7.3 Hz, 2H, h), 2.84 – 2.77 (m, 2H, g), 2.60 – 2.42 (m, 16H, 1+a), 1.99 + 1.97 (2s, 3H, 4), 
1.76 – 1.68 (m, 2H, f or f’), 1.66 – 1.59 (m, 2H, f or f’) ppm. The assignment of the signals was verified by the 
implementation of 1H-1H-COSY experiments (data not shown). 

HR-ESI-MS for C63H91N15O20 (Exact monoisotopic mass 1377.6565 g/mol): [M+2H]2+ calcd. 689.8355, found 
689.8364, mass accuracy 1.30 ppm. 

RP-HPLC (linear gradient from 0 - 50% eluent B in 30 min at 25 °C): tR = 14.7 min. Determined purity: > 99%. 

 

Figure S22: 1H-NMR (600 MHz, D2O) of O1a enlarging the area from δ 3.3 to 4.2 ppm. 
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Figure S23: HR-MS (ESI+ Q-TOF) of O1a. 

 

 

Figure S24: RP-HPLC analysis (linear gradient from 0 - 50% eluent B in 30 min at 25 °C) chromatogram of O1a. 
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DDS(1,3)Man(2)-3 (O1b): 

 

Compound O1b was obtained in a yield of 60% (133.0 mg) after purification by preparative HPLC. The anomeric 
proton of Mannose (A) could not be examined in 1H-NMR due to interference with the signal from the residual 
solvent. For the acetyl group on the N-terminal end we observed two singlets with a ratio of 1:1 that we assign to 
two rotational isomers in equal amounts. The presence of rotational isomers was identified in 1H-NMR 
experiments at higher temperatures (data not shown). 1H-NMR (600 MHz, D2O): δ 7.88 (s, 1H, g), 5.95 – 5.81 (m, 
2H, c), 5.14 – 4.99 (m, 4H, d+d’), 4.68 – 4.58 (m, 2H, h), 4.14 – 4.04 (m, 1H, i or i’), 3.96 – 3.89 (m, 1H, i or i’), 
3.88 – 3.84 (m, 1H, B), 3.78 – 3.71 (m, 1H, F or F’), 3.70 – 3.57 (m, 3H, F or F’+C+D), 3.55 – 3.44 (m, 12H, 3), 
3.43 – 3.32 (m, 12H, 2), 3.06 – 3.02 (m, 1H, E), 3.00 (t, J = 7.3 Hz, 2H, f), 2.79 (t, J = 7.3 Hz, 2H, e), 2.56 – 2.44 
(m, 16H, 1+a), 2.36 – 2.28 (m, 4H, b), 1.98+1.95 (2s, 3H, 4) ppm. The assignment of the signals was verified by 
the implementation of 1H-1H-COSY experiments (data not shown). 

HR-ESI-MS for C49H81N13O16 (exact monoisotopic mass 1107.5924 g/mol): [M+2H]2+ calcd. 554.8035, found 
554.8037, mass accuracy 0.36 ppm. 

RP-HPLC (linear gradient from 0 - 50% eluent B in 30 min at 25 °C): tR = 12.2 min. Determined purity: > 99%. 

 

 

Figure S25: 1H-NMR (600 MHz, D2O) of O1b enlarging the area from δ 3.3 to 4.2 ppm. 
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Figure S26: HR-MS (ESI+ Q-TOF) of O1b. 

 

 

Figure S27: RP-HPLC analysis (linear gradient from 0 - 50% eluent B in 30 min at 25 °C) chromatogram of O1b. 
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NDS(1,4)Man(2,3)-4 (O2): 

 

Compound O2 was obtained in a yield of 50% (287.4 mg) after purification by preparative HPLC. The anomeric 
proton of Mannose (A) could not be examined in 1H-NMR due to interference with the signal from the residual 
solvent. For the acetyl group on the N-terminal end we observed two singlets with a ratio of 1:1 that we assign to 
two rotational isomers in equal amounts. The presence of rotational isomers was identified in 1H-NMR 
experiments at higher temperatures (data not shown). 1H-NMR (600 MHz, D2O): δ 7.87 (s, 2H, i), 6.13 – 6.11 (m, 
4H, e), 4.65 – 4.61 (m, 4H, j), 4.12 – 4.06 (m, 2H, k or k’), 3.95 – 3.90 (m, 2H, k or k’), 3.88 – 3.85 (m, 2H, B), 
3.76 – 3.72 (m, 2H, F or F’), 3.69 – 3.55 (m, 9H, F or F’+C+D+b), 3.50 – 3.31 (m, 40H, 2+3+d+c), 3.06 – 3.02 
(m, 2H, E), 2.99 (t, J = 7.3 Hz, 4H, h), 2.82 – 2.77 (m, 4H, g), 2.59 – 2.40 (m, 20H, 1+a), 1.99 + 1.97 (2s, 2H, 4), 
1.75 – 1.69 (m, 2H, f or f’), 1.64 – 1.59 (m, 2H, f or f’) ppm. The assignment of the signals was achieved according 
to the structural similarities with compound O1. 

HR-ESI-MS for C84H125N21O29 (exact monoisotopic mass 1891.8952 g/mol): [M+2H]2+ calcd. 946.9549, found 
946.9544, mass accuracy -0.53 ppm. 

RP-HPLC (linear gradient from 0 - 50% eluent B in 30 min at 25 °C): tR = 14.2 min. Determined purity: > 99%. 

 

 

Figure S28: 1H-NMR (600 MHz, D2O) of O2 enlarging the area from δ 3.3 to 4.2 ppm. 
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Figure S29: HR-MS (ESI+ Q-TOF) of O2. 

 

Figure S30: RP-HPLC analysis (linear gradient from 0 - 50% eluent B in 30 min at 25 °C) chromatogram of O2. 
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NDS(1,5)Man(2,3,4)-5 (O3): 

 

Compound O3 was obtained in a yield of 51% (370.9 mg) after purification by preparative HPLC. The anomeric 
proton of Mannose (A) could not be examined in 1H-NMR due to interference with the signal from the residual 
solvent. For the acetyl group on the N-terminal end we observed two singlets with a ratio of 1:1 that we assign to 
two rotational isomers in equal amounts. The presence of rotational isomers was identified in 1H-NMR 
experiments at higher temperatures (data not shown). 1H-NMR (600 MHz, D2O): δ 7.89 – 7.86 (m, 3H, i), 6.15 – 
6.09 (m, 4H, e), 4.66 – 4.60 (m, 6H, j), 4.12 – 4.05 (m, 3H, k or k’), 3.95 – 3.89 (m, 3H, k or k’), 3.88 – 3.84 (m, 
3H, B), 3.77 – 3.71 (m, 3H, F or F’), 3.69 – 3.55 (m, 13H, F or F’+C+D+b), 3.51 – 3.31 (m, 48H, 2+3+d+c), 3.06 
– 3.02 (m, 3H, E), 3.01 – 2.96 (m, 6H, h), 2.83 – 2.75 (m, 6H, g), 2.62 – 2.37 (m, 24H, 1+a), 1.99 + 1.96 (2s, 3H, 
4), 1.75 – 1.67 (m, 2H, f or f’), 1.65 – 1.57 (m, 2H, f or f’) ppm. The assignment of the signals was achieved 
according to the structural similarities with compound O1. 

HR-ESI-MS for C105H159N27O38 (exact monoisotopic mass 2406.1339 g/mol): [M+3H]3+ calcd. 803.0519, found 
803.0515, mass accuracy -0.50 ppm. 

RP-HPLC (linear gradient from 0 - 50% eluent B in 30 min at 25 °C): tR = 13.9 min. Determined purity: > 99%. 

 

 

Figure S31: 1H-NMR (600 MHz, D2O) of O3 enlarging the area from δ 3.3 to 4.2 ppm. 
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Figure S32: HR-MS (ESI+ Q-TOF) of O3. 

 

Figure S33: RP-HPLC analysis (linear gradient from 0 - 50% eluent B in 30 min at 25 °C) chromatogram of O3. 
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NDS(1,8)Man(2,7)-8 (O4): 

 

Compound O4 was obtained in a yield of 56% (474.7 mg) after purification by preparative HPLC. The anomeric 
proton of Mannose (A) could not be examined in 1H-NMR due to interference with the signal from the residual 
solvent. For the acetyl group on the N-terminal end we observed two singlets with a ratio of 1:1 that we assign to 
two rotational isomers in equal amounts. The presence of rotational isomers was identified in 1H-NMR 
experiments at higher temperatures (data not shown). 1H-NMR (600 MHz, D2O): δ 7.88 (s, 2H, i), 6.14 – 6.11 (m, 
4H, e), 4.67 – 4.61 (m, 4H, j), 4.12 – 4.05 (m, 2H, k or k’), 3.96 – 3.89 (m, 2H, k or k’), 3.88 – 3.84 (m, 2H, B), 
3.77 – 3.72 (m, 2H, F or F’), 3.71 – 3.55 (m, 42H, 6+5+F or F’+C+D+b), 3.53 – 3.31 (m, 56H, 2+3+4+d+c), 3.06 
– 3.02 (m, 2H, E), 3.00 (t, J = 7.3 Hz, 4H, h), 2.85 – 2.76 (m, 4H, g), 2.59 – 2.44 (m, 36H, 1+a), 1.99 + 1.97 (2s, 
3H, 7), 1.75 – 1.68 (m, 2H, f or f’), 1.65 – 1.59 (m, 2H, f or f’). The assignment of the signals was verified by the 
implementation of 1H-1H-COSY experiments (data not shown). 

HR-ESI-MS for C124H197N29O45 (exact monoisotopic mass 2812.4018 g/mol): [M+4H]4+ calcd. 704.1077, found 
704.1070, mass accuracy -0.99 ppm. 

RP-HPLC (linear gradient from 0 - 50% eluent B in 30 min at 25 °C): tR = 15.0 min. Determined purity: > 99%. 

 

 

Figure S34: 1H-NMR (600 MHz, D2O) of O4 enlarging the area from δ 3.3 to 4.2 ppm. 
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Figure S35: HR-MS (ESI+ Q-TOF) of O4. 

 

Figure S36: RP-HPLC analysis (linear gradient from 0 - 50% eluent B in 30 min at 25 °C) chromatogram of O4. 
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NDS(1,13)Man(2,7,12)-13 (O5): 

 

Compound O5 was obtained in a yield of 48% (606.4 mg) after purification by preparative HPLC. The anomeric 
proton of Mannose (A) could not be examined in 1H-NMR due to interference with the signal from the residual 
solvent. For the acetyl group on the N-terminal end we observed two singlets with a ratio of 1:1 that we assign to 
two rotational isomers in equal amounts. The presence of rotational isomers was identified in 1H-NMR 
experiments at higher temperatures (data not shown). 1H-NMR (600 MHz, D2O): δ 7.88 (s, 3H, i), 6.16 – 6.09 (m, 
4H, e), 4.69 – 4.59 (m, 6H, j), 4.13 – 4.05 (m, 3H, k or k’), 3.97 – 3.90 (m, 3H, k or k’), 3.88 – 3.84 (m, 3H, B), 
3.77 – 3.72 (m, 3H, F or F’), 3.71 – 3.55 (m, 78H, 6+5+F or F’+C+D+b), 3.51 – 3.32 (m, 80H, 2+3+4+d+c), 3.06 
– 3.02 (m, 3H, E), 3.00 (t, J = 7.2 Hz, 6H, h), 2.80 (t, J = 7.4 Hz, 6H, g), 2.58 – 2.45 (m, 56H, 1+a), 1.99 + 1.97 
(2s, 3H, 7), 1.74 – 1.70 (m, 2H, f or f’), 1.64 – 1.60 (m, 2H, f or f’) ppm. The assignment of the signals was 
achieved according to the structural similarities with compound O4. 

HR-ESI-MS for C185H303N43O70 (exact monoisotopic mass 4247.1472 g/mol): [M+4H]4+ calcd. 1062.7941, found 
1062.7940, mass accuracy -0.09 ppm. 

RP-HPLC (linear gradient from 0 - 50% eluent B in 30 min at 25 °C): tR = 15.2 min. Determined purity: > 99%. 

 

 

Figure S37: 1H-NMR (600 MHz, D2O) of O5 enlarging the area from δ 3.3 to 4.2 ppm. 
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Figure S38: HR-MS (ESI+ Q-TOF) of O5. 

 

Figure S39: RP-HPLC analysis (linear gradient from 0 - 50% eluent B in 30 min at 25 °C) chromatogram of O5. 
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NDS(1,5)-5 (O6): 

 

Compound O6 was obtained in a yield of 57% (266.82 mg) after purification by preparative HPLC. For the acetyl 
group on the N-terminal end we observed two singlets with a ratio of 1:1 that we assign to two rotational isomers 
in equal amounts. The presence of rotational isomers was identified in 1H-NMR experiments at higher 
temperatures (data not shown). 1H-NMR (600 MHz, D2O): δ 6.14 (s, 4H, e), 3.69 (s, 12H, 6), 3.65 – 3.56 (m, 16H, 
5+b), 3.51 – 3.32 (m, 36H, 2+3+4+d+c), 2.60 – 2.47 (m, 24H, 1+a), 1.99 + 1.97 (2s, 3H, 7), 1.76 – 1.70 (m, 2H, f 
or f’), 1.65 – 1.61 (m, 2H, f or f’) ppm. The assignment of the signals was verified by the implementation of 1H-
1H-COSY experiments (data not shown). 

HR-ESI-MS for C72H111N15O23 (exact monoisotopic mass 1553.7977 g/mol): [M+2H]2+ calcd. 777.9061, found 
777.9067, mass accuracy 0.77 ppm. 

RP-HPLC (linear gradient from 0 - 50% eluent B in 30 min at 25 °C): tR = 16.0 min. Determined purity: > 99%. 

 

 

Figure S40: 1H-NMR (600 MHz, D2O) of O6 enlarging the area from δ 3.3 to 3.8 ppm. 
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Figure S41: HR-MS (ESI+ Q-TOF) of O6. 

 

 

Figure S42: RP-HPLC analysis (linear gradient from 0 - 50% eluent B in 30 min at 25 °C) chromatogram of O6. 
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Cys(1,7)-7 (O7): 

 

Compound O7 was obtained in a yield of 68% (266.82 mg) after purification by preparative HPLC.  

1H-NMR (600 MHz, D2O): δ 4.58 – 4.40 (m, 2H, 1+7), 3.71 – 3.67 (m, 20H, 6), 3.66 – 3.61 (m, 20H, 5), 3.47 – 
3.37 (m, 20H, 4), 2.99 – 2.85 (m, 4H, 2+8), 2.67 – 2.52 (m, 20H, 3), 2.08 (s, 3H, 9) ppm. The assignment of the 
signals was verified by the implementation of 1H-1H-COSY experiments (data not shown). 

HR-ESI-MS for C58H105N13O23S2. (Exact monoisotopic mass 1415.6888 g/mol): [M+2H]2+ calcd. 708.8517, found 
708.8510, mass accuracy -0.99 ppm. 

RP-HPLC (linear gradient from 0 - 50% eluent B in 30 min at 25 °C): tR = 13.0 min. Determined purity: > 98% 
(addition of the area for O7, 96%, the disulfide from O7, tR = 12.8 min 2%, and the dimer from O7 via disulfide, 
tR = 14.5 min 0.5%). 

 

 

Figure S43: 1H-NMR (600 MHz, D2O) of O7. 

 

 

Figure S44: HR-MS (ESI+ Q-TOF) of O7. 



S37 
 
 

 

Figure S45: RP-HPLC analysis (linear gradient from 0 - 50% eluent B in 30 min at 25 °C) chromatogram of O7 with its retention time as well 
as the intramolecular disulfide of O7 (tR = 12.8 min) and the dimer O7 (tR = 14.5 min) via disulfide linkage. 
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Characterization of dithiol-poly(ethylene glycol) 
PEG(SH)2-6000 from RAPP Polymere: 

 

1H-NMR (600 MHz, D2O): δ 3.72 (s, 576H, 2), 2.75 (t, J = 6.2 Hz, 4H, 1) ppm. 

GPC-RI-LS (Columns: Suprema Lux (2 X 100 and 1 X 1000 Å). Buffer: 50 mM NaH2PO4, 150 mM NaCl, 
250 ppm of NaN3 (pH 7.2), 30% ACN. Flow: 0.8 mL/min.). Elution volume: 26.8 mL. 
Determined �̅�𝑛: 6390 g/mol. Used dn/dc: 0.11 as determined using a PEG 100 kDa sample. A signal for a formed 
dimer by disulfide formation was also determined by GPC analysis. 

 

Figure S46: 1H-NMR (600 MHz, D2O) of PEG(SH)2-6000 enlarging the area from δ 2.3 to 3.2 ppm. 

 

Figure S47: GPC-RI-LS of PEG(SH)2-6000. Columns: Suprema Lux (2x 100 Å and 1000 Å). Buffer: 50 mM NaH2PO4, 150 mM NaCl, 250 
ppm NaN3 (pH 7.2), 30% ACN. Flow rate: 0.8 mL/min. 
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Polymerization via TEC coupling 
For the comparison of the reactivity of the norbornene and the vinyl moiety in TEC (Polymerization of O1a and 
O1b with O7), the polymerization was conducted according to the previously published polymerization 
procedure.8 

For the polymerization of the glycooligoamides O1 – O6 with PEG(SH)2-6000, 20 µmol of PEG(SH)2-6000 were 
weighed into borosilicate glass microwave vials without label to prevent UV absorption or reflection. Stock 
solutions (57.1 mM in water) of freshly freeze-dried oligomers were prepared. From the stock solutions, 350 µL 
of the glycooligoamides (O1 – O6) were transferred into a microwave vial together with an adequate amount of 
PEG(SH)2-6000. After the addition of both macromonomers an additional 200 µl of H2O were added to dissolve 
both compounds. Subsequently the mixture was freeze-dried to remove water and oxygen. The freeze-dried 
mixture of the glycooligoamide and PEG(SH)2-6000 was flushed with argon and closed. DMSO and H2O were 
degassed using the freeze-pump-thaw method. Stock solutions of tris(2-carboxyethyl)-phosphine hydrochloride 
(TCEP) and dimethoxy-2-phenylacetphenone (DMPA) with concentrations of 50 mM in degassed H2O as well as 
100 mM in degassed DMSO, respectively, were prepared. 4 µL (0.25mM final concentration) of the TCEP stock 
and 200 µL (25 mM final concentration) of the DMAP stock were added to the freeze-dried macromonomers. An 
additional 396 µL of H2O as well as 200 µL of DMSO were added, resulting in a total of 800 µL of a 1/1 mixture 
of DMSO/H2O. Thus the final reactions mixture is composed of 25 mM of both macromonomers and 0.01 equiv 
of TCEP and 1 equiv of DMPA. After the addition of all reagents a magnetic stirring bar was added and the 
microwave vials were flushed with argon and subsequently closed tightly. All reagents were dissolved completely 
and the vials were placed on the magnetic stirring plate next to the UV lamp (distance of 7 – 10 cm). The reaction 
mixtures were heated to 55°C and irradiated for 1 h under stirring. After 1 h of irradiation, the product was slowly 
precipitated in 10 mL of an ice cold diethyl ether/acetone mixture with a volume ratio of 1/3. The obtained pallet 
was redissolved in 5 mL MeOH and a drop of water and reprecipitated in 30 mL ice cold diethyl ether. After 
evaporation of the diethyl ether under nitrogen stream, the pallet was redissolved in 6 mL water and freeze-dried 
to give the final product. 
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Data from the investigation of potential side-reactions in step-growth TEC 

polymerization 
Irradiation of macromonomers separately using optimized TEC conditions as well as different 

concentration of DMPA and TCEP 

 

Figure S48: GPC elugrams of performed control experiments. A) Irradiation of structure O1 using optimized TEC conditions without the 
presence of PEG(SH)2-6000. B) Irradiation of PEG(SH)2-6000 using optimized TEC conditions without the presence of a NDS carrying 
oligomer (blue (4)) and PEG(SH)2-6000 without irradiation (red). C) Irradiation of PEG(SH)2-6000 without the presence of a NDS carrying 
oligomer with 0.0 (blue (1)), 0.1 (green (2)) and 0.5 equiv DMPA (yellow (3)) as well as PEG(SH)2-6000 without irradiation (red). 
D) Irradiation of PEG(SH)2-6000 without the presence of a NDS carrying oligomer with 0.5 (blue (5)) and 1.0 equiv TCEP (green (6)) as well 
as PEG(SH)2-6000 without irradiation (red). E) Irradiation of PEG(SH)2-6000 using optimized TEC conditions without the presence of a NDS 
carrying oligomer (blue), the same sample after incubation with high excess of TCEP (green) and PEG(SH)2-6000 without irradiation (red). 
F) Irradiation of PEG-10kDa using optimized TEC conditions without the presence of a NDS carrying oligomer (blue (7)). 

 

 





S42 
 
 

Glycooligoamide – PEG multiblock copolymer purification procedures 
Con A Sepharose affinity chromatography 

The affinity chromatography purification procedure was performed for glycooligoamide – PEG multiblock 
copolymers P1 – P5. For all polymers batches 1 and 2 were pooled. 

30 mL of Concanavalin A (Con A) SepharoseTM 4B resin (containing 13 mg/mL Con A) in 0.1 M acetate buffer 
at pH 6.0 with 20% ethanol was pipetted into a glass chromatography column (1.7 cm diameter). The column 
material was covered with glass wool and conditioned with 180 mL (6 column volumes) lectin binding buffer 
(LBB) (10 mM Hepes, 50 mM NaCl, 1 mM MnCl2, 1 mM CaCl2, pH 7.4). Each glycopolymer (pooled batches 1 
and 2 of P1 – P5) was dissolved in 5 mL of LBB and applied to the column. The column was washed with 160 
mL LBB and 20 mL fractions were collected. Subsequently, the bound glycopolymers were eluted using 160 mL 
of αMeMan (0.1 M for P1, P2 and P4 and 0.2 M for P3 and P5) in LBB and 20 mL fractions were collected. The 
column was washed with 150 mL Hepes buffer (10 mM Hepes, 50 mM NaCl, pH 7.4) followed by 150 mL Hepes 
buffer (pH 8.5) and reconditioned for next use by 150 mLHepes buffer (pH 7.4) followed by 150 mL LBB. The 
fractions 1 – 5 from the washing procedure and fractions 1 – 6 of the glycopolymer elution procedure were 
combined and salts as well as αMeMan were removed by ultrafiltration using Vivaspin 6 centrifugal concentrators 
with a MWCO of 5000 Da. The glycopolymers were recovered from the Vivaspin concentrators and freeze-dried. 

 

Preparative GPC fractionation 

The fractionation procedure by preparative GPC was performed for glycooligoamide – PEG multiblock 
copolymers P1 – P5. 

For the fractionation of the glycopolymers an Agilent 1260 Infinity instrument coupled to a variable wavelength 
detector (VWD) (Set to 214 nm) and an automated fraction collector (FC) was used. As size-exclusion column a 
GPC HiLoad 16/600 Superdex 200 pg column from GE Healthcare was used. As mobile phase a buffer of MilliQ 
water with 50 mM NaH2PO4 and 150 mM NaCl. The flow rate was set to 1 ml/min and 100 min isocratic runs 
were performed for all polymers. Starting from 30 min of each run, 5 min fractions were collected until the end of 
the run. Individually selected fractions were combined, salts were removed by ultrafiltration using Vivaspin 6 
centrifugal concentrators with a MWCO of 5000 Da and subsequently freeze-dried, resulting in three fractions for 
each glycooligoamide – PEG hybrid multiblock copolymer P1 – P5. 

 

Disulfide reduction and capping of terminal thiol-groups 

The disulfide reduction and thiol capping was performed for fraction 1 and 2 of glycooligoamide – PEG multiblock 
copolymers P1 – P4, faction 1 – 3 of P5 as well as for P6. 

For reduction of disulfide linkages in the glycooligoamide – PEG multiblock copolymers, the glycopolymers were 
incubated for 48 h with an access of 50 equiv TCEP calculated with the �̅�𝑛 of the corresponding glycopolymer. 
The final concentration of the glycopolymers was 2.5 mg/mL and the reduction was performed in degassed H2O 
under argon. After the incubation of 48 h, TCEP was removed by ultrafiltration using Vivaspin concentrators with 
MWCO of 50 or 100 kDa (See Tables S2 – S7). The collected glycopolymers were washed with degassed H2O to 
prevent reoxidation of the generated thiols, recovered from the Vivaspin concentrators and freeze-dried. The 
liberated thiols were capped with N-ethylmaleimide (NEM) by adding 50 equiv of the maleimide in degassed 
Hepes buffer (10 mM, pH 7.2) under argon for 12 h and the capped glycooligoamide – PEG copolymers were 
again purified by ultrafiltration (using the same Vivaspin concentrators as after the disulfide reduction) to remove 
Hepes as well as excess of NEM, subsequently recovered and freeze-dried. The liberated thiols of two samples, 
fraction 2 of P2 and P3, were capped using Alexa FluorTM 488 C5 maleimide. The capping with the fluorophore 
was performed with an excess of 15 equiv of maleimide using the same reaction conditions and purification steps 
as for the functionalization with NEM. 
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Characterization of glycooligoamide – PEG hybrid multiblock copolymers 
Poly-NDS(1,3)Man(2)-3 (P1): 

 

Obtained yields for glycooligoamide – PEG multiblock copolymer P1 after the synthesis as well as each 
purification step are listed in Table S2. 

 

Table S2: Determined yields for each reaction and purification step, remaining amount of reactive alkene end-groups, ratio of oligoamide and 
PEG, amount of NEM functionalization as well as the slope of the conformational plot and radius of gyration of the final multiblock copolymer 
P1. 

Reaction step 
 
 

Info 
 
 

Yield 
 

[mg] 

Yield 
 

[%] 

MWCO 
 

[kDa] 

Remaining 
Alkene 

[%] 

Ratio 
O1:PEG 

 

NEM 
Funct. 

[%] 

Confor. 
Plot 

 

𝑅𝑔 
 

[nm] 

Synthesis 
Batch 1 101.6 69 - - - - - - 
Batch 2 104.3 71 - - - - - - 

Affinity 
Chromatography 

Washing 101.7 49a) 5 - - - - - 
Elution 44.9 22a) 5 - - - - - 

Preparative GPC 
Fraction 1 10.3 5.0a) 5 1.3 0.90:1 - - - 
Fraction 2 11.7 5.7a) 5 2.0 0.97:1 - - - 
Fraction 3 7.3 3.5a) 5 - - - - - 

Disulfide 
reduction 

and thiol capping 

Fraction 1 9.3 4.5a) 50 1.3 0.90:1 4.7 0.33 19.0 
Fraction 2 4.5 2.1a) 100 1.5 0.94:1 1.5 0.32 15.5 
Fraction 3 - - - - - - - - 

a) Theoretical yield in % calculated using the sum of batch 1 and batch 2, which were pooled prior to the 
purification steps. 

 

The anomeric proton of Mannose (A) could not be examined in 1H-NMR due to the overlaying signal from the 
residual solvent. Signals with chemical shift of δ 8.07 – 8.01 (m), 7.77 – 7.72 (m) and 7.66 – 7.56 (m) ppm are 
assumed to be recombination products with DMPA radicals. Stated amounts of protons correspond to one repeating 
unit of the polymer. 1H-NMR (600 MHz, D2O): δ 7.89 (s, 1H, i), 6.13 (s, end-group, e), 4.68 – 4.61 (m, 2H, j), 
4.14 – 4.06 (m, 1H, k or k’), 3.96 – 3.90 (m, 1H, k or k’), 3.88 – 3.85 (m, 1H, B), 3.85 – 3.56 (m, 586H, 
2+5+9+F+F’+C+D), 3.54 – 3.23 (m, 28H, 7+11+12), 3.07 – 3.03 (m, 1H, E), 3.00 (t, J = 7.3 Hz, 2H, h), 2.92 – 
2.66 (m, 14H, 1+3+6+10+g), 2.59 – 2.41 (m, 12H, 13), 2.02 – 1.92 (m, 5H, 14+8 or 8’), 1.77 – 1.60 (m, 4H, 4), 
1.43 – 1.27 (m, 2H, 8 or 8’), 1.23 – 1.10 (m, ethyl group from the NEM-functionalization, o) ppm. The assignment 
of the signals was performed according to the structural similarities with compound O1 and PEG(SH)2-6000. 
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Figure S51: 1H-NMR (600 MHz, D2O) of fraction 1 from P1 showing the intense signal for the PEG backbone. 

 

 

Figure S52: 1H-NMR (600 MHz, D2O) of fraction 1 from P1 showing the signals for the glycooligoamide enlarging the area from δ 4.2 to 2.4 
ppm. 
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Figure S53: 1H-NMR (600 MHz, D2O) of fraction 2 from P1 showing the signals for the glycooligoamide enlarging the area from δ 4.2 to 2.4 
ppm. 

 

Figure S54: GPC-RI-LS elugrams of P1 at different steps during the synthesis and purification. A) From the two batches (batch 1 (blue) and 
batch 2 (red)). B) From the purification by affinity chromatography after the washing (red) and the elution (blue) process. C) From the 
purification by preparative GPC of the three separated fractions 1 (blue), 2 (red) and 3 (green). D) From the disulfide reduction and thiol 
capping procedure of fraction 1 (blue) and 2 (red). Columns: Suprema Lux (2 X 100 and 1 X 1000 Å). Buffer: 50 mM NaH2PO4, 150 mM 
NaCl, 250 ppm of NaN3 (pH 7.2), 30% ACN. Flow: 0.8 mL/min. 
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Poly-NDS(1,4)Man(2,3)-4 (P2): 

 

Obtained yields for glycooligoamide – PEG multiblock copolymer P2 after the synthesis as well as each 
purification step are listed in Table S3. 

 

Table S3: Determined yields for each reaction and purification step, remaining amount of reactive alkene end-groups, ratio of oligoamide and 
PEG, amount of NEM functionalization as well as the slope of the conformational plot and radius of gyration of the final multiblock copolymer 
P2. 

Reaction step 
 
 

Info 
 
 

Yield 
 

[mg] 

Yield 
 

[%] 

MWCO 
 

[kDa] 

Remaining 
Alkene 

[%] 

Ratio 
O2:PEG 

 

NEM 
Funct. 

[%] 

Confor. 
Plot 

 

𝑅𝑔 
 

[nm] 

Synthesis 
Batch 1 90.5 57 - - - - - - 
Batch 2 78.1 49 - - - - - - 

Affinity 
Chromatography 

Washing 72.7 43a) 5 - - - - - 
Elution 58.9 35a) 5 - - - - - 

Preparative GPC 
Fraction 1 11.7 6.9a) 5 n.d.b) 0.90:1 - - - 
Fraction 2 13.6 8.1a) 5 1.3 0.95:1 - - - 
Fraction 3 12.7 7.5a) 5 - - - - - 

Disulfide 
reduction 

and thiol capping 

Fraction 1 8.4 5.0a) 50 1.0 0.91:1 2.8 0.28 22.0 
Fraction 2 2.8 1.7a) 100 1.0 0.92:1 1.3 0.31 16.8 
Fraction 3 - -  - - - - - 

a) Theoretical yield in % calculated using the sum of batch 1 and batch 2, which were pooled prior to the 
purification steps. 
b) No signal for remaining alkene end-groups determined. 

 

The anomeric proton of Mannose (A) could not be examined in 1H-NMR due to the overlaying signal from the 
residual solvent. Signals with chemical shift of δ 8.07 – 8.01 (m), 7.77 – 7.72 (m) and 7.66 – 7.56 (m) ppm are 
assumed to be recombination products with DMPA radicals. Stated amounts of protons correspond to one repeating 
unit of the polymer. 1H-NMR (600 MHz, D2O): δ 7.88 (s, 2H, i), 6.12 (s, end-group, e), 4.69 – 4.59 (m, 4H, j), 
4.14 – 4.05 (m, 2H, k or k’), 3.95 – 3.90 (m, 2H, k or k’), 3.87 – 3.85 (m, 2H, B), 3.85 – 3.56 (m, 590H, 
2+5+9+F+F’+C+D), 3.55 – 3.22 (m, 36H, 7+11+12), 3.07 – 3.02 (m, 2H, E), 3.00 (t, J = 7.3 Hz, 4H, h), 2.91 – 
2.66 (m, 16H, 1+3+6+10+g), 2.61 – 2.39 (m, 16H, 13), 2.04 – 1.91 (m, 5H, 14+8 or 8’), 1.76 – 1.63 (m, 4H, 4), 
1.40 – 1.29 (m, 2H, 8 or 8’), 1.23 – 1.07 (m, ethyl group from the NEM-functionalization, o) ppm. The assignment 
of the signals was performed according to the structural similarities with compound O2 and PEG(SH)2-6000. 
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Figure S55: 1H-NMR (600 MHz, D2O) of fraction 1 from P2 showing the intense signal for the PEG backbone. 

 

 

Figure S56: 1H-NMR (600 MHz, D2O) of fraction 1 from P2 showing the signals for the glycooligoamide enlarging the area from δ 4.2 to 2.4 
ppm. 
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Figure S57: 1H-NMR (600 MHz, D2O) of fraction 2 from P2 showing the signals for the glycooligoamide enlarging the area from δ 4.2 to 2.4 
ppm. 

 

 

Figure S58: GPC-RI-LS elugrams of P2 at different steps during the synthesis and purification. A) From the two batches (batch 1 (blue) and 
batch 2 (red)). B) From the purification by affinity chromatography after the washing (red) and the elution (blue) process. C) From the 
purification by preparative GPC of the three separated fractions 1 (blue), 2 (red) and 3 (green). D) From the disulfide reduction and thiol 
capping procedure of fraction 1 (blue) and 2 (red). Columns: Suprema Lux (2 X 100 and 1 X 1000 Å). Buffer: 50 mM NaH2PO4, 150 mM 
NaCl, 250 ppm of NaN3 (pH 7.2), 30% ACN. Flow: 0.8 mL/min.  
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Poly-NDS(1,5)Man(2,3,4)-5 (P3): 

 

Obtained yields for glycooligoamide – PEG multiblock copolymer P3 after the synthesis as well as each 
purification step are listed in Table S4. 

 

Table S4: Determined yields for each reaction and purification step, remaining amount of reactive alkene end-groups, ratio of oligoamide and 
PEG, amount of NEM functionalization as well as the slope of the conformational plot and radius of gyration of the final multiblock copolymer 
P3. 

Reaction step 
 
 

Info 
 
 

Yield 
 

[mg] 

Yield 
 

[%] 

MWCO 
 

[kDa] 

Remaining 
Alkene 

[%] 

Ratio 
O3:PEG 

 

NEM 
Funct. 

[%] 

Confor. 
Plot 

 

𝑅𝑔 
 

[nm] 

Synthesis 
Batch 1 116.7 69 - - - - - - 
Batch 2 108.6 64 - - - - - - 

Affinity 
Chromatography 

Washing 83.3 37a) 5 - - - - - 
Elution 55.6 25a) 5 - - - - - 

Preparative GPC 
Fraction 1 10.3 4.6a) 5 2.0 0.94:1 - - - 
Fraction 2 15.1 6.7a) 5 2.5 1:1 - - - 
Fraction 3 10.7 4.8a) 5 - - - - - 

Disulfide 
reduction 

and thiol capping 

Fraction 1 9.6 4.3a) 50 2.0 0.91:1 7.7 0.28 22.7 
Fraction 2 3.5 1.6a) 100 2.3 0.92:1 2.3 0.27 19.8 
Fraction 3 - - - - - - - - 

a) Theoretical yield in % calculated using the sum of batch 1 and batch 2, which were pooled prior to the 
purification steps. 

 

The anomeric proton of Mannose (A) could not be examined in 1H-NMR due to the overlaying signal from the 
residual solvent. Signals with chemical shift of δ 8.07 – 8.01 (m), 7.77 – 7.72 (m) and 7.66 – 7.56 (m) ppm are 
assumed to be recombination products with DMPA radicals. Stated amounts of protons correspond to one repeating 
unit of the polymer. 1H-NMR (600 MHz, D2O): δ 7.90 – 7.85 (m, 3H, i), 6.14 – 6.09 (s, end-group, e), 4.69 – 4.57 
(m, 6H, j), 4.14 – 4.03 (m, 3H, k or k’), 3.96 – 3.89 (m, 3H, k or k’), 3.88 – 3.85 (m, 3H, B), 3.85 – 3.58 (m, 594H, 
2+5+9+F+F’+C+D), 3.55 – 3.20 (m, 44H, 7+11+12), 3.07 – 3.02 (m, 3H, E), 3.01 – 2.95 (m, 6H, h), 2.91 – 2.65 
(m, 18H, 1+3+6+10+g), 2.60 – 2.36 (m, 20H, 13), 2.05 – 1.89 (m, 5H, 14+8 or 8’), 1.79 – 1.57 (m, 4H, 4), 1.44 – 
1.25 (m, 2H, 8 or 8’), 1.23 – 1.07 (m, ethyl group from the NEM-functionalization, o) ppm. The assignment of the 
signals was performed according to the structural similarities with compound O3 and PEG(SH)2-6000. 
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Figure S59: 1H-NMR (600 MHz, D2O) of fraction 1 from P3 showing the intense signal for the PEG backbone. 

 

 

Figure S60: 1H-NMR (600 MHz, D2O) of fraction 1 from P3 showing the signals for the glycooligoamide enlarging the area from δ 4.2 to 2.4 
ppm. 

 



S51 
 
 

 

Figure S61: 1H-NMR (600 MHz, D2O) of fraction 2 from P3 showing the signals for the glycooligoamide enlarging the area from δ 4.2 to 2.4 
ppm. 

 

 

Figure S62: GPC-RI-LS elugrams of P3 at different steps during the synthesis and purification. A) From the two batches (batch 1 (blue) and 
batch 2 (red)). B) From the purification by affinity chromatography after the washing (red) and the elution (blue) process. C) From the 
purification by preparative GPC of the three separated fractions 1 (blue), 2 (red) and 3 (green). D) From the disulfide reduction and thiol 
capping procedure of fraction 1 (blue) and 2 (red). Columns: Suprema Lux (2 X 100 and 1 X 1000 Å). Buffer: 50 mM NaH2PO4, 150 mM 
NaCl, 250 ppm of NaN3 (pH 7.2), 30% ACN. Flow: 0.8 mL/min.  
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Poly-NDS(1,8)Man(2,7)-8 (P4): 

 

Obtained yields for glycooligoamide – PEG multiblock copolymer P4 after the synthesis as well as each 
purification step are listed in Table S5. 

 

Table S5: Determined yields for each reaction and purification step, remaining amount of reactive alkene end-groups, ratio of oligoamide and 
PEG, amount of NEM functionalization as well as the slope of the conformational plot and radius of gyration of the final multiblock copolymer 
P4. 

Reaction step 
 
 

Info 
 
 

Yield 
 

[mg] 

Yield 
 

[%] 

MWCO 
 

[kDa] 

Remaining 
Alkene 

[%] 

Ratio 
O4:PEG 

 

NEM 
Funct. 

[%] 

Confor. 
Plot 

 

𝑅𝑔 
 

[nm] 

Synthesis 
Batch 1 132.5 75 - - - - - - 
Batch 2 108.6 62 - - - - - - 

Affinity 
Chromatography 

Washing 98.9 41a) 5 - - - - - 
Elution 48.0 20a) 5 - - - - - 

Preparative GPC 
Fraction 1 11.3 4.7a) 5 5.0 0.95:1 - - - 
Fraction 2 9.4 3.9a) 5 7.3 1.06:1 - - - 
Fraction 3 10.6 4.4a) 5 - - - - - 

Disulfide 
reduction 

and thiol capping 

Fraction 1 10.7 4.4a) 50 4.8 0.91:1 15 0.32 16.6 
Fraction 2 5.3 2.2a) 100 5.0 0.92:1 4.3 0.35 15.1 
Fraction 3 - - - - - - - - 

a) Theoretical yield in % calculated using the sum of batch 1 and batch 2, which were pooled prior to the 
purification steps. 

 

The anomeric proton of Mannose (A) could not be examined in 1H-NMR due to the overlaying signal from the 
residual solvent. Signals with chemical shift of δ 8.07 – 8.01 (m), 7.77 – 7.72 (m) and 7.66 – 7.56 (m) ppm are 
assumed to be recombination products with DMPA radicals. Stated amounts of protons correspond to one repeating 
unit of the polymer. 1H-NMR (600 MHz, D2O): δ 7.89 (s, 2H, i), 6.14 – 6.11 (m, end-group, e), 4.69 – 4.60 (m, 
4H, j), 4.14 – 4.05 (m, 2H, k or k’), 3.96 – 3.89 (m, 2H, k or k’), 3.87 – 3.85 (m, 2H, B), 3.85 – 3.55 (m, 622H, 
2+5+9+15+16+F+F’+C+D), 3.53 – 3.26 (m, 52H, 7+11+12+14), 3.08 – 3.02 (m, 2H, E), 3.00 (t, J = 7.3 Hz, 4H, 
h), 2.93 – 2.60 (m, 16H, 1+3+6+10+g), 2.59 – 2.41 (m, 32H, 13), 2.05 – 1.90 (m, 5H, 17+8 or 8’), 1.81 – 1.52 (m, 
4H, 4), 1.42 – 1.25 (m, 2H, 8 or 8’), 1.23 – 1.07 (m, ethyl group from the NEM-functionalization, o) ppm. The 
assignment of the signals was performed according to the structural similarities with compound O4 and PEG(SH)2-
6000. 
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Figure S63: 1H-NMR (600 MHz, D2O) of fraction 1 from P4 showing the intense signal for the PEG backbone. 

 

 

Figure S64: 1H-NMR (600 MHz, D2O) of fraction 1 from P4 showing the signals for the glycooligoamide enlarging the area from δ 4.2 to 2.4 
ppm. 
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Figure S65: 1H-NMR (600 MHz, D2O) of fraction 2 from P4 showing the signals for the glycooligoamide enlarging the area from δ 4.2 to 2.4 
ppm. 

 

 

Figure S66: GPC-RI-LS elugrams of P4 at different steps during the synthesis and purification. A) From the two batches (batch 1 (blue) and 
batch 2 (red)). B) From the purification by affinity chromatography after the washing (red) and the elution (blue) process. C) From the 
purification by preparative GPC of the three separated fractions 1 (blue), 2 (red) and 3 (green). D) From the disulfide reduction and thiol 
capping procedure of fraction 1 (blue) and 2 (red). Columns: Suprema Lux (2 X 100 and 1 X 1000 Å). Buffer: 50 mM NaH2PO4, 150 mM 
NaCl, 250 ppm of NaN3 (pH 7.2), 30% ACN. Flow: 0.8 mL/min.  
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Poly-NDS(1,13)Man(2,7,12)-13 (P5): 

 

Obtained yields for glycooligoamide – PEG multiblock copolymer P5 after the synthesis as well as each 
purification step are listed in Table S6. 

 

Table S6: Determined yields for each reaction and purification step, remaining amount of reactive alkene end-groups, ratio of oligoamide and 
PEG, amount of NEM functionalization as well as the slope of the conformational plot and radius of gyration of the final multiblock copolymer 
P5. 

Reaction step 
 
 

Info 
 
 

Yield 
 

[mg] 

Yield 
 

[%] 

MWCO 
 

[kDa] 

Remaining 
Alkene 

[%] 

Ratio 
O5:PEG 

 

NEM 
Funct. 

[%] 

Confor. 
Plot 

 

𝑅𝑔 
 

[nm] 

Synthesis 
Batch 1 121.8 59 - - - - - - 
Batch 2 139.1 68 - - - - - - 

Affinity 
Chromatography 

Washing 142.0 54a) 5 - - - - - 
Elution 56.0 21a) 5 - - - - - 

Preparative GPC 
Fraction 1 11.4 4.4a) 5 n.d.b) 0.92:1 - - - 
Fraction 2 12.9 4.9a) 5 n.d.b) 0.97:1 - - - 
Fraction 3 11.4 4.4a) 5 n.d.b) 0.99:1 - - - 

Disulfide 
reduction 

and thiol capping 

Fraction 1 8.7 3.3a) 50 0.8 0.92:1 9.3 0.39 16.6 
Fraction 2 11.1 4.3a) 50 1.0 0.96:1 8.0 0.35 15.0 
Fraction 3 9.8 3.8a) 50 1.5 1.01:1 5.7 0.31 13.5 

a) Theoretical yield in % calculated using the sum of batch 1 and batch 2, which were pooled prior to the 
purification steps. 
b) No signal for remaining alkene end-groups determined. 

 

The anomeric proton of Mannose (A) could not be examined in 1H-NMR due to the overlaying signal from residual 
solvent. Signals with chemical shift of δ 8.07 – 8.01 (m), 7.77 – 7.72 (m) and 7.66 – 7.56 (m) ppm are assumed to 
be recombination products with DMPA radicals. Stated amounts of protons correspond to one repeating unit of 
the polymer. 1H-NMR (600 MHz, D2O): δ 7.92 – 7.81 (m, 3H, i), 6.13 (s, end-group, e), 4.70 – 4.57 (m, 6H, j), 
4.12 – 4.05 (m, 3H, k or k’), 3.96 – 3.90 (m, 3H, k or k’), 3.88 – 3.85 (m, 3H, B), 3.85 – 3.55 (m, 658H, 
2+5+9+15+16+F+F’+C+D), 3.54 – 3.17 (m, 76H, 7+11+12+14), 3.07 – 3.02 (m, 3H, E), 3.01 (t, J = 7.3 Hz, 6H, 
h), 2.95 – 2.63 (m, 18H, 1+3+6+10+g), 2.61 – 2.36 (m, 52H, 13), 2.10 – 1.81 (m, 5H, 17+8 or 8’), 1.79 – 1.60 (m, 
4H, 4), 1.41 – 1.27 (m, 2H, 8 or 8’), 1.22 – 1.09 (m, ethyl group from the NEM-functionalization, o) ppm. The 
assignment of the signals was performed according to the structural similarities with compound O5 and PEG(SH)2-
6000. 
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Figure S67: 1H-NMR (600 MHz, D2O) of fraction 1 from P5 showing the intense signal for the PEG backbone. 

 

 

Figure S68: 1H-NMR (600 MHz, D2O) of fraction 1 from P5 showing the signals for the glycooligoamide enlarging the area from δ 4.2 to 2.4 
ppm. 
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Figure S69: 1H-NMR (600 MHz, D2O) of fraction 2 from P5 showing the signals for the glycooligoamide enlarging the area from δ 4.2 to 2.4 
ppm. 

 

 

Figure S70: 1H-NMR (600 MHz, D2O) of fraction 3 from P5 showing the signals for the glycooligoamide enlarging the area from δ 4.2 to 2.4 
ppm. 
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Figure S71: GPC-RI-LS elugrams of P5 at different steps during the synthesis and purification. A) From the two batches (batch 1 (blue) and 
batch 2 (red)). B) From the purification by affinity chromatography after the washing (red) and the elution (blue) process. C) From the 
purification by preparative GPC of the three separated fractions 1 (blue), 2 (red) and 3 (green). D) From the disulfide reduction and thiol 
capping procedure of fraction 1 (blue), 2 (red) and 3 (green). Columns: Suprema Lux (2 X 100 and 1 X 1000 Å). Buffer: 50 mM NaH2PO4, 
150 mM NaCl, 250 ppm of NaN3 (pH 7.2), 30% ACN. Flow: 0.8 mL/min.  
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Poly-NDS(1,5)-5 (P6): 

 

Obtained yields for glycooligoamide – PEG multiblock copolymer P6 after the synthesis as well as each 
purification step are listed in Table S7. 

 

Table S7: Determined yields for each reaction step, remaining amount of reactive alkene end-groups, ratio of oligoamide and PEG, amount of 
NEM functionalization as well as the slope of the conformational plot and radius of gyration of the final multiblock copolymer P6. 

Reaction step 
 
 

Info 
 
 

Yield 
 

[mg] 

Yield 
 

[%] 

MWCO 
 
 

Remaining 
Alkene 

[%] 

Ratio 
O6:PEG 

 

NEM 
Funct. 

[%] 

Confor. 
Plot 

 

𝑅𝑔 
 

[nm] 

Synthesis 
Batch 1 96.2 63 - n.d.b) 0.97:1 - - - 

Batch 2 82.9 55 - - - - - - 

Disulfide reduction 
and thiol capping 

 9.87 99 50 1.3 0.96:1 1.3 0.19 30.0 

a) No signal for remaining alkene end-groups determined. 

 

Signals with chemical shift of δ 8.07 – 8.01 (m), 7.77 – 7.72 (m) and 7.66 – 7.56 (m) ppm are assumed to be 
recombination products with DMPA radicals. Stated amounts of protons correspond to one repeating unit of the 
polymer. 1H-NMR (600 MHz, D2O): δ 6.15 – 6.13 (m, end-group, e), 3.90 – 3.55 (m, 606H, 2+5+9+15+16), 3.54 
– 3.26 (m, 32H, 7+11+12+14), 2.95 – 2.66 (m, 12H, 1+3+6+10), 2.61 – 2.42 (m, 20H, 13), 2.06 – 1.91 (m, 4H, 
17+8 or 8’), 1.83 – 1.59 (m, 4H, 4), 1.45 – 1.28 (m, 2H, 8 or 8’), 1.24 – 1.03 (m, ethyl group from the NEM-
functionalization, o) ppm. The assignment of the signals was performed according to the structural similarities 
with compound O6 and PEG(SH)2-6000. 
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Figure S72: 1H-NMR (600 MHz, D2O) of P6 showing the intense signal for the PEG backbone. 

 

 

Figure S73: 1H-NMR (600 MHz, D2O) of P6 showing the signals for the oligoamide enlarging the area from δ 4.2 to 2.4 ppm. 
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Figure S74: GPC-RI-LS elugrams of P6 at different steps during the synthesis and purification. A) From the two batches (batch 1 (blue) and 
batch 2 (red)). B) From the disulfide reduction and thiol capping procedure of batch 2 (blue). Columns: Suprema Lux (2 X 100 and 1 X 1000 
Å). Buffer: 50 mM NaH2PO4, 150 mM NaCl, 250 ppm of NaN3 (pH 7.2), 30% ACN. Flow: 0.8 mL/min. 
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Poly-NDS(1,4)Man(2,3)-4-AlexaFluor (P2+Alexa): 

 

For assignment of the signals of one repeating unit of the Alexa Fluor 488 functionalized polymer P2, see analytical 
data for the NEM functionalized polymer P2. Only specific signals for the Alexa Fluor fluorophore are stated. 1H-
NMR (600 MHz, D2O): δ 7.28 – 7.21 (m, AlexaFluor), 7.03 – 6.94 (m, AlexaFluor), 1.23 – 1.15 (m, 
AlexaFluor) ppm. 

GPC-RI-LS (Columns: Suprema Lux (2 X 100 and 1 X 1000 Å). Buffer: 50 mM NaH2PO4, 150 mM NaCl, 
250 ppm of NaN3 (pH 7.2), 30% ACN. Flow: 0.8 mL/min.). Elution volume: 22.5 – 31 mL. 
Determined �̅�𝑤 152.8 kDa, �̅�𝑛 93.81 kDa and �̅�𝑤/�̅�𝑛 1.63. 

 

 

Figure S75: 1H-NMR (600 MHz, D2O) of fraction 2 from P2 functionalized with Alex Fluor 488 showing the signals for the glycooligoamide 
enlarging the area from δ 4.2 to 2.4 ppm as well as the highlighted signals for the fluorophore. 
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Poly-NDS(1,5)Man(2,3,4)-5-AlexaFluor (P3+Alexa): 

 

For assignment of the signals of one repeating unit of the Alexa Fluor 488 functionalized polymer P3, see analytical 
data for the NEM functionalized polymer P3. Only specific signals for the Alexa Fluor fluorophore are stated. 1H-
NMR (600 MHz, D2O): δ 7.29 – 7.19 (m, AlexaFluor), 7.02 – 6.94 (m, AlexaFluor), 1.23 – 1.15 (m, 
AlexaFluor) ppm. 

GPC-RI-LS (Columns: Suprema Lux (2 X 100 and 1 X 1000 Å). Buffer: 50 mM NaH2PO4, 150 mM NaCl, 
250 ppm of NaN3 (pH 7.2), 30% ACN. Flow: 0.8 mL/min.). Elution volume: 22.5 – 31 mL. 
Determined �̅�𝑤 208.5 kDa, �̅�𝑛 118.5 kDa and �̅�𝑤/�̅�𝑛 1.76. 

 

 

Figure S76: 1H-NMR (600 MHz, D2O) of fraction 2 from P3 functionalized with Alex Fluor 488 showing the signals for the glycooligoamide 
enlarging the area from δ 4.2 to 2.4 ppm as well as the highlighted signals for the fluorophore. 
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Poly-NDS(1,3)Man(2)-3+Cys(1,7)-7 (P7a): 

 

 

Glycopolymer P7a was obtained in a yield of 64%. The anomeric proton of Mannose (A) could not be examined 
in 1H-NMR due to the overlaying signal from the residual solvent. 7.5% of remaining functional alkene group 
were determined from the 1H-NMR. The triplet with a chemical shift of δ 1.19 ppm (t, J = 7.1 Hz) indicates a 
desulfurization caused by a side reaction with TCEP. Signals with chemical shift of δ 8.07 – 8.01 (m), 7.77 – 7.72 
(m) and 7.66 – 7.56 (m) ppm are assumed to be recombination products with DMPA radicals. Stated amounts of 
protons correspond to one repeating unit of the polymer. 1H-NMR (300 MHz, D2O): δ 7.88 (s, 1H, i), 6.12 (s, end-
group, e), 4.67 – 4.59 (m, 2H, j), 4.52 – 4.40 (m, 2H, 2+8), 4.16 – 4.03 (m, 1H, k or k’), 3.98 – 3.88 (m, 1H, k or 
k’), 3.88 – 3.84 (m, 1H, B), 3.79 – 3.55 (m, 50H, 5+6+12+16+F+F’+C+D), 3.53 – 3.27 (m, 48H, 4+14+18+19), 
3.15 – 2.65 (m, 17H, 1+9+10+13+17+E+g+h), 2.65 – 2.44 (m, 32H, 7), 2.10 – 2.02 (m, 3H, 3), 2.01 – 1.88 (m, 
5H, 10+15 or 15’), 1.79 – 1.58 (m, 4H, 11), 1.46 – 1.25 (m, 2H, 15 or 15’) ppm. The assignment of the signals 
was performed according to the structural similarities with compound O1a and O7. 

MALDI-TOF-MS in reflector mode in a m/z range from 1000 to 4000:  
Disulfide from macromonomer O7 C58H103N13O23S2. (Monoisotopic mass 1413.7 g/mol): [(O7Disulfide)+Na]+ 
calcd. 1436.7, found 1436.6. 
For dimer O1a-O7 C121H196N28O43S2 (Monoisotopic mass 2793.3 g/mol): [(O1a-O7)+Na]+ calcd. 2816.3, found 
2816.2. 
 
MALDI-TOF-MS in linear mode in a m/z range from 2000 to 20000 with exemplary assignments for dimer, the 
two different trimers as well as the tetramer: 
For dimer O1a-O7 C121H196N28O43S2 (Monoisotopic mass 2793.3 g/mol): [(O1a-O7)+Na]+ calcd. 2816.3, found 
2818. 
For trimer O1a-O7-O1a C184H287N43O63S2 (Monoisotopic mass 4171.0 g/mol): [(O1a-O7-O1a)+Na]+ calcd. 
4194.0, found 4200. 
For trimer O7-O1a-O7 C179H301N41O66S4 (Monoisotopic mass 4201.0 g/mol): [(O7-O1a-O7)+Na]+ calcd. 4232.0, 
found 4235. 
For tetramer O7-O1a-O7-O1a C242H392N56O86S4 (Monoisotopic mass 5586.7 g/mol): [(O7-O1a-O7-O1a)+Na]+ 

calcd. 5609.7, found 5616. 
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Figure S77: 1H-NMR (300 MHz, D2O) of P7a showing the signals for the glycooligoamide enlarging the area from δ 4.2 to 2.4 ppm. 

 

 

Figure S78: MALDI-TOF-MS of polymer P7a in reflector mode in a m/z range of 1000-4000 using DHB as matrix in a compound to matrix 
ratio of 1:1. 
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Figure S79: MALDI-TOF-MS of polymer P7a in linear mode in a m/z range of 2000-20000 using DHB as matrix in a compound to matrix 
ratio of 1:10. 
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Poly-DDS(1,3)Man(2)-3+Cys(1,7)-7 (P7b): 

 

Glycopolymer P7b was obtained in a yield of 77%. The anomeric proton of Mannose (A) could not be examined 
in 1H-NMR due to the overlaying signal from the residual solvent. 10% of remaining functional alkene group were 
determined from the 1H-NMR. The triplet with a chemical shift of δ 1.19 ppm (t, J = 7.1 Hz) indicates a 
desulfurization caused by a side reaction with TCEP. Signals with chemical shift of δ 8.07 – 8.01 (m), 7.77 – 7.72 
(m) and 7.66 – 7.56 (m) ppm are assumed to be recombination products with DMPA radicals. Stated amounts of 
protons correspond to one repeating unit of the polymer. 1H-NMR (300 MHz, D2O): δ 7.88 (s, 1H, g), 5.95 – 5.79 
(m, end-group, c), 5.15 – 4.98 (m, end-group, d+d’), 4.69 – 4.60 (m, 2H, h), 4.53 – 4.42 (m, 2H, 2+8), 4.15 – 4.03 
(m, 1H, i or i’), 3.97 – 3.88 (m, 1H, i or i’), 3.88 – 3.84 (m, 1H, B), 3.80 – 3.56 (m, 44H, 5+6+F+F’+C+D), 3.55 
– 3.30 (m, 44H, 4+14+15), 3.13 – 2.71 (m, 9H, 1+9+E+f+e), 2.70 – 2.24 (m, 40H, 7+10+13), 2.06 (s, 3H, 3), 2.01 
– 1.92 (m, 3H, 16), 1.63 (s, 8H, 11+12) ppm. The assignment of the signals was performed according to the 
structural similarities with compound O1b and O7. 

MALDI-TOF-MS in reflector mode in a m/z range from 1000 to 4000:  
Remaining macromonomer O1b C49H81N13O16. (Monoisotopic mass 1107.6 g/mol): [O1a+Na]+ calcd. 1130.6, 
found 1130.6. 
Disulfide from macromonomer O7 C58H103N13O23S2. (Monoisotopic mass 1413.7 g/mol): [(O7Disulfide)+Na]+ 
calcd. 1436.7, found 1436.6. 
For dimer O1b-O7 C107H186N26O39S2 (Monoisotopic mass 2523.3 g/mol): [(O1b-O7)+Na]+ calcd. 2546.3, found 
2546.2. 
 
MALDI-TOF-MS in linear mode in a m/z range from 2000 to 20000 with exemplary assignments for dimer, the 
two different trimers as well as the tetramer: 
For dimer O1b-O7 C107H186N26O39S2 (Monoisotopic mass 2523.3 g/mol): [(O1b-O7)+Na]+ calcd. 2546.3, found 
2548. 
For trimer O1b-O7-O1b C156H267N39O55S2 (Monoisotopic mass 3630.9 g/mol): [(O1b-O7-O1b)+Na]+ calcd. 
3653.9, found 3658. 
For trimer O7-O1b-O7 C165H291N39O62S4 (Monoisotopic mass 3939.0 g/mol): [(O7-O1b-O7)+Na]+ calcd. 3962.0, 
found 3966. 
For tetramer O7-O1b-O7-O1b C214H372N52O78S4 (Monoisotopic mass 5046.6 g/mol): [(O7-O1b-O7-O1b)+Na]+ 

calcd. 5069.6, found 5075. 
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Figure S80: 1H-NMR (300 MHz, D2O) of P7b showing the signals for the glycooligoamide enlarging the area from δ 4.2 to 2.4 ppm. 

 

 

Figure S81: MALDI-TOF-MS of polymer P7b in reflector mode in a m/z range of 1000-4000 using DHB as matrix in a compound to matrix 
ratio of 1:1. 
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Figure S82: MALDI-TOF-MS of polymer P7b in linear mode in a m/z range of 2000-20000 using DHB as matrix in a compound to matrix 
ratio of 1:10. 
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Additional information about Con A binding studies 

Surface Plasmon Resonance direct binding assay 

For the investigation of binding affinities of the glycooligoamide – PEG multiblock copolymers towards ConA, a 
direct binding surface plasmon resonance assay with covalently immobilized Con A on a CM5 carboxymethyl 
dextran matrix sensor chip was performed which was based on the assay performed in previous studies by our 
group.8 Con A was immobilized using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and N-
hydroxysuccinimide (NHS) to 3145 response units (RU). The immobilization was performed in acetate buffer (pH 
4.5). The measurements were performed with a Biacore X100 instrument from GE Healthcare Life Sciences and 
sensorgrams were recorded with the Biacore X100 Control Software and evaluated with the Biacore X100 
Evaluation Software. 

As running buffer, LBB was used. Fraction 1 and 2 of glycooligoamide – PEG copolymers P1 – P4 as well as 
fraction 1, 2 and 3 of P5 and the negative control P6 were all injected at concentration of 20.0, 6.67, 2.22, 0.74 
and 0.25 µM, respectively. The flow rate was set to 15 µL/min and the contact and dissociation time were 360 and 
600 sec, respectively. In contrast to the previously performed SPR direct binding assay, single cycle experiments 
were performed, not regenerating the sensor chip after each ligands injection but after the injection of all 
concentrations. Regeneration of the sensor chip was performed by injection of 0.8 M αMeMan in LBB buffer at a 
flow rate of 10 µl/min and with a contact time of 30 sec. The regeneration step was performed twice to ensure 
complete dissociation of bound glycooligoamide – PEG copolymer. 

For all analyzed glycooligoamide – PEG copolymers, KD values were above the highest concentration injected. 
Unfortunately, it was not possible to inject higher concentration since only low amounts of final glycopolymers 
were isolated after the multiple purification steps. Besides the low concentrations, the SPR sensorgrams showed 
strong baseline drifts and unstable binding during the association phase for some of the analyzed structures. The 
drifts and unstable association seem to be related to the presence of the PEG(SH)2-6000 blocks within the 
structures. Similar sensorgrams were presented by the group of Fernandez-Megia also working with PEGylated 
glycomimetics.10 However, in their study a multi cycle SPR direct binding assay was performed and thus the 
baseline drift was not as pronounced as for the sensorgrams derived in this assay. Due to the baseline drift, 
sensorgrams were evaluated manually by determining the increase in RU values from the baseline just before an 
injection to the reached steady state after the injection of a multiblock glycopolymer, which are then plotted against 
the corresponding concentration. All structures show a rapid dissociation and thus a complete regeneration of the 
surface after an injection, which is required for the performed manual evaluation. The resulting saturation curve 
was fitted using a steady state model giving the dissociation constant KD and KA values (reciprocal value of KD). 
The manual data evaluation was only performed for structures showing a binding event for at least four of the 
injected concentrations (structures with less than four determined binding events are stated as n.d. in Table S8). 
The negative control P6 showed low binding to the Con A immobilized surface which is attributed to interactions 
of the PEG blocks, since no interaction was observed for an oligoamide based negative control in previous studies.8  
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Table S8: Manually determined RU of the reached equilibrium response after the injection of 20.0 – 0.25 µM of each glycooligoamide – PEG 
multiblock copolymer as well as the Rmax and resulting calculated KD and KA (per ligand and per Man) values. 

#P 
 

F 
 

Steady state response per injected ligand concentrationa) 

 
[RU] 

Rmax
a)

 

 
[RU] 

KD
a) 

 
[×10-6 M] 

KA
a) 

Per ligand 
[×103 M-1] 

KA
a) 

Per Man 
[M-1] 

 20.0 µM 6.67 µM 2.22 µM 0.74 µM 0.25 µM     

P1 
1 29.1 ± 0.3 10.8 ± 0.1 3.2 ± 0.2 - - - n.d.b) n.d.b) n.d.b) 

2 24.4 ± 2.0 8.3 ± 0.8 1.7 ± 0.4 - - - n.d.b) n.d.b) n.d.b) 

P2 
1 43.7 ± 1.2 17.9 ± 0.4 6.2 ± 0.2 1.9 ± 0.3 - 165.0 ± 17.2 55.5 ± 6.6 18.3 ± 2.1 41.5 ± 4.8 

2 28.0 ± 0.3 10.0 ± 0.3 2.7 ± 0.7 - - - n.d.b) n.d.b) n.d.b) 

P3 
1 55.4 ± 1.4 25.9 ± 0.6 12.6 ± 0.5 4.8 ± 0.2 2.4±0.1 112.9 ± 7.3 20.9 ± 1.7 48.1 ± 3.9 74.0 ± 5.9 

2 47.1 ± 1.2 20.5 ± 1.2 8.5 ± 0.3 3.5 ± 0.4 - 124.3 ± 2.0 33.0 ± 2.0 30.5 ± 1.9 62.2 ± 3.9 

P4 
1 38.4 ± 1.8 16.0 ± 0.3 6.0 ± 0.8 1.4 ± 0.4 - 130.4 ± 10.2 48.0 ± 6.4 21.2 ± 2.9 68.5 ± 9.3 

2 28.9 ± 1.3 10.1 ± 0.4 4.3 ± 0.3 - - - n.d.b) n.d.b) n.d.b) 

P5 

1 35.8 ± 0.9 15.7 ± 0.4 6.5 ± 0.6 1.7 ± 0.3 - 94.9 ± 3.7 33.0 ± 1.8 30.4 ± 1.7 89.3 ± 4.9 

2 32.6 ± 0.5 14.4 ± 0.4 5.8 ± 0.4 0.7 ± 0.1 - 90.3 ± 4.5 35.5 ± 3.4 28.4 ± 2.7 102 ± 9.6 

3 29.7 ± 1.2 13.2 ± 0.4 5.4 ± 0.3 1.2 ± 0.2 - 78.8 ± 7.5 32.9 ± 2.9 30.7 ± 2.7 146 ± 13 

P6 - 27.7 ± 0.7 9.1 ± 0.3 2.2 ± 0.3 - - - n.b.c) n.b.c) n.b.c) 

a) Errors in RU, Rmax, KD as well as KA refer to the standard deviation from two independent experiments 
performing a duplicate determination for all oligoamide – PEG multiblock copolymers included in the SPR assay. 
b) Not determined (n.d.) as less than four binding events were observed for the five concentrations injected for this 
sample. c) No binding (n.b.). 

 

Poly-NDS(1,3)Man(2)-3 (P1): 

 

Figure S83: Exemplary sensorgrams of a duplicate measurement from fraction 1 (left) and fraction 2 (right) of P1 which were injected at 
concentrations 0.25, 0.74, 2.22, 6.67 and 20.0 µM. 
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Poly-NDS(1,4)Man(2,3)-4 (P2): 

 

Figure S84: Exemplary sensorgrams of a duplicate measurement (left) and the equilibrium response as a function of concentration from fraction 
1 of P2 plotted using a steady state model (right). Experimental data from four consecutive measurements is plotted. The standard deviation is 
shown as error bar for each data point. Fraction 1 of P2 was injected at concentrations of 0.25, 0.74, 2.22, 6.67 and 20.0 µM. 

 

Figure S85: Exemplary sensorgrams of a duplicate measurement from fraction 2 of P2 which was injected at concentrations 0.25, 0.74, 2.22, 
6.67 and 20.0 µM. 
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Poly-NDS(1,5)Man(2,3,4)-5 (P3): 

 

Figure S86: Exemplary sensorgrams of a duplicate measurement (left) and the equilibrium response as a function of concentration from fraction 
1 of P3 plotted using a steady state model (right). Experimental data from four consecutive measurements is plotted. The standard deviation is 
shown as error bar for each data point. Fraction 1 of P3 was injected at concentrations of 0.25, 0.74, 2.22, 6.67 and 20.0 µM. 

 

 

Figure S87: Exemplary sensorgrams of a duplicate measurement (left) and the equilibrium response as a function of concentration from fraction 
2 of P3 plotted using a steady state model (right). Experimental data from four consecutive measurements is plotted. The standard deviation is 
shown as error bar for each data point. Fraction 2 of P3 was injected at concentrations of 0.25, 0.74, 2.22, 6.67 and 20.0 µM. 
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Poly-NDS(1,8)Man(2,7)-8 (P4): 

 

Figure S88: Exemplary sensorgrams of a duplicate measurement (left) and the equilibrium response as a function of concentration from fraction 
1 of P4 plotted using a steady state model (right). Experimental data from four consecutive measurements is plotted. The standard deviation is 
shown as error bar for each data point. Fraction 1 of P4 was injected at concentrations of 0.25, 0.74, 2.22, 6.67 and 20.0 µM. 

 

Figure S89: Exemplary sensorgrams of a duplicate measurement from fraction 2 of P4 which was injected at concentrations 0.25, 0.74, 2.22, 
6.67 and 20.0 µM. 
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Poly-NDS(1,13)Man(2,7,12)-13 (P5): 

 

Figure S90: Exemplary sensorgrams of a duplicate measurement (left) and the equilibrium response as a function of concentration from fraction 
1 of P5 plotted using a steady state model (right). Experimental data from four consecutive measurements is plotted. The standard deviation is 
shown as error bar for each data point. Fraction 1 of P5 was injected at concentrations of 0.25, 0.74, 2.22, 6.67 and 20.0 µM. 

 

Figure S91: Exemplary sensorgrams of a duplicate measurement (left) and the equilibrium response as a function of concentration from fraction 
2 of P5 plotted using a steady state model (right). Experimental data from four consecutive measurements is plotted. The standard deviation is 
shown as error bar for each data point. Fraction 2 of P5 was injected at concentrations of 0.25, 0.74, 2.22, 6.67 and 20.0 µM. 

 

Figure S92: Exemplary sensorgrams of a duplicate measurement (left) and the equilibrium response as a function of concentration from fraction 
3 of P5 plotted using a steady state model (right). Experimental data from four consecutive measurements is plotted. The standard deviation is 
shown as error bar for each data point. Fraction 3 of P5 was injected at concentrations of 0.25, 0.74, 2.22, 6.67 and 20.0 µM. 
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Poly-NDS(1,3)-3 (P6): 

 

Figure S93: Exemplary sensorgrams of a duplicate measurement from P6 which was injected at concentrations 0.25, 0.74, 2.22, 6.67 and 
20.0 µM. 
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Soft Colloidal Probe – Reflection Interference Contrast Microscopy adhesion reduction assay 

Immobilization of Con A to glass surface 

Con A was bound to the glass surface by physical absorption. Briefly, IBIDI glass slides were cleaned and 
activated by UV ozone cleaner for 30 min. Immediately the Con A solution (0.2 mg/mL, prepared one day in 
advance) in LBB buffer pH 7.4 was added (190 µL for each vial). The slide was placed on a shaker for 60 min 
followed by solution exchange. Therefore, each slide was placed twice in beakers containing 150 mL LBB for 
60 sec each time. Subsequently, the solution was exchanged a last time by removing the solvent with an Eppendorf 
pipette and immediately adding 190 µL of the measuring solution into the vial. 

SCP – RICM measurements 

RICM was performed on an IX 73 inverted microscope from Olympus to obtain the contact area between the SCPs 
and the glass coverslip surfaces. For illumination, an Hg-vapour arc lamp was used with a green monochromator 
(546 nm). An UPlanFL N 60×/0.90 dry objective from Olympus and an uEye digital camera from IDS Imaging 
Development Systems GmbH were used to image the RICM patterns. To conduct the JKR measurements of the 
adhesion energies, both the contact radius and the particle radius were measured. Images with RICM patterns were 
read out using self-written image analysis software, contact areas and particle profiles were evaluated using 
scripted peak finding algorithms from IgorPro Wavemetrics. For further information about the calculation of the 
surface adhesion of the SCPs see previously published work.11, 12 

General procedure of the SCP – adhesion assay  

To the protein functionalized glass slides covered with measurement solution, 10 µL SCP dispersion 
(approximately 1 mg/mL) were added. After 30 min, the SCPs were studied by an inverted reflection interference 
microscope to determine the contact area between the SCPs and the glass slides. For each sample, 20 SCPs 
interference patterns were recorded and the measurements were repeated two more times on other glass surfaces. 

Next, 100 µL of a stock solution (66 µM prepared in LBB) of fraction 1 of glycooligoamide – PEG copolymers 
P1 – P4 as well as fraction 1, 2 and 3 of P5 and the negative control P6 were added to the measurement vial to 
give a 22 µM inhibitor concentration. After reaching an equilibrium at 60 min, the contact area of the SCPs were 
determined again and the reduction to the previously determined surface adhesion was calculated giving the 
adhesion reduction in % for each of the oligoamide – PEG copolymers included in the assay. 
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Table S9: Determined surface adhesions of Man-functionalized SCP to three independent Con A functionalized glass slides prior to inhibition 
and after inhibition with 22 µM of each glycooligoamide – PEG multiblock copolymer as well as the remaining surface adhesion after inhibition 
in %, the average of the three measurements and the resulting adhesion reduction in %. 

Polymer 
 

F. 
 

Glass slide 
 

Surface adhesion [µJ/m2] Remaining 
adhesion 

[%] 

Averageb) 

 
[%] 

Adhesion 
reductionb) 

[%] Not inhibiteda) 22 µM of inhibitora) 

P1 1 

1 279 ± 7 213 ± 4 76.3 

80.3 ± 3.3 19.7 ± 3.3 2 244 ± 6 206 ± 11 84.4 

3 255 ± 10 204 ± 10 80.0 

P2 1 

1 273 ± 8 163 ± 5 59.7 

60.4 ± 3.2 39.6 ± 3.2 2 273 ± 13 155 ± 7 56.8 

3 260 ± 10 168 ± 11 64.6 

P3 1 

1 245 ± 7 148 ± 8 60.4 

57.5 ± 3.9 42.5 ± 3.9 2 265 ± 8 159 ± 14 60.0 

3 294 ± 7 153 ± 13 52.0 

P4 1 

1 281 ± 7 199 ± 7 70.8 

69.9 ± 2.0 30.1 ± 2.0 2 272 ± 6 195 ± 8 71.7 

3 258 ± 8 173 ± 8 67.1 

P5 

1 

1 279 ± 7 200 ± 7 71.7 

66.8 ± 3.7 33.2 ± 3.7 2 229 ± 6 151 ± 7 65.9 

3 261 ± 6 164 ± 11 62.8 

2 

1 293 ± 9 205 ± 7 70.0 

71.3 ± 4.1 28.7 ± 4.1 2 228 ± 6 153 ± 6 67.1 

3 238 ± 9 183 ± 9 76.9 

3 

1 282 ± 6 206 ± 7 73.0 

74.0 ± 4.3 26.0 ± 4.3 2 208 ± 6 144 ± 9 69.2 

3 221 ± 8 176 ± 10 79.6 

P6 - 

1 294 ± 9 278 ± 10 94.6 

97.2 ± 2.4 2.8 ± 2.4 2 232 ± 8 233 ± 10 100.4 

3 231 ± 12 223 ± 7 96.5 

a) Errors in the surface adhesion of the SCP at non inhibited and inhibited stated refer to the standard deviation 
from 20 separately analyzed SCPs. b) Errors in the average value of the reduction of the surface adhesion as well 
as the adhesion reduction refer to the standard deviation from three independent experiments for all oligoamide – 
PEG multiblock copolymers included in the SCP – adhesion assay. 
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Materials: 

Dimethyl sulfoxide (DMSO) (≥ 99.9%), 2,2-dimethoxy-2-phenylacetophenone (DMPA) (99%), diethyl ether 
(with BHT as inhibitor, ≥ 99.8%), triisopropylsilane (TIPS) (98%) and acetic acid (99.8%) were all purchased 
from Sigma-Aldrich. N,N-Diisopropylethylamine (DIEA) (≥ 99%) and tris(2-carboxyethyl)phosphine 
hydrochloride (TCEP) (≥ 98%) were purchased by Carl Roth. Methanol (100%) and acetic anhydride (99.7%) 
were purchased from VWR BDH Prolabo Chemicals. Dimethylformamide (DMF) (99.8%, for peptide synthesis) 
and piperidine (99%) were purchased Acros Organics. Dichloromethane (DCM) (99.99%) and sodium chloride 
(99.98%) were purchased from Fisher Scientific. Tentagel S RAM (Rink Amide) resin (Capacity 0.25 mmol/g) 
was purchased from Rapp Polymere. Trifluoroacetic acid (TFA) (99%) and (Benzotriazol-1-
yloxy)tripyrrolidinophosphonium hexafluorophosphate (PyBOP) were purchased from Fluorochem. N-α-(9-
Fluorenylmethyloxycarbonyl)-L-glycine (Fmoc-L-Gly-OH) (99.9%), N-α-(9-fluorenylmethyloxycarbonyl)-L-
leucine (Fmoc-L-Leu-OH) (99.8%), N-α-(9-fluorenylmethyloxycarbonyl)-N-im-(t-butyloxycarbonyl)-L-histidine 
cyclohexylamine (Fmoc-L-His(Boc)-OH*CHA) (98.9%), N-α-(9-fluorenylmethyloxycarbonyl)-L-phenylalanine 
(Fmoc-L-Phe-OH) (99.9%), N-α-(9-fluorenylmethyloxycarbonyl)-N-ε-t-butyloxycarbonyl-L-lysine (Fmoc-L-
Lys(Boc)-OH) (99.9%), N-α-(9-fluorenylmethyloxycarbonyl)-O-t-butyl-L-serine (Fmoc-L-Ser(tBu)-OH) (99.9%), 
N-α-(9-fluorenylmethyloxycarboxyl)-S-trityl-L-cysteine (Fmoc-L-Cys(Trt)-OH) (99.9%) were purchased from Iris 
Biotech. AG ® 1-X8 Anion Exchange Resin, analytical grade, 100–200 mesh, acetate form was purchased from 
Bio Rad. Vivaspin 6 and 20 ultrafiltration concentrators with MWCO of 2kDa and 10 kDa were purchased from 
VWR. Water was purified with a Milli-Q system (Millipore) obtaining a final resistivity of 18 MΩcm. 

 

Instrumentation 

Peptide Synthesizer 

The majority of the sequence of macromonomers 2 and 3 was synthesized on an automated peptide synthesizer 
CS136X from CS Bio. 

Nuclear Magnetic Resonance spectroscopy (NMR) 
1H NMR (600 MHz) spectra was recorded on a Bruker AVANCE III - 600. Chemical shifts of all NMR spectra 
were reported in delta (δ) expressed in parts per million (ppm). The signal of residual solvent was used as internal 
standard (δ 4.79 ppm for D2O and δ 2.50 ppm for DMSO-d6). The following abbreviations are used to indicate the 
multiplicities: s, singlet; d, doublet; dd, doublet of doublets; m multiplet. All measurements were performed at 
25 °C if not stated otherwise. 

 

 



S2 
 

Reversed Phase - High Pressure 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 an m/z range of 200 to 2000). As HPLC column a MZ-Aqua Perfect C18 
(3.0×50 mm, 3 µm) RP Column from MZ Analysetechnik 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. 

Preparative Reversed Phase – High Pressure Liquid Chromatography (Preparative RP-HPLC) 

For the purification of the glycooligomers an Agilent 1260 Infinity instrument coupled to a variable wavelength 
detector (VWD) (set to 214 nm) and an automated fraction collector (FC) was used. For the purification of the 
glycooligomers as RP-HPLC column a CAPCELL PAK C18 (20×250 mm, 5 µm) was used. The mobile phases 
A and B were H2O and ACN, respectively. The flow rate was set to 20 ml/min. 

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. 

Matrix-Assisted Laser Desorption Ionization- Time Of Flight – Mass Spectrometry (MALDI-TOF-MS) 

MALDI-TOF-MS analysis was performed using a Bruker MALDI-TOF Ultraflex I system with 2,5-
dihydroxybenzoic acid (DHB) as matrix. The ratio of matrix to compound was 10:1. Spectra were acquired in both 
linear, for an m/z range of 1000-4000, and reflector mode for an m/z range 2000-20000. The reflector mode was 
calibrated using a protein mixture whereas the linear mode was not calibrated. 

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× 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 0.8 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 poly/oligoamides. 

UV-lamp for cleavage of photolabile protecting group 

For cleavage experiments of the photolabile protecting group, a LUMOS 43 from Atlas Photonics with an UV-
LED and NMR tube holder was used. A wavelength of 385 nm was adjusted. 

UV-lamp for polymerization 

A TQ150 Hg medium pressure UV lamp from Haraeus Nobellight GmbH with a quartz glass immersion and 
cooling tube from Peschl Ultraviolet GmbH was used for thiol-ene click reactions. 

Freeze dryer 

The final oligomers and polymers were freeze dried with an Alpha 1-4 LD plus instrument from Martin Christ 
Freeze Dryers GmbH. The Main Drying method was set to -42 °C and 0.1 mbar. 
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Synthetic procedures 
3,4-Methylenebisoxy-6-nitrobenzyl-1-bromid synthesis 

The nitrobenzyl derivative, 3,4-methylenebisoxy-6-nitrobenzyl (MBNB) bromide, was synthesized according to a 
previously published procedures.[1] 

Building block synthesis 

Synthesis of building blocks DDS[2], EDS[3] and NDS[4] were reported earlier. 

Solid phase synthesis protocols 

Oligomer 1 and macromonomers 2 and 3 were synthesized in a batch size of 0.15 and 0.3 mmol, respectively. 
Oligomer 1 as well as the coupling of the Cys moiety and the introduction of the photolabile protecting group were 
performed by hand coupling in a syringe reactor (15 mL for oligomer 1 and 25 mL for macromonomers 2 and 3). 
The remaining amino acids and building blocks of macromonomers 2 and 3 were coupled using an automated 
peptide synthesizer. 

As resin a commercially available Tentagel S RAM (Rink Amide) resin with a capacity of 0.25 mmol/g was used. 
The general procedures for the solid phase synthesis were reported earlier.[4, 5] All oligoamides were purified using 
an anion exchange resin as described by Cintrat, Fay and co-workers[6] followed by preparative HPLC. 

MBNB protecting group removal 

For the MBNB cleavage experiments, 3.5 µmol of oligomer 1 were dissolved in 700 µL deuterated DMSO or 
water, transferred into a NMR tube and irradiated for 90 min with an UV-LED (385 nm) or an medium pressure 
mercury UV (365 nm) lamp. A 1H NMR spectrum was recorded prior as well as after UV irradiation to monitor 
the MBNB cleavage. From the test experiment in D2O using the UV-LED lamp, the MBNB cleavage was 
additionally monitored by LC-MS. 

Two-step polymerization procedure of macromonomer 3 

In the two-step polymerization procedure of macromonomer 3, first 10 µmol of 3 were dissolved in 700 µL D2O, 
transferred to an NMR tube and irradiated for a total of 5 h using the UV-LED lamp. Subsequently, the material 
was collected and incubated with a solution of TCEP (2 equiv) overnight to reduce formed disulfide linkages. 
After the disulfide reduction, excessive reducing agent as well as low molecular weight nitroso compounds were 
removed by ultrafiltration (MWCO 2 kDa). Macromonomer 3 with the liberated thiol group was rapidly washed 
with degassed water to prevent subsequent oxidation to disulfides and freeze-dried in the polymerization reaction 
vessel. The following polymerization was performed with previously optimized reaction conditions.[5] Briefly, the 
freshly freeze-dried macromonomer 3 (10 µmol) was irradiated for 60 min using the medium pressure Hg lamp 
under the presence of 1 equiv of the photoinitiator DMPA as well as 0.01 equiv of the reducing agent TCEP in 
200 µL of a DMSO/H2O mixture (9/1). 
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Poly(CG-EDS-LH-EDS-PS-EDS-KS-EDS-EDS-NDS) (Polymer 4): 
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Isolated polymer directly after the polymerization: 

Polymer 4 was obtained in a yield of 86% (22.2 mg). 25% of remaining reactive alkene end-group were 
determined. Signals with chemical shift of δ 8.07 – 7.99 (m), 7.98 – 7.91 (m) and 7.62 – 7.47 (m) ppm are assumed 
to be recombination products with DMPA radicals. Signals with chemical shift of δ 2.25 – 2.07 (m) were not able 
to be assigned. Stated amounts of protons correspond to one repeating unit of the polymer. 1H NMR (600 MHz, 
D2O): δ 8.63 (s, 1H, 15), 7.42 – 7.09 (m, 6H, 14+18+19+20), 6.13 (s, 1H, end-group, 39), 4.71 – 4.63 (m, 1H, 12), 
4.61 – 4.54 (m, 1H, 16), 4.52 – 4.46 (m, 1H, 2), 4.44 – 4.36 (m, 2H, 21), 4.35 – 4.26 (m, 2H, 8+23), 4.03 – 3.92 
(m, 2H, 22 or 22’), 3.92 – 3.81 (m, 2H, 3), 3.80 – 3.73 (m, 2H, 22 or 22’), 3.72 – 3.53 (m, 43H, 6+7+31+33), 3.52 
– 3.24 (m, 30H, 5+28+29+32), 3.22 – 2.66 (m, 10H, 1+13+17+27+34+35), 2.65 – 2.43 (m, 26H, 4+30), 2.01 – 
1.95 (m, 3H, 38), 1.93 – 1.25 (m, 12H, 9+10+24+25+26+36+37+37’), 0.99 – 0.88 (m, 3H, 11 or 11’), 0.88 – 0.77 
(m, 3H, 11 or 11’) ppm. The assignment of the signals was performed according to the structural similarities with 
compound 3 as well as the implementation of 1H-1H-COSY experiments (data not shown). 

GPC-RI-LS: 𝑀𝑀�𝑤𝑤 25.4 kDa, 𝑀𝑀�𝑛𝑛 18.2 kDa, 𝑀𝑀�𝑤𝑤/𝑀𝑀�𝑛𝑛 1.5. 

MALDI-TOF-MS in reflector mode in an m/z range from 1000 to 4000: 
For remaining macromonomer 3 or its cyclic from C110H178N26O36S. (Monoisotopic mass 2471.3 g/mol): [3+H]+ 
calcd. 2472.3, found 2472.2; [3+Na]+ calcd. 2494.3, found 2494.3; [3+K]+ calcd. 2510.2, found 2510.3. 

MALDI-TOF-MS in linear mode in an m/z range from 2000 to 20000 with exemplary assignments for remaining 
monomer 3 or its cyclic form, the dimer as well as trimer: 
For remaining monomer 3 or its cyclic form C110H178N26O36S (Monoisotopic mass 2471.3 g/mol): [2+Na]+ calcd. 
2494.3, found 2495. 
For dimer 3-3 C220H356N52O72S2 (Monoisotopic mass 4942.5 g/mol): [(3-3)+Na]+ calcd. 4965.5, found 4972. 
For trimer 3-3-3 C330H534N78O108S3 (Monoisotopic mass 7413.8 g/mol): [(3-3-3)+Na]+ calcd. 7436.8, found 7461. 
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6 Appendix 

6.1 List of abbreviations 

General abbreviations 

Abbreviation Definition 
  

calcd. Calculated 
CRD carbohydrate recognition domain 
DNA deoxyribonucleic acid 
e.g. exempli gratia (for example) 
et al. et alteri (and others) 
LBB lectin binding buffer 
MAH molecule-assisted homolysis 
MWCO molecular weight cut off 
RNA ribonucleic acid 
rpm rounds per minute 
RT room temperature 
RU response unit 
UV ultraviolet 
UV-LED ultraviolet light emitting diode 
vs. versus 
  
Chemicals 

Abbreviation Trivial or IUPAC name 
  

ACN acetonitrile 
Alloc allyloxycarbonyl 
BOP 
 

benzotriazol-1-yl-oxy-tris-(dimethylamino)-phosphonium 
hexafluorophosphate 

Ca2+ divalent calcium cation 
CaCl2 calcium chloride 
CDCl3 deuterated chloroform 
Con A Concanavalin A 
Cu copper 
CuSO4 copper sulfate 
D2O deuterium oxide 
DABCO 1,4-diazabicyclo[2.2.2]octane 
DCC N,N’-dicyclohexylcarbodiimide 
DCM dichloromethane 
DHB 2,5-dihydroxybenzoic acid 
DIC N,N’-diisopropylcarbodiimide 
DIEA N,N-diisopropylethylamine 
DMF dimethylformamide  
DMPA 2,2-dimethoxy-2-phenylacetophenone 
DMSO dimethyl sulfoxide 
DMSO-d6 deuterated dimethyl sulfoxide 
DMT dimethoxytrityl 
DVB divinylbenzene 
EDC 1-ethyl-3-(3- dimethylaminopropyl)carbodiimide 
EtOAc ethyl acetate  
EtOTFA ethyl trifluoroacetate  
Fmoc fluorenylmethyloxycarbonyl 
FmocCl fluorenylmethyloxycarbonyl chloride 
Fmoc-L-Cys(Trt)-OH N-α-(9-fluorenylmethyloxycarboxyl)-S-trityl-L-cysteine 

Fmoc-L-Gly-OH N-α-(9-fluorenylmethyloxycarbonyl)-L-glycine 
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Fmoc-L-His(Boc)-OH*CHA 
 

N-α-(9-fluorenylmethyloxycarbonyl)-N-im-(t-
butyloxycarbonyl)-L-histidine cyclohexylamine 

Fmoc-L-Leu-OH N-α-(9-fluorenylmethyloxycarbonyl)-L-leucine 
Fmoc-L-Lys(Boc)-OH 
 

N-α-(9-fluorenylmethyloxycarbonyl)-N-ε-t-
butyloxycarbonyl-L-lysine 

Fmoc-L-Phe-OH N-α-(9-fluorenylmethyloxycarbonyl)-L-phenylalanine 
Fmoc-L-Ser(tBu)-OH N-α-(9-fluorenylmethyloxycarbonyl)-O-t-butyl-L-serine 

H2O water 
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
HF hydrofluoric acid 
Hg mercury 
HOBt hydroxybenzotriazole 
iPr3SiH triisopropyl silane 
K2CO3 potassium carbonate 
MBNB 3,4-methylenebisoxy-6-nitrobenzyl 
MeOH methanol 
Mn2+ divalent manganese cation 
MnCl2 manganese(II) chloride 
Na2SO4 sodium sulfate 
NaCl sodium chloride 
NaH2PO4 sodium dihydrogen phosphate 
NaHCO3 sodium hydrogen carbonate 
NaN3 sodium azide 
NEM N-ethylmaleimide 
NEt3 triethylamine 
NHS N-hydroxysuccinimide 
PEG poly(ethylene glycol) 
PEG(SH)2 dithiol-poly(ethylene glycol) 
PEG(SH)2-6000 dithiol-poly(ethylene glycol) with a �̅�𝑛 of 6000 Da 
PEG-100000 poly(ethylene glycol) with a �̅�𝑛 of 100000 Da 
PyBOP 
 

benzotriazol-1-yl-oxy-tris-(pyrrolidino)-phosphonium 
hexafluorophosphate 

t-Boc / Boc tert-butyloxycarbonyl 
tBu tert-butyl 
TCEP tris(2-carboxyethyl)phosphine hydrochloride 
TEA triethylamine 
TFA trifluoroacetic acid 
THF tetrahydrofuran 
TIPS triisopropylsilane 
Trt trityl 
TrtCl trityl chloride 
WGA wheat germ agglutinin 
  
Building blocks 
Abbreviation Definition 
  

ADS Alloc – Diethylenetriamine – Succinic acid 
BADS Benzyl Azide – Diethylenetriamine – Succinic acid 
BDS Boc – Diethylenetriamine – Succinic acid 
DDS Double bond − Diethylenetriamine − Succinic acid 
EDS Ethylene glycol – Diamine – Succinic acid 
MDS Methyl succinyl – Diethylenetriamine − Succinic acid 
NDS Norbornene – Diethylenetriamine − Succinic acid 
ODS Octyl – Diamine – Succinic acid 
SDS Short – Diamine – Succinic acid 
TDS Triple bond − Diethylenetriamine − Succinic acid 
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Monosaccharides 
Abbreviation Trivial name 
  

αMeMan methyl-α-D-mannopyranoside 
Fuc α-L-fucose 
Gal D-galactose 
GalNAc D-N-acetylgalactosamine 

Glc α-D-glucopyranoside / D-glucose 

GlcA D-glucuronic acid 

GlcNAc N-acetylglucosamine 
IdoA α-L-iduronic acid 

Man α-D-mannopyranoside / D-mannose 
Neu5Ac N-acetylneuraminic acid 
Xyl D-xylose 

  
Amino acids  
One letter code / Three letter code Trivial name 
  

C / Cys L-cysteine 
F / Phe L-phenylalanine  
G / Gly L-glycine 
H / His L-histidine 
K / Lys L-lysine 
L / Leu L-leucine 
P / Pro L-proline 
S / Ser L-serine 
  
Methods and instruments  
Abbreviation Definition 
  

13C carbon wit 13 atomic mass units 
1H hydrogen with 1 atomic mass unit 
ATRP atom transfer radical polymerization 
COSY correlation spectroscopy 
CRP controlled radical polymerization 
CuAAC copper (I) mediated azide-alkyne cycloaddition 
ESI electrospray ionization 
ESI+ electrospray ionization in positive operating mode 
FC fraction collector 
GPC-RI-LS 
 

gel permeation chromatography – refractive index –light 
scattering 

HPLC high pressure liquid chromatography 
HR-ESI-MS high resolution – electrospray ionization – mass spectrometry 
IEG iterative exponential growth 
ITC isothermal titration calorimetry 
JKR Johnson−Kendall−Roberts model 
LC-MS / LC/MS liquid chromatography – mass spectrometry 
MALDI-TOF matrix-assisted laser desorption ionization – time of flight 
NMP nitroxide mediated polymerization 
NMR nuclear magnetic resonance 
Q-TOF quadrupole – time of flight 
RAFT reversible addition-fragmentation chain transfer 
RICM reflection interference contrast microscopy 
ROMP ring opening metathesis polymerization 
ROP ring opening polymerization 
RP-HPLC reverse phase – high pressure liquid chromatography 
SCP soft colloidal probe 
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SCP-RICM 
 

soft colloidal probe − reflection interference contrast 
microscopy 

SFRP stable free radical polymerization 
SM-AFM single molecule atomic force microscopy 
SPPS solid phase peptide synthesis 
SPR surface plasmon resonance 
SPS solid phase synthesis 
TEC thiol-ene click / thiol-ene coupling 
UHR-MS ultra high resolution – mass spectrometry 
VWD variable wavelength detector 
  
Measurement parameters, units and symbols 
Abbreviation Definition 
  

% percent 
°C degrees Celsius 
µJ/m2 microjoule per square meter 
µL microliter 
µL/min microliter per minute 
µM micromolar (micromole per liter) 
µm micrometer 
µmol micromole 
1/(conc. ½TMax) reciprocal value of conc. ½TMax 
Å ångström (10-10 meter) 
a. u.  arbitrary unit 
cm centimeter 
conc. ½TMax concentration required for reaching the half-maximal turbidity 
d doublet 
Da dalton 
dd doublet of doublets 
dn/dc refractive index increment 
dRI refractive index change 
dt doublet of triplets 
equiv /eq equivalent 
ε molar attenuation coefficient 
g gram 
h hour 
Hz hertz 𝐼𝐶50  half maximum inhibitory concentration 
J coupling constant 𝐾𝐴  binding constants 𝐾𝐷  dissociation constant 𝑘𝐶𝑇  chain transfer rate constant 𝑘𝑖  rate of precipitation 𝑘𝑜𝑓𝑓  dissociation rate constants 𝑘𝑜𝑛  association rate constants 𝑘𝑝  propagation rate constant 
kDa kilodalton 
L/(mol·cm) liter per mole centimeter 
M molar (mole per liter) 
m multiplet 
m/z mass per charge ratio 
mAu milliabsorption units 
mbar millibar 
mg milligram 
mg/mL milligram per milliliter 
MHz megahertz 
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min minute 
mL milliliter 
mL/g milliliter per gram 
mL/min milliliter per minute 
mm millimeter 
mM millimolar (millimole per liter) 
mmol millimole 
mmol/g millimole per gram �̅�𝑛  number average molecular weight 
mol% mole percent 
MW Molecular weight 
mW milliwatt �̅�𝑤  mass average molecular weight �̅�𝑤/�̅�𝑛  molecular weight distribution 
MΩcm megaohm centimeter 
N normality / equivalent concentration 
N (Man) number of α-D-mannopyranoside moieties 
n.b. no binding 
n.d. not determined 
n.m. not measured 
n.p. no precipitation 
nm nanometer 
Ø average 
pg picogram 
ppm parts per million 𝑅ℎ  hydrodynamic radius 𝑅𝑔  radius of gyration 
Rmax maximal response 
Rmax/2 half maximal response 
s (NMR) singlet 
s (time unit) second 
t triplet 
t½ time needed reaching half maximal precipitation 
tR retention time 
vol% volume percent �̅�𝑛  degree of polymerization 
δ chemical shift 
ΔG Gibbs free energy change 
ΔH molar enthalpy change 
ΔS entropy change 
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6.2 List of figures 

Figure 1: Schematic overview of different synthetic approaches towards sequence-controlled polymers 
using monodisperse precision macromonomers derived from solid phase synthesis. Showing in A) the 
concept of a stepwise monomer assembly by solid phase synthesis using tailor-made building blocks, 
B) an AA/BB approach using two homofunctionalized macromonomers, C) an AA/BB approach using 
one homofunctionalized macromonomer as well as a homofunctionalized poly(ethylene glycol), D) an 
AB approach using one heterofunctionalized macromonomer. IV 

Figure 2: Adapted and modified from Jean-Francois Lutz12, showing three different approaches for the 
synthesis of polymers: Chain-growth polymerization methods (top), step-growth polymerization 
methods (center) and multistep-growth coupling here shown on a solid support (bottom) as well as 
accessible molecular weight distributions and sequential monomer arrangements for each approach. 2 

Figure 3: Schematic illustration of a C-terminal anchored peptide on a solid support with side chain 
protecting groups as well as a coupling of an N-terminal protected amino acid. Exemplary structures of 
widely used resins, linkers, protecting groups and coupling reagents are shown. 7 

Figure 4: Examples from the current library of tailor-made building blocks for solid phase synthesis 
from the group of Hartmann showing functional (left) as well as spacing (right) building blocks. The 
essential carboxylic acid and Fmoc group for solid phase synthesis are highlighted in red and green, 
respectively. The centered diethylenetriamines for the functional as well as the different name-giving 
diamines for the spacing building blocks are highlighted in blue. 12 

Figure 5: Structures of different reactive alkene moieties, either electron rich or stained alkenes for 
radical-mediated thiol-ene coupling112 (left) or electron deficient alkenes for thiol-Michael 
addition113 (right). 17 

Figure 6: Structures of the ten most abundant monosaccharides in mammalian cell surfaces 
oligosaccharides relevant in carbohydrate – proteins interactions for cell communication, cell adhesion, 
signal transduction and pathogen recognition processes. The abundance of each monosaccharide as 
determined by the group of Seeberger is stated.143 Besides their structures also their common 
abbreviation and their symbols as defined by the Consortium for Functional Glycomics are given. 20 

Figure 7: A): Schematic illustration of a cell membrane out of a phospholipid bilayer containing 
cholesterol and membrane proteins as well as exposed carbohydrates fixed in the membrane in terms of 
glycolipids or glycoproteins which assemble the glycocalyx. The interactions of a virus and a bacteria 
via cell surface carbohydrates with lectin receptors of the pathogens is also shown. B): Electron 
microscope image of a stained glycocalyx of an erythrocyte.146 21 

Figure 8: Crystal structure of Con A with its four subunits highlighted in different colors, showing one 
methyl-α-D-mannopyranoside as well as one calcium and one manganese cation coordinated to each of 
the four carbohydrate recognition domains (left).165, 166 A close up of one CRD with the three coordinated 
compounds (center)165, 166 as well as the coordination of the monosaccharide binding ligand on a 
molecular level with formed hydrogen bonds towards amino acids residues, solvent molecules and the 
cations (right)165 are also shown. 23 

Figure 9: Schematic illustration of the four possible binding mechanisms during the interaction of a 
multivalent carbohydrate ligand with a lectin receptor containing multiple CRD on the example of 
tetravalent Con A and a trivalent mannoside ligand. 25 

Figure 10: Concept of glycomimetics, exchanging the complex oligosaccharide scaffold of a natural 
carbohydrate ligand by an artificial polymeric scaffold which carries the smallest carbohydrate binding 
motif. Here a heteromultivalent linear glycopolymer is shown, carrying higher and lower affinity 
carbohydrate moieties. 26 

Figure 11: Examples for glycomimetics showing: Left) Glycodendrimers mimicking the branched 
antennary structures of a natural oligosaccharide. Right) Linear, brush and star glycopolymers 
presenting only the most exposed saccharides of a natural oligosaccharide on an artificial scaffold. 
Bottom) Glycoparticles and functionalized surfaces mimicking entire cells and their glycocalyx. 27 
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Figure 12: Overview of an SPR sensorgram obtained from a direct binding SPR assay with surface 
immobilized lectin receptors injecting glycomimetics in the liquid phases passing over the 
functionalized surface. Association (blue), steady state (black) and dissociation phase (red) of the 
sensorgram are assigned. 30 

Figure 13: A) Reaction overview of the step-growth polymerization via thiol-ene coupling using two 
macromonomers with five central EDS spacing building blocks, one containing two terminal thiol 
groups (Cys(1,7)-7) and the other two terminal alkene moieties (DDS(1,7)-7). B) Overview of the 
achieved �̅�𝑤, �̅�𝑛, �̅�𝑤/�̅�𝑛 and �̅�𝑛 after varying the DMPA as well as the TCEP concentration during 
the TEC polymerization. C) GPC-RI-LS data from the analysis of the multiblock polymer with the 
highest achieved �̅�𝑛 during method development and its corresponding precursor macromonomers. 
Columns: Suprema Lux (2 × 100 and 1000 Å). Buffer: 50 mM NaH2PO4, 150 mM NaCl, 250 ppm of 
NaN3 (pH 7.2), 30% ACN. Flow: 1 mL/min. 35 

Figure 14: Overview of formed compounds using the example of the glyco(oligoamide) – PEG 
multiblock copolymer obtained after polymerizing a trivalent glyco(oligoamide) with PEG(SH)2-6000 
as well as the separation of the two impurities applying different purification procedures. The 
purification procedures are illustrated schematically and the separation of a specific species is stated. 
Exemplary GPC-RI-LS elugrams after each purification step are shown. A) Structure of desired product 
(1) as well as the two major side products (2 + 3) and GPC elugram (black) as well as the molecular 
weight plot (blue). B) Illustration of purification by affinity chromatography and GPC elugrams after 
the washing (red) and elution (blue) process. C) Illustration of fractionation procedure by preparative 
GPC and GPC elugrams of the three separated fractions 1, 2 and 3 (blue, green and red). D) Illustration 
of disulfide reduction and thiol capping procedure and GPC elugram of the final purified 
glyco(oligoamide) – PEG multiblock copolymer (blue). GPC-RI-LS setup: Columns: Suprema Lux (2 
× 100 and 1 × 1000 Å). Buffer: 50 mM NaH2PO4, 150 mM NaCl, 250 ppm of NaN3 (pH 7.2), 30% 
ACN. Flow: 0.8 mL/min. Adapted with permission from C. Gerke, F. Jacobi, L. E. Goodwin, F. Pieper, 
S. Schmidt, L. Hartmann, Sequence-Controlled High Molecular Weight Glyco(oligoamide) – PEG 
Multiblock Copolymers as Ligands and Inhibitors in Lectin Binding, Macromolecules, 2018, 51, (15), 
5608−5619. Copyright © 2018 American Chemical Society. 39 

Figure 15: Results from the two turbidity based assays showing left the reciprocal value of the required 
ligand concentration for half-maximal turbidity (black bars) as well as the normalized values per Man 
moiety giving the reciprocal values of the required Man concentration for half-maximal turbidity (grey 
bars) and right the determined Con A/ligand ratios in the formed precipitate (black bard) as well as the 
normalized values per Man giving the ratio of Con A/Man in the precipitate. 41 

Figure 16: Results from the SPR direct binding assay showing the determined 𝐾𝐴 per ligand (black bars) 
as well as per Man moiety (grey bars) for all 19 carbohydrate ligands synthesized as well as three 
negative controls not presenting Man moieties. 43 

Figure 17: Schematic overview summarizing the most important results obtained from A) the turbidity 
based assays, B) the SPR direct binding assays and C) the SCP adhesion reduction assay, comparing 
different Man presenting ligands and discussing potential multivalent effects of macromolecular 
carbohydrate ligands that could explain the observations made in this thesis. 45 
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6.3 List of schemes 

Scheme 1: Mechanism of the coupling of an Fmoc-protected amino acid to the primary amine of a 
peptide chain on a solid support using a carbodiimide type coupling reagent. With top showing the 
formation of the reactive O-acyl isourea intermediate, center showing the nucleophilic attack of the 
primary amine to the O-acyl isourea and bottom showing the coupling under the addition of the strong 
nucleophile HOBt, the formation of an active Obt ester intermediate as well as its attack by the primary 
amine. 9 

Scheme 2: Mechanism of the coupling of an Fmoc-protected amino acid to the primary amine of a 
peptide chain on a solid support using a phosphonium salt type coupling reagent. With top showing the 
formation of the reactive acyl phosphonium intermediate, center showing the nucleophilic attack of 
previously released Obt- to the acyl phosphonium intermediate and the formation of an active Obt ester 
and bottom the attack of the primary amine to the active Obt ester. 10 

Scheme 3: Postulated ligand-free copper (I) mediated azide-alkyne cycloaddition mechanism via a 
dinuclear copper intermediate.104, 105 15 

Scheme 4: Overview of TEC from a thiol and alkene leading in a thioether either radical or base 
mediated. 16 

Scheme 5: Thiol-ene reaction mechanism following a step or a chain-growth pathway as well as 
correlations between propagation and chain transfer rates. 18 

Scheme 6: Base-catalyzed mechanism (left) as well as the nucleophile initiated mechanism (right) of a 
thiol-Michael addition reaction. B standing for base, Nu for nucleophile and EWG for electron 
withdrawing group. 19 

Scheme 7: Schematic overview of the synthetic approach towards sequence-controlled multiblock 
glycopolymers via a combination of SPS (left) and step-growth TEC polymerization (right). The 
reaction mechanism of the TEC step-growth polymerization was adapted from Bowman and 
coworkers.110 Adapted with permission from C. Gerke, M. F. Ebbesen, D. Jansen, S. Boden, T. Freichel 
and L. Hartmann, Sequence-Controlled Glycopolymers via Step-Growth Polymerization of Precision 
Glycomacromolecules for Lectin Receptor Clustering, Biomacromolecules, 2017, 18, (3), 787-796. 
Copyright © 2017 American Chemical Society. 34 

Scheme 8: Overview of the multiblock copolymers synthesized showing in A) the first set, assembled 
out of two oligoamides derived from SPS using DDS as reactive alkene bearing building block and in 
B) the second set, assembled out of an oligoamide and a functionalized PEG using NDS as reactive 
alkene bearing building block. For all obtained multiblock copolymers, the final �̅�𝑛 as well as average 
Man valency are stated. F1 – F3 in B) stand for the different fractions separated after preparative GPC 
fractionation. 37 

Scheme 9: Synthetic overview of the synthesis of the novel norbornene bearing NDS building block, 
starting from the key intermediate and the acid chloride of N-propionic acid functionalized nadicimide, 
followed by two protecting group exchanges analog to the synthetic pathway of other functional building 
blocks. 38 

Scheme 10: Schematic illustration of the two-step polymerization of the heterofunctionalized 
macromonomer with the MBNB protecting group towards a periodic copolymer with a regularly 
recurring monomer sequence along the polymeric backbone in one direction (the five structural 
repeating units stated on the brackets in the final polymer refer to the �̅�𝑛 achieved in the polymerization 
and does not imply the formation of a uniform end-product). Adapted with permission from C. Gerke, 
P. Siegfeld, K. Schaper, L. Hartmann, Enabling Directional Sequence-Control via Step-Growth 
Polymerization of Heterofunctionalized Precision Macromonomers, Macromol. Rapid Commun., 2019, 
40, (3), 1800735. Copyright © 2019 John Wiley & Sons. 47 
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