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Abstract 
In this dissertation a library of monodisperse sequence-defined macromolecules, so called precision 

macromolecules, was synthesised using solid-phase polymer synthesis (SPPoS) to selectively combine 

supramolecular binding motifs, carbohydrate ligands and AIE luminophores and achieve modulation 

of protein-protein interactions (Figure 1). Four different groups of precision macromolecules can be 

differentiated based on their use as ligand or inhibitor in protein binding as well as their ability to allow 

for readout of binding or clustering events through their conjugated AIE luminophores.  

 

In the first part of the dissertation, a novel inhibition mechanism of the oncologically relevant protease 

Taspase1 was targeted. For this purpose, different homomultivalent as well as heteromultivalent 

Figure 1: Building blocks, binding motifs and AIE luminophores used for the SPPoS, as well as the obtained 
groups of precision macromolecules: 1) GCP Ligands, 2) monovalent GCP-AIE Ligands, 3) Glyco-AIE Ligands and 

Glyco-AIE Amphiphiles. Lastly, the applications of each group are mentioned. 
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guanidiniocarbonylpyrrole (GCP) -containing ligands were synthesised. The non-natural arginine 

mimetic GCP offers the possibility to bind to oxyanions that are located on a protein surface. In 

addition, the design of the trivalent ligands was extended to include the general concept of steric 

shielding with PEGylated ligands to achieve more efficient inhibition. In the binding assay using SPR 

experiments with immobililied Taspase1, binding in the mM range could only be detected for the 

trivalent homo- and heteromultivalent macromolecules. Moreover, the binding strength of the ligands 

to Taspase1 increased for heteromultivalent structures due to the incorporated lysine motifs. In the 

subsequent in vitro pull-down assays, the inhibitory effect of the ligands was investigated. Only 

PEGylated ligands disrupted the interactions of Taspase1 with its partner protein Importin  in a 

concentration-dependent manner, resulting in a novel inhibitory mechanism for the Taspase1 

protease.  

 

The first part of the project also showed how difficult it is to detect binding events, which is why the 

second part of this work aimed at a systematic study using AIE luminophores to read out ligand-protein 

binding events. For a luminophore construct to be used as an AIE-based sensor, it should be flexible 

without the presence of the target molecule or dissolve completely and thus not give an AIE response. 

Only with binding to the target molecule or after aggregation its movement is restricted, leading to AIE 

and thus readout of the binding event. Therefore, the AIE luminophore must be precisely combined 

with the binding motif, which raises a central question in the development of such multifunctional 

macromolecular ligands. Where to put the AIE and where to put the binding motif in the structure? 

Therefore, in the second part, five monovalent GCP ligands with AIE luminophore were synthesised. 

The special feature of the five structures is that they are all based on a combination of sequence-

defined oligo(amidoamine) scaffolds, one conjugated GCP and one AIE luminophore, but the position 

of the luminophore varying from the immediate vicinity of the binding motif to the middle of the side 

or main chain to the end group. All macromolecules were systematically evaluated for their 

fluorescence properties, both in solution and in solid state, and for their AIE behavior when binding to 

various natural and synthetic polyanions. Surprisingly, only one of the macromolecules showed clear 

AIE behavior. None of the derivatives where the AIE was placed in the main chain or where the GCP 

motif was directly bound to the main chain showed AIE behaviour with any binder in solution. 

However, differentiation in terms of AIE and GCP function was also observed for the derivatives with 

AIE in the side chain. It appears that direct linkage of AIE and GCP motifs via the ethylenediamine linker 

does not provide AIE behaviour, whereas the introduction of an additional EDS building block leads to 

AIE properties. This study showed that the position of the AIE within the ligand structure indeed 

influences the function of the ligand for detection. Furthermore, a first correlation between structure 
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and properties of AIE- ligand was revealed, which will facilitate the development of similar new AIE-

based biosensors from a synthetic point of view in the future. 

 

In the third part of this dissertation, an AIE luminophore was again conjugated to ligands, whereby the 

binding motif was exchanged to carbohydrates. Either -Mannose or -Galctose as binding motifs 

were conjugated to the two trivalent ligands, resulting in a clear difference between them for possible 

binding partners. The obtained AIE glycomimetics could subsequently be used to study carbohydrate-

protein interactions, e.g. with the - Mannose-specific lectins ConA, GNA, PSA, LCA.  Starting from a 

weak initial fluorescence of the two structures in aqueous medium, changes in emission as well as 

turbidity could be obtained by titrating the different lectins. For the tetrameric lectins Con A, GNA and 

the dimeric lectin PSA, an increase in emission as well as turbidity was obtained with the Mannose TPE 

derivative, resulting in an AIE probe. Only for the dimer LCA no increase in turbidity and emission could 

be achieved. Furthermore, this study showed that a cluster effect of the ligand with the lectins is 

required to obtain a pronounced aggregation-induced emission signal, as a correlation of emission and 

turbidity was clearly demonstrated. 

 

In the previous chapter, glycooligomers equipped with AIE luminophores showed AIE effects with 

different lectins, but also that cluster effects take on a key function. Since, cluster effects are essential 

in many biological phenomena, such as the clustering of receptors in a membrane after binding to a 

multivalent ligand, a novel study on clustering of amphiphiles with AIE luminophores will be achieved 

in the fourth part of this dissertation.  For this purpose, three derivatives with AIE luminophores and 

carbohydrates as binding motifs were selected to be assembled into amphiphilic sequence-defined 

surfactants by solid-phase synthesis. The aims are to synthesise hydrophobic AIE micelles that show a 

pronounced AIE effect in aqueous medium and to reduce this fluorescence by adding a second non-

fluorescent surfactant without AIE. First, the clustering of the surfactants to micelles could be shown 

by detecting the critical micelle concentration (CMC) for all three derivatives. In the second step, the 

addition of SDS (sodium dodecyl sulfate) to the micelle system altered the clustering so that fewer 

interactions of the AIE moieties occurred within the resulting mixed micelles, reducing fluorescence 

intensity. Since the AIE surfactants already carry carbohydrates as binding motifs, future binding 

studies with lectins should be carried out in a similar way as in project 3, whereby it would be exciting 

to increase the emission intensity through interactions and clustering of the AIE parts with the lectins. 

If successful, this approach could also be used in the long term for the detection of clusters in 

membranes. 
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Overall this thesis demonstrates how tailor-made precision macromolecules can give access to novel 

ligands and inhibitors of protein-protein interactions and allow for detailed structure-property relation 

studies giving new insights relevant also beyond the class of precision macromolecules.   
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1. Introduction 
The development and research of synthetic multivalent ligands has been gaining interest for years, as 

their development can contribute to a better understanding of biological processes as well as to their 

targeted control.[1] In nature, multivalent interactions are an essential part of many processes, e.g. 

fertilisation, inflammatory response or even adhesion of pathogens to cells, which makes their 

importance for science increasingly recognised.[2-4] A major focus in the development of new 

multivalent ligands is the presentation of tailored recognition motifs for natural binding epitopes, 

thereby achieving high affinity and ideally selectivity of the ligand for the receptor. The binding 

strength of multivalent ligands is based on non-covalent molecular interactions, which develop 

sufficient binding strength through the interplay of multiple weak ligand-receptor interactions.[5,6] In 

this context, for example, the group of carbohydrates should be mentioned, which have been shown 

to achieve strong multivalent effects with carbohydrate-recognising protein receptors called lectins.[7,8] 

The importance of carbohydrates and multivalence can also be demonstrated by the glycocalyx, which, 

like a sugar coating, envelops all cells in living organisms and thus enables fertilisation or the 

attachment of pathogens, as mentioned above.[9,10] In addition to natural binding motifs, however, 

new non-natural binding motifs have been developed in recent decades that can achieve multivalent 

effects with receptors. Their advantage over natural motifs is often a strong affinity for certain amino 

acids located on protein surfaces, which allows access to more efficient synthetic multivalent 

ligands.[11-13] A well-known non-natural motif is guanidiniocarbonylpyrrole (GCP) with its ability to bind 

oxyanions, so that it could be presented multivalent e.g. for DNA detection and inhibition of human 

tryptase.[14-17] 

Besides the different binding motifs, their presentation along a scaffold is crucial for their mode of 

action. Multivalent ligands have to reach different binding epitopes and can therefore range from small 

molecules, copolymers, polymers to precise macromolecules. Within the research group of Prof. Dr. 

Laura Hartmann, so-called precision oligo (amindoamines) were developed and explored by means of 

solid phase synthesis and custom-made building blocks. This platform offers the possibility to 

synthesise a sequence-defined and monodisperse scaffold with a well-defined number of binding 

motifs, so that systematic binding studies with respect to valence can be performed.[18-21] In addition, 

aggregation-induced emission luminophores can also be conjugated to the precision macromolecules 

in this way, which should simplify the readout of binding events.   

The following chapters give a brief overview of the most important basics of solid-phase polymer 

synthesis, multivalence, the different binding motifs and aggregation-induced emission luminophores. 
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11.1  Solid phase polymer synthesis of oligo(amidoamines) 

Solid phase polymer synthesis (SPPoS) for the synthesis of oligo(amidoamines) is based on the solid 

phase synthesis (SPS) approach developed by Merrifield, which made it possible for the first time to 

efficiently synthesise monodisperse, sequence-controlled peptides.[22] For this purpose, Merrifield uses 

an insoluble carrier material, a resin, to which the peptide to be formed is covalently bound throughout 

the synthesis.[23] In this way, peptide synthesis could be both accelerated and simplified. The ability to 

wash the resin means that unreacted excess reactants, degradation products of the activating reagents 

and unwanted by-products can be removed after coupling without further chromatographic 

purification steps. In addition, reactants could now be used in excess, allowing higher yields, purities 

and shorter reaction times of the peptides.  

Based on Merrifield's peptide synthesis, tailor-made building blocks are now linked together using 

solid-phase polymer synthesis (SPPoS) instead of amino acids, giving access to sequence-defined, 

monodisperse non-natural macromolecules.  Chemically, the linkage of the building blocks on the resin 

is a condensation reaction of a carboxylic acid with an amino group linked by an amide bond. The 

coupling reaction starts at the C-terminus towards the N-terminus and in the first synthesis step, the 

carboxyl group of the customised building blocks is covalently bonded to the resin linker.[24,25] In all 

coupling reactions, however, it is essential to prevent the building blocks from polymerising into an 

oligomer or polymer. For this purpose, the building blocks used carry a protective group that 

temporarily prevents further undesired coupling reactions and can then be completely removed. Two 

common protecting group systems for this purpose are the fluorenylmethoxycarbonyl (Fmoc) 

protecting group, which is labile under basic conditions, and the butyloxycarbonyl (Boc) protecting 

group, which is labile under acidic conditions.[23,26]  

In recent years, many different custom-made building blocks have been developed that are now 

suitable for the synthesis of multifunctional oligo(amidoamines).  

The functions of the custom-made building blocks can essentially be divided into two subgroups: 

spacer and functional building blocks (see Figure 2). The spacer building blocks are centrally based on 

a linear diamino structure and the functional building blocks on a linear triamino structure. Starting 

from the central di-/triamine, they can eventually be converted into building blocks bearing a free 

carboxy and an Fmoc-protected amine via multi-step synthesis steps. One of the earliest developed 

building blocks is the spacer building block EDS ((ethylenedioxy) to (ethylamine) succinamide), which 

contains a flexible and amphiphilic diethylene glycol unit. In addition to the properties of the previously 

mentioned spacer component EDS, it can also be used to achieve a certain distance between the 

binding motifs and to obtain a desired overall contour length of the oligo(amidoamine).[18,20,27,28] Other 

spacer building blocks from the library of L. Hartmann are ODS, the hydrophobic counterpart of EDS, 
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and SDS, which is significantly shorter than EDS with an ethylenediamine unit.[29] The functional class 

of the building blocks ranges from TDS (alkynes), DDS (alkenes), MDS (carboxylic acids) to the BADS 

building block (benzyl azide), ADS (azide) and many others (see Figure 2).[18 ,20, 29, 30-32]  

 

 
Figure 2: Examples of functional and spacer devices established by Hartmann et al, EDS, SDS, ODS, TDS, DDS, 

MDS, BADS, ADS.[18 ,20, 29, 30-32] 

 

The TDS can be used for ligand incorporation after incorporation into an oligomeric scaffold for 

functionalisation via a CuAAC click reaction. For example, TDS can be used to conjugate azide-

functionalised ligands such as 2-azidoethyl-α-D-mannopyranoside or 2-azidoethyl-β-D-

galactopyranoside to the oligo(amidoamine).[29] Alternatively, BADS and ADS can be used to conjugate 

alkyne-functionalised ligands. 

Next, the synthesis of an oligo(amidoamine) consisting of an EDS and TDS building block is shown 

according to the SPPoS as an example (see Figure 3). The choice of support material is also essential 

for a successful SPPoS. The resin for the synthesis must be stable and inert to the solvents, coupling 

reagents, catalysts and building blocks used. They also require sufficient pore size and swelling 

capacity, as the coupling of amino acids is achieved by a high diffusion potential.[33,34] The resin used in 

this example is TentaGel S RAM® resin with a rink amide linker that is Fmoc-protected at the N-
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terminus. To remove the Fmoc protecting group, the resin is first swollen in DCM as well as DMF in the 

first step. Both solvents are particularly well suited for SPPoS as they cannot cause side reactions.  

 

 
Figure 3: Exemplary synthesis steps of a SPPoS of an oligo(amidoamine) consisting of an EDS and a TDS building 

block. 

 

In the next step, the resin is deprotected with a piperidine solution.[33] The piperidine deprotonates the 

fluorene at the non-aromatic ring carbon, resulting in Hückel aromatisation. The elimination 

mechanism E1CB is triggered and causes the release of carbon dioxide and 9-methylene fluorene, 

which is trapped by excess piperidine (in a Michael-like electrophilic addition reaction). After intensive 

washing with DMF, the first component EDS can be coupled in DMF. The building block and its carboxy 

group are first activated to form an amide bond. In the chosen PyBOP-mediated coupling, the carboxy 

group is first activated by deprotonation with DIPEA (diisopropylethylamine), and the resulting 

carboxylate then reacts with the positively charged phosphorus of PyBOP, splitting off 

hydroxybenzotriazolate (see Figure 4). The resulting active carboxylic acid phosphoric anhydride can 
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react with the free amine of the resin to form an amide, with deactivated tripyrrolidinophosphine oxide 

being cleaved off.[35] 

 

 
Figure 4: Coupling mechanism of PyBOB for the SPPoS. 

 

After completion of the coupling reaction, the excess of starting materials, all coupling reagents and 

their degradation products are removed by intensive washing. The backbone of the oligo(amidoamine) 

can be obtained by another cycle of Fmoc cleavage and TDS coupling. 

After completion of the oligomer structure, functionalisation of the TDS, here using 2-azidoethyl-α-D-

mannopyranoside as an example, is possible by a CuAAC click reaction (see Figure 5). The CuAAC click 

reaction (Copper (I) -catalyzed azide-alkyne cycloaddition) used in this work is an advanced copper-

catalyzed (2 + 3) cycloaddition of an azide and an alkyne.[36] The postulated mechanism of the copper 

(I)-mediated azide-alkyne cycloaddition to a 1,4-functionalised 1,2,3-triazole is explained below. 

Essential as a catalyst for the reaction is the oxidation-sensitive copper (I), which is obtained in the 

reaction mixture by adding sodium ascorbate as a reducing agent to copper (II).[37] The reaction begins 

with the twofold coordination of the catalyst copper (I) to the alkyne, whereby the alkyne is 

deprotonated. The first ring formation from the coordinated alkyne with the azide occurs via the 

doubly coordinated copper. Subsequently, the ring system is reduced in size, first releasing a copper 

metal by forming a five-membered ring system, and finally the second copper (I) is replaced by a 

proton.[59,60] With the CuAAC click reaction, motifs can be stereoselectively conjugated to the 

oligomeric structure via a 1,4-functionalised 1,2,3-triazole. 
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Figure 5: First, the conjugation of the 2-azidoethyl-α-D-mannopyranoside unit via CuAAC click reaction to the 

oligomer consisting of EDS and TDS is shown and secondly, the final deprotection plus the cleavage off the 
carrier resin. 

 

In the final step, the finished oligomer can be cleaved from the resin. In the selected Tentagel S-RAM 

resin, the cleavage solution consists of 95 % TFA (trifluoroacetic acid) and 5 % triisopropylsilane, a 

hydride donor scavenger. At the linker, the trifluoroacetic acid cleaves the site of the first built-up 

amide bond, which is activated by the substituents 2,4-dimethoxyphenyl and 4-methoxyphenol, into 

an oligo(amidoamine) with a terminal carboxamide. After cleavage, the hydride donor scavenger 

hydrates the cationic linker residues, preventing further reaction with the oligo(amidoamine). The 

oligo(amidoamine) can then be isolated from the impurities of the cleavage process by transferring 

the entire cleavage solution to diethyl ether. If the desired purity is not achieved by freeze-drying, the 

product can be further purified by preparative HPLC (high performance liquid chromatography).  

The idea of SPPoS, therefore, is to obtain non-natural functional polyvalent macromolecules that have 

targeted physicochemical properties and architectures so that they can have new applications in 

biomedicine, e.g. cancer therapy as well as biochemistry.[38,39] Crucial for functionality for diverse 

applications is that the polyvalent ligands interact specifically with the desired receptor. Receptors can 

be considered to be either a molecule or a surface such as a protease, protein or cell. The different 

binding mechanisms of the multivalent ligand with the receptor are described by the principles of 

multivalency. 
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11.2  Multivalency 

Multivalent interactions can be used universally for targeted binding enhancement between different 

ligands and receptors. The binding partners form multiple weak ligand-receptor interactions, which 

lead to an increase in avidity in an additive manner.[40] In contrast to multivalent interactions, single 

monovalent binding is often too weak and only through the interaction of multivalent binding events 

can this stronger binding be achieved.[41] However, the multivalent binding process remains reversible, 

which is crucial for processes that require a limited contact time. Cell-cell communication can be cited 

as an example of a reversible process enabled by multivalency. Overall, multivalent interactions are 

essential in biological systems such as recognition, adhesion and signalling processes.[42] 

The multivalent binding mechanisms can be broadly classified into four different multivalent binding 

modes:[42-47] These four multivalent binding mechanisms are chelation, statistical rebinding, clustering 

and steric shielding. The four different modes are exemplified in Figure 6 for a trivalent ligand and a 

tetravalent receptor. 

 

 
Figure 6: Illustrated are the four multivalent binding mechanisms chelate binding, statistical rebinding, 

clustering and steric shielding. 

 

The establishment of binding of a multivalent ligand to a multivalent receptor initially occurred through 

translational, entropic losses.[48] The subsequent binding events proceed without further energy losses 

for ligands with rigid scaffolds and with the same energy losses per further binding event for flexible 

scaffolds.[49] If the ligand and receptor are already in contact, the four different modes can occur.

The first binding mode is the chelating effect, which describes the multiple binding of a multivalent 

ligand to a multivalent receptor. To the first binding event from the ligand to the receptor, another 

binding motif of the ligand can bind to another receptor site.[50,51] This binding process is entropically 

favoured by the release of the maximum number of free-moving components.[40]  



 

8 
  

The second mode for multivalent ligands is random rebinding. It is based on reversible binding of motifs 

at the binding site, where a free binding motif of the ligand displaces the previously bound binding 

motif. Similarly, dissociation of a bound binding motif of the ligand can be followed by rapid 

reassociation by an adjacent binding motif of the ligand. The overall binding strength of the multivalent 

ligand to the receptor is increased by the chelating effect and random back-binding.[52,53] 

Clustering is the combination to aggregation of multivalent ligands with receptors. Depending on the 

concentration of ligand and receptor, one ligand can bind multiple receptors as a cross-linker, forming 

agglomerates.[42] 

Fourthly, steric shielding is important. Here, an unbound part of a bound multivalent ligand can protect 

the formed ligand-receptor complex from further competing ligands.[40,54,55] The unbound part of the 

ligand can be both free binding motifs and the backbone of the ligand that is not involved in the 

binding, thus achieving the shielding. 

 

2. Ligands for multivalent presentation 

22.1  Carbohydrates as natural binding motifs and carbohydrate based amphiphiles 

One of the most important building blocks in a living organism are carbohydrates. The research field 

of glycobiology encompasses the study of carbohydrates in biological processes, e.g. their binding to 

proteins or lipids.[2] Since Dwek first demonstrated the importance of carbohydrates in living organisms 

for information storage and release, signal transduction and pathogen recognition in 1988, scientific 

interest has increased rapidly. Today, carbohydrates are considered essential components of cell 

adhesion, cell communication, signal transduction and pathogen recognition in bacterial or viral 

infection.[55-62] However, knowledge of carbohydrates in biological processes has been slow to be 

gained because carbohydrates have a high structural complexity.  For example, two monosaccharides 

can be linked together at different sites, as each hydroxyl group can potentially serve as a glycosidic 

bond. In addition, saccharides also have conformational differences for some binding positions, 

resulting in sixteen different disaccharide structural variants for just two monosaccharides. This 

diversity of possibilities can generate specific information, as different monosaccharides can be linked 

in a variety of different arrangements. In addition, saccharides can also interact with receptor proteins, 

and it is even possible to achieve a high selectivity and affinity of the interactions.  

This approach led to the development of carbohydrate-presenting macromolecules for science that 

mimic the structural properties of their natural counterparts, with a simplification of the structural 

complexity of these carbohydrate ligands. The reduction in complexity of these carbohydrate ligands 

is the removal of all unnecessary carbohydrate units that presumably do not show binding to a 
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receptor, and in their place build an artificial scaffold to which the carbohydrates are bound. This 

approach has made the so-called glycomimetics more accessible and can subsequently reveal diverse 

architectures.   

 

Over the years, a large number of different glycomimetics have been introduced with different 

architectures to investigate the influence of carbohydrate presentation as well as the physicochemical 

properties of the scaffold. Glycomimetics range from low molecular weight compounds to high 

molecular weight, multivalent macromolecules and polymers.[63,64] Glycomimetics can be liner[65], as 

dendrimers[66,67] as well as star-shaped[68] or even glycopolymers[69] (see Figure 7). The carbohydrate-

presenting macromolecules are particularly exciting, as they can serve as model substances for initial 

results up to pharmaceutically active compound.[70-71]  

 

 
Figure 7: Schematic structure of the natural oligosaccharides on the cell surface and the various mimicking 
artificial macromolecules, dendrimers as well as a replica of the cell surface by glycolipids assembled into a 

micelle itself.[72] 

 

In the research field of glycomimetics, Hartmann and co-workers have synthesised some solid-phase 

glycooligo(amidoamines) in recent years to explore their binding behaviour with various lectins. The 

first examples of glycooligo(amidoamines) were linear in structure and, after their synthesis, were 

tested for their binding behaviour to the tetrameric lectin Concanavalin A. [20,27,29,30] This lectin is 

isolated from jack bean and binds selectively to Mannose and Glucose at different intensities and 

explicitly not to Galactose.  The surface plasmon resonance assay (SPR) against Con A showed a higher 

affinity at higher degrees of functionalisation of carbohydrates.[29] Subsequently, the architectures 

gradually became more complex. For example, Baier et al. were able to synthesise branched 

glycomacromolecules, whereby the branches differed in their valence and degree of branching. By 

means of SPR assays, it could be shown that not only a higher valence of the investigated molecules 
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causes an increase in affinity, but also the degree of branching, whereby a higher degree of branching 

also leads to an increase in affinity.[73] Furthermore, larger architectures such as sequence-controlled 

glycopolymers were synthesised by Gerke et al. For this, he used di-cysteine-functionalised glycooligo- 

(amidoamines), which were reacted with di-alkene-functionalised oligomers by means of a 

polythiolene reaction.[72] In the binding studies with Con A, it turned out that above a certain ligand 

valence, a further increase in receptor clustering cannot be achieved by increasing the carbohydrates 

valency. In addition to the single ligands, glycolipids that subsequently self-assemble into 

supramolecular micelles are also exciting mimetics, as they can mimic a simplified cell with an exposed 

carbohydrate envelope.[74] Hartmann and co-workers were also able to achieve new research findings 

in this research area of glycolipids. Banger et al. were able to synthesise sequence-defined amphiphilic 

glycoligomers that assemble into micelles, demonstrating their potential as inhibitors of bacterial 

adhesion, which may lead to biomedical applications in the medium term.[75] Other work also showed 

that a key ingredient for bioactive micelles can be saccharide compounds, which enable specific 

interactions with e.g. proteins and cells. For example, trisulfated monosaccharide in a peptide 

amphiphile was able to mimic a natural polysaccharide- heparin sulfate, demonstrating biological 

functions in bone regeneration.[76] 

 

22.2  Guanidiniocarbonylpyrrole 

Besides to natural binding motifs, non-natural binding motifs also have enormous importance. For 

chemists as well as biologists, it is important to obtain ligands that specifically recognise, target or 

inhibit proteins, as they can thus contribute to the understanding and control of biological processes. 

An important goal of research is to achieve high affinity and selectivity to the respective binding 

epitopes, such as functional amino acids. Examples of non-natural binding motifs are crown ether 

derivatives or the tweezer for binding to lysines.[77-79] In adittion, cucurbituriles for binding to aromatic 

amino acids such as phenylalanine, tyrosine have been used in the literature.[80] 

Another non-natural supramolecular binding motif is guanidiniocarbonylpyrrole (GCP), which was 

established by Schmuck et alii.[81] The GCP motif is an arginine mimetic that binds oxyanions via a 

hydrogen bridge-supported ion pairing.[82,83] However, the combination of the guanidinio functionality 

with the carbonylpyrrole building block results in decisive advantages due to the physicochemical 

properties of the artificial binding motif in comparison to the natural amino acid. On the one hand, the 

motif is able to bind oxoanions electrostatically, supported by a network of three hydrogen bonds, and 

thereby achieves a significantly stronger affinity than natural amino acids (principle of action of the 

GCP motif is shown in Figure 8).[82-85] 
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Figure 8: Binding mode of the guanidinocabonyl pyrrole ligand with a carboxylate[82,85] 

 

Furthermore, the electron-withdrawing effect of carbonylpyrrole lowers the basicity of the linked 

guanidino group from a pKs of about 12 to about 6.6, which allows the binding motif to be present 

under physiological conditions to a considerable extent unprotonated.[85] Due to the two advantages a 

large number of GCP-functionalised ligands have been synthesised on this basis in recent years.[83-85] 

Among other things, Schmuck et al. were able to achieve a non-competitive inhibition of the protease 

β-tryptase with a four-armed peptide ligand containing a GCP motif at the end of each arm, thereby 

blocking the active side of the protease.[17] Furthermore, the protein 14-3-3 could be targeted with a 

two-armed peptide ligand with two GCP motifs and a fluorescent dye, leading to specifically detected 

through fluorescence increase.[83] 

 

3. Aggregation-induced Emission 
In 1954, Förster and Kasper discovered that the fluorescence of pyrene weakens with increasing 

concentration in solution.[86] This concentration weakening effect was explained by the formation of 

sandwiched excimers of aromatic molecules in the excited state, which cause concentration 

quenching.[87] In this state, the ''solute'' molecules are in the immediate vicinity, exposing the aromatic 

rings of the neighbouring fluorophores to strong -  stacking interactions, which promotes formation 

of aggregates with ordered or random structures. In the excited state, the aggregates then often decay 

via a non-radiative transition known as aggregation-caused quenching (ACQ).[88-90] As a result, 

researchers were forced to study all experiments in very dilute solutions, but this presented some 

difficulties. For example, it was difficult to achieve sufficient sensitivity in fluorescence sensing 

experiments in dilute solutions.[91-93]  

It was not until 2001 that Tang and co-workers discovered a valuable tool for fluorescence engineering 

as well as sensing.[94-97] The phenomenon of aggregation-induced emission (AIE) was discovered, in 

which an enhancement of emission could be achieved by the formation of aggregates.[98,99] It allowed 

the use of dye solutions of arbitrary concentration for bioassays as well as sensing. Since the AIE 

luminophor is non-emissive in solution, but becomes strongly emissive through the formation of 

aggregates with strong p-p stacking interactions or the restriction of their intramolecular rotation by 

binding. In the latter, restricting their intramolecular rotation and vibration (RIR and RIV) favours 

radiative transitions from the excited state of the luminophore.[100] 
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Over the last decade, researchers have developed a large number of new AIE luminophores and found 

applications especially in the field of optoelectronics and sensor technology.[101] One of the most widely 

used AIE luminophores is tetraphenylethene (TPE), which has found applications as chemical sensors 

or bioprobes.[102,103] The structure of the TPE luminophore is shown in Figure 9.   

 

 
Figure 9: Shown are the two AIE luminophores TPE (left) and ATE (right). For TPE the rotation is illustrated, 

which takes place in a dissolved state without fluorescence appearence and on the right side for ATE the rigid 
fluorescent state is shown. 

 

The ethenyl center of the luminophore can be seen as stator and the four phenyl substituents as rotors. 

In solution, intramolecular rotation of the phenyl rings occurs via the C-C single bonds to the center. 

Due to the rotations and the vibrations that also take place in solution, the previously absorbed energy 

is released by the luminophore into the environment without radiation. In the case of aggregation, the 

luminophore's ability to rotate is severely restricted, so that non-radiative transitions are inhibited. 

The resulting emission as transition from the excited to the ground state can be observed for AIE 

luminophores. 

Besides the well-known TPE, a number of new AIE luminophores have been synthesized recently.  

Another recently developed group of AIE luminophores are the aromatic thioethers (ATE), which were 

developed within the working group around J. Voskuhl.[104,105] Here, it has been possible to incorporate 

various substitution patterns and the introduction of different functional groups, and thus to directly 

influence the photophysical properties of the derivatives. The range of emission for the differently 

substituted derivatives ranged from 437 to 588 nm. Current applications include aromatic thioether 

luminophores for the detection of spermine or Concanavalin A and Escherichia coli bacteria.[106-107] 
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4. Motivation 
Many important functions in nature are based on sequence-defined macromolecules such as 

information storage and translation in DNA and RNA. [108-110] Another important class of sequence-

defined biomacromoleculare are proteins fulfilling numerous functions e.g. as enzymes, antibodies or 

toxins. Their function is determined by the composition and structure, which is enscribed in their 

primary sequence – the sequence of amino acids along the protein chain.[111] Therefore it has been 

rationalized that by creating non-natural macromolecules with a monomer sequence similar to the 

biomacromolecules, new properties and functions should become accessible also for such synthetic 

materials. Indeed, it is now well understood that sequence-defined synthetic macromolecules enable 

functions such as data storage. Furthermore, they can be designed and applied to selectively interact 

with biomacromolecules such as proteins.[38,111-116] It is particularly relevant to explore synthetic ligands 

as modulators of protein-protein interactions either promoting or blocking such interactions. Thereby 

they offer opportunities as probes to gain new insights into protein-protein interactions but also for 

potential treatment e.g. in cancer therapy. 

 

The goal of this thesis is to explore previously introduced oligo(amidoamine) scaffolds for the 

multivalent presentation of natural and non-natural ligands, namely carbohydrate ligands and GCP 

motif, to derive modulators of protein interactions. Specifically, in the first part, an inhibition of the 

oncologically relevant protease Taspase1 is aimed at by developing PEGylated and non-PEGylated 

macromolecular ligands. As binding motifs, GCP will be conjugated either homomultivalent or 

heteromultivalent with additional lysines on the macromolecules. The aim is to bind to the Taspase1 

surface and inhibit its interactions with its partner protein. 

 

Since reading out protein-ligand interactions often proves difficult, AIE luminophores should be 

introduced for the first time into sequence-defined oligo(amidoamines) and tested for their 

capabilities as detection probe. This should be tested for both GCP and carbohydrate binding motifs 

to identify potential applications of AIE-oligomer conjugates. Therefore, a series of monovalent GCP 

oligo(amidoamines) with an AIE luminophore should be synthesised, with the AIE luminophore 

inserted at different positions within the compound. The aim of this part is to identify the optimal 

position of the AIE luminophore within a macromolecule and to investigate their detection potentials. 

In addition, for the AIE oligomer conjugates with carbohydrate binding motifs, their detection 

properties for different lectins should be investigated, with particular attention to the extent to which 

clustering affects the AIE effect.  
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Finally, the concept of AIE oligomer conjugates with carbohydrate-binding motifs will be extended to 

include the concept of amphiphiles. The principle of amphiphiles enables a divergent multivalent 

presentation of sequence-defined oligo(amidoamines) through the process of self-aggregation, which 

also corresponds to a form of cluster formation. The properties of the AIE surfactants will be analysed 

by means of fluorescence spectroscopy, focusing on the targeted formation and reduction of clusters. 
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Abstract 

The synthesis of sequence-defined, multivalent glycooligo(amidoamines) carrying TPE as AIE 

luminophore is achieved by solid-phase polymer synthesis. Carbohydrate units mediate binding to 

lectins such as ConA, GNA, LCA and PSA while AIE allows for direct read-out of the binding through 

fluorescence spectroscopy. Fluorescence and turbidity assays with four different lectins show 

structure-property correlations of oligomer design for effective AIE read-out: results demonstrate the 

necessity of a clustering effect to reach a pronounced aggregation-induced emission signal which is 

promoted by both, multivalency of the ligand as well as the protein.  Formation of single ligand-protein 

complexes seem to not efficiently enough affect rotational and vibrational states and thereby leads to 

no AIE signal. This is supported by a dimeric lectin showing no clustering and inducing no AIE behavior. 

 

Keywords 

Aggregation-Induced Emission; Biosensor; Lectins; Solid-Phase-Synthesis; Tetraphenylethylene. 

 

Introduction 

Carbohydrates mediate many biological interactions such as cell growth, cell-cell recognition, cancer 

metastasis, inflammation, and bacterial and viral infections.[1] Therefore, they can be used both as 

sensors and modulators of carbohydrate-protein interactions. While natural carbohydrate ligands are 

often weak binders, their multivalent presentation, e.g., on artificial scaffolds such as polymers, leads 

to a strong enhancement of binding.[2] When using such glycomimetics, it is also important to be able 

to detect their binding directly and at low cost.  
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Therefore, fluorescent dyes have been explored for combination with glycomimetics to allow direct 

readout of ligand-receptor binding via fluorescence spectroscopy. However, when traditional 

fluorescent dyes are interacted in biomacromolecules and dispersed in aqueous media, aggregation-

induced fluorescence quenching often occurs, limiting the efficiency and sensitivity of biosensors.[3]  

This could be remedied by the phenomenon of aggregation-induced emission (AIE), which was first 

presented by Tang and co-workers.[4] The special feature is that AIE fluorogens are not emissive when 

dissolved in solution, but by forming aggregates or restricting their intramolecular rotation, they 

become strongly emissive.[5] The fluorescence quantum yields of AIE molecules are particularly 

pronounced in this regard, so they have rapidly gained applications as probes and bioprobes.[6] One 

particular AIE is tetraphenylethylene (TPE) developed by Tang et al. which already has practical 

applications as OLEDs,[7] chemosensors,[8] and bioprobes,[9] because it is easy to synthesize and 

functionalize.[10] In recent years, combinations of the TPE luminophore with carbohydrates for 

detection have also been synthesized and explored. Among others, Jin-Xiang Wang et. al. used TPE 

luminophores conjugated with multiple Mannose units for Concanavalin A- detection.[11] In this 

context, a TPE derivative with six conjugated Mannose units showed a stronger increase in emission 

with ConA than the same derivative with only two Mannose units. Overall, an elevenfold increase in 

emission intensity was demonstrated by ConA titrations. In addition, Takanobu Sanji et al. specifically 

detected ConA with synthesized TPE-containing Mannose ligands.[12] Remarkably was,  that the "turn-

on" fluorescence sensor enabled detection with intense blue emission within a few seconds. Further 

in both projects, the high selectivity towards different lectins of the AIE Mannose derivatives was also 

demonstrated.[11,12] 

 

Based on these findings, this study aims at combining AIE read-out with sequence-defined 

glycooligo(amidoamines) as accessible via solid phase polymer synthesis.[13]  Glycooligo(amidoamines) 

have previously been introduced as a new calls of multivalent glycomimetics that allow for the control 

over the number, type and density of carbohydrate ligands on a polymer scaffold.[14] Furthermore, 

variations of the topology and combinations with non-natural binding motifs are easily accessible, 

giving access to new insights into the structure-property relations of glycomimetics.[15] By combining 

glycooligo(amidoamines) with AIE luminophore a direct read-out of receptor binding should be 

realized, enabling also binding studies in complex setting e.g. in cells or mixtures of proteins that are 

challenging with classical binding assays such as SPR or ITC.  
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Results and Discussion  

Synthesis 

In order to realize sequence-defined and monodisperse glycooligomers with TPE-luminophore, we use 

the previously introduced step by step solid phase approach. Three different, previously introduced 

building blocks are used in the solid phase assembly: two functional building blocks introducing an 

alkyne (TDS)[14] or an azide side chain (ADS)[16] along with a spacer building block introducing an 

ethylene glycol linker in the main chain (EDS) (Fig. 1). 

 

 
Figure   1: Step-by-step solid phase synthesis to give final oligomers Man-TPE and Gal-TPE. Reaction conditions: 
1) 5 eq. building block, 5 eq. PyBOP, 10 eq. DIPEA in DMF, 90 min, 2) 25v% piperidine in DMF, 20 min, 3) 2 eq of 
acetyl protected 2-azidoethyl pyranoside (Mannose/Galactose) per alkyne group dissolved in 3 mL DMF plus 20 
mol% sodium ascorbate and 20 mol% CuSO4 dissolved in water, 24 h. 4) 5 eq. ADS, 5 eq. PyBOP, 10 eq. DIPEA in 
DMF, 90 min and subsequently deprotection step 2. 5) The implementations are identical to step 3, but using 2 

eq. 1-ethynyl-4-(1,2,2-triphenylethenyl) benezene. 6) 0.2 M sodium methoxide in methanol, 1 hour. 7) 
TentaGel® S RAM: 5% triisopropylsilane, 95% TFA, 90 min. 

 

All three building blocks presenting a free carboxy- and a temporary Fmoc-protected amine group are 

assembled on solid support using Fmoc peptide coupling chemistry. Upon achieving the desired 
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oligomer sequences, azido functionalized acetylated -D Mannose (Man) or -Galactose (Gal) are 

conjugated via copper(I)-catalysed alkyne azide cycloaddition (CuAAC). After releasing the terminal 

Fmoc-group, a terminal ADS building block is introduced and subsequently used for conjugation of TPE-

luminophore alkyne derivative via a second CuAAC reaction. Finally, the carbohydrate groups of the 

synthesized TPE-glycooligomers are deacetylated, cleaved off the resin, purified by preparative HPLC 

and lyophilized. Both TPE-glyco oligmers Man-TPE and Gal-TPE were obtained with a high relative 

purity > 95 -% structures were confirmed by UHR-MS and 1H NMR (for further information and 

analytical date see SI). 

 

Lectin Detection 

As lectins for the following binding assays, Concanavalin A (Con A) isolated from Jack beans, Galanthus 

nivalis agglutinin (GNA) from snowdrop bulbs, Pisum sativum agglutinin (PSA) from peas and Lens 

culinaris agglutinin (LCA) from the lentil Lens culinaris were employed. All four lectins are -D-

Mannose-specific receptors thus Gal-TPE will serve as negative control presenting a non-binding sugar 

ligand. Con A and GNA are tetrameric thus presenting four binding sites.[17] PSA and LCA lectin are 

dimeric presenting two receptor sites.[17] In addition, all four lectins have different binding affinities to 

-D mannose. Here, Con A shows the highest affinity followed by GNA, PSA and LCA.[17]  

 

First, Man-TPE and Gal-TPE were investigated for their AIE behavior upon addition of the different 

lectins, which was performed by titration experiments as in literature known.[11,12] The fluorescence 

changes were detected by an excitation wavelength of 340 nm for TPE and the entire emission spectra 

from 400 to 700 nm were recorded (see SI for spectra). 

For tetrameric Con A a pronounced increase in fluorescence is detectable already at low 

concentrations of Man-TPE (Fig. 2 A, detailed titration curves see SI). This observation is consistent 

with the literature, where an AIE effect can be obtained after only a few seconds with small amounts 

of sensor.[11] The fluorescence increases stepwise until 22 μM Con A, reaching a plateau at higher 

concentrations. Finally, a fifteenfold increase in emission can be achieved, which is a strong AIE effect 

compared to similar structures from the literature.[11,12] In addition to the fluorescence increase, 

turbidity can be observed by the solutions becoming cloudy. The negative control, Gal-TPE, shows no 

increase in fluorescence. (Photo Fig. 2 A) Titration of the GNA tetramer also shows a clear increase in 

fluorescence with the addition of a small amount of GNA, although the plateau occurs earlier for GNA 

than for ConA. Already with the addition of 10 μM GNA the plateau is almost reached and the total 

fluorescence increase at 22 μM GNA is fivefold. The photo of Man-TPE and Gal-TPE with identical 

concentration mixed with GNA offers a specific fluorescence detection. (Fig. 2B) In this context, Man-

TPE can be classified as a bio-probe for tetrameric Con A and GNA.  
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The dimeric PSA shows a different behavior where the fluorescence increases only slightly (Fig. 2 C) 

upon addition of the protein. TAt the highest protein concentration, fluorescence is increased only by 

a factor of 2. In addition, no turbidiy is observed. Again, the negative control shows no increase in 

fluorescence. LCA showend no increase in fluorescence or turbidity for Man-TPE as well as Gal-TPE. 

 

 
Figure   2: The emission spectra of Man-TPE are shown with the starting curve of 13μM in LBB (black) and with 
titration of 22μM lectin in red for Con A (A), GNA (B), PSA (C) and LCA (D). The excitation wavelength is 340 nm 
and the entire emission spectra are plotted. In addition, photos of Man-TPE and Gal-TPE with added 22 μM of 

respective lectin are illustrated. 

 

As the samples showing the highest AIE effect also showed formation of turbidity during the 

measurement, quantitative turbidity measurents were performed to investigate this effect further. For 

turbidity measurements, the ligand is titrated to the protein solution and turbidity is recorded using 

the transmission values at 420 nm, which is not in the absorption area of the TPE-luminophore. 

Turbidity is correlated to the formation of ligand-protein clusters and often used as a measure for 

multivalency.[18] 

In the turbidity assay of Man-TPE, Con A shows the occurence of turbidity, with the transmission signal 

being reduced by 50% already at a ligand concentration of 3.5μM (c1/2Tmax: 3.5 μM, Fig 3). It is well 

known that tetrameric ConA is prone to cluster formation with multivalent glycoligands. Importantly, 

Gal-TPE showed no cluster formation, indicating that the observed effect is specific for the glycan-

protein interaction.  
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Figure   3: Hill plots of UV-Vis Turbidity assays [Transmission at 420 nm, lectins conc. 100μM] of Con A (red), 

GNA (blue), PSA (gray), LCA (green) with titration of the ligand Man-TPE in LBB (All measuring points and the 
Gal-TPE results see SI) . 

 

In comparison to Con A, the tetramer GNA shows turbidity at higher Man-TPE concentration (c1/2Tmax: 

65 μM). This can be correlated with the lower affinity of GNA for Mannose. Again Gal-TPE showed no 

turbidity and thus no binding.  

When looking at dimeric lectins PSA and LCA, PSA shows a weak clustering effect, reaching the half 

maximum transmission at a concentration of 200 μM. This observation is in line with both, the lower 

affinity of PSA for Mannose as well as the reduced valency of the receptor, leading to less efficient 

cluster formation. LCA shows even further reduced interaction with Man-TPE and almost no turbidity 

is observed. 

 

Overall turbidity measurements are well in line with fluorescence measurements and confirm that 

cluster formation seems to be necessary for efficient AIE effects. In our model, binding of a single ligand 

to a lectin still allows the AIE luminophore at the chain end to move freely and does not induce 

emission. Only when several ligands and proteins form a cluster, does the luminophore experience 

strong enough restrictions in its rotation and/or vibration to induce AIE (Figure 4). Clusters formed by 

lectins with two instead of four receptor sites potentially lead to less dense clusters and thus 

restrictions and accordingly AIE effects are less pronounced. 
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Figure   4: Schematically, the differences of a simple binding of the Man-TPE to a lectin vs. a cluster formation 
with a divalent lectin and a tetravalent lectin are shown.  In the case of a simple binding, the AIE is still free to 
move, whereas in the case of a cluster formation with a divalent lectin, the AIEs are already restricted in their 

rotation or vibration, resulting in an AIE effect. In the case of the tetravalent lectin, the system are constrained 
with respect to its rotational or vibrational capabilities, resulting in a particularly strong AIE effect. 

 

 

Conclusion  

In conclusion, two glycooligomers with AIE luminophores were synthesized using solid phase polymer 

synthesis. While the carbohydrate ligands mediate interaction with lectins, the AIE luminphore allows 

for direct visualization and read-out of the binding. On the one hand the AIE effect is determined by 

the affinity of the lectin for carbohydrate presented on the glycooligomer, where all Gal glycooligomers 

showed no binding and no fluorescence for the Man recognizing lectins applied in this study. On the 

other hand, cluster formation of multivalent ligands and multivalent receptors is required to lead to 

AIE through restriction of the luminophores rotation/vibration. Accordingly, lectins with higher 

tendency to form clusters, based on their higher valency (tetrameric vs. dimeric) and higher affinity for 

the carbohydrate ligands, show higher AIE effects. Future studies will focus on developing 

glycooligomer-AIE conjugates as sensors of cluster formation events, not only in solution but also on 

membranes or cells.  
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Materials: 

Diethyl ether (with BHT as inhibitor, ≥ 99.8%), triisopropylsilane (TIPS) (98%), 1-Ethynyl-4-(1,2,2-

triphenylethenyl) benezene (TPE-luminophore) and formic acid (pa) were purchased from Sigma 

Aldrich. N, N-diisopropylethylamine (DIPEA) (≥ 99%) was purchased from Carl Roth. N, N-

dimethylformamide (DMF) (99.8%, for peptide synthesis), piperidine (99%) were obtained from Acros 

Organics. Dichloromethane (DCM) (99.99%), (analytical reagent grade) was purchased from Fisher 

Scientific. Acetonitrile was purchased from AppliChem. Trifluoroacetic acid (TFA) (99%), (benzotriazol-

1-yl-oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP), and triethylsilane (analytical 

reagent grade) were purchased from Fluorochem. TentaGel® S RAM resin (Rink Amide, loading: 0.23 

mmol/g) was purchased from RAPP Polymer.  

 

Analytic Methods:  

 

Purification (Preparative RP-HPLC) 

An Agilent 1260 Infinity device was used to purify the oligo(amidoamines), which is coupled to a 

variable wavelength detector (VWD) (set to 214 nm) and an automated fraction collector. The RP-HPLC 

column, CAPCELL PAK C18 (20 x 250 mm, 5 μm), was used. The mobile phases A and B were H2O and 

acetonitrile, each containing 0.1 vol% formic acid. The flow rate was set at 15 ml/min. 
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Reversed Phase- High Pressure Liquid Chromatography- Mass Spectrometry (RP- HPLC-MS)/Electron 

Spray Ionization- Mass Spectrometry (ESI-MS) 

RP-HPLC-MS was carried out 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 (operation mode positive, m/z range from 200 to 2000). A MZ-AquaPerfect C18 (3.0 × 50 

mm, 3 μm) RP column from Mz-Analysentechnik was used. As eluent system water/acetonitrile 

containing 0.1 vol% formic acid was applied. The mobile phases A and B were: System A) 

H2O/acetonitrile (95/5, v/v); System B) H2O / acetonitrile (5/95, v/v). The samples were analyzed at a 

flow rate of 0.4 ml/min using a linear gradient, starting with 100% of system A) and reaching 100% 

system B) within 30 min. The temperature of the column room was set to 40 °C. All purities were 

determined using the OpenLab ChemStation software for LC/MS from Agilent Technologies. 

ESI-MS measurements were performed with the above mentioned ESI source and quadru- pole 

detector.  

 

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. 

 

Nuclear Magnetic Resonance Spectroscopy (NMR)  

The 1H-NMR spectra were recorded on a Bruker Avanace III 600 (600 MHz). These spectra were 

evaluated according to the following scheme: (frequency in MHz, deuterated solvent), chemical shift 

in ppm (multiplicity, coupling constant, integral, signal assignment). The chemical shift is given in 

relation to the 1H signals of the deuterated solvents used (D2O: 4.79 ppm). The multiplicities of the 

signals were abbreviated as follows: s (singlet), d (doublet), t (triplet), m (multiplet).  

 

Freeze dryer 

The final oligomers were lyophilized with an Alpha 1-4 LD plus instrument from Martin Christ 

Freeze Dryers GmbH. The drying method was set to -40 °C and 0.1 mbar. 

 

Fluorescence 

The fluorescence spectra were recorded on a RF-6000 from the company Shimadzu Corporation in 

Japan. 
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UV-Vis Turbidity assays 

Turbidity measurements were performed with a SPECORD 210 PLUS UV-Vis photometer from Analytik 

Jena AG. The instrument was operated using Win ASPECT PLUS software. All measurements were 

performed in 0.1 mL precision quartz glass cuvettes from Carl Roth GmbH + Co. KG. The Transmission 

signal at 420 nm was detected. 

 

Oligo(amidoamines) Synthesis: 

General: 

The oligo(amidoamines) synthesis were carried out manually in 10 ml polypropylene syringe reactors 

with a polyethylene frit and a Luer stopper from Multisyntech GmbH. Both oligo(amidoamines) were 

synthesized on the TentaGel® S RAM (Rink Amide) with capacity of 0.23 mmol/g. Batch size of both 

oligo (amido)amines were 0.15 mMolar. 

 

Fmoc cleavage 

The resin was swollen in DCM for 30 min and subsequently washed three times with DMF. Secondly 

the Fmoc protecting group of the resin as well as from the coupled building blocks or amino acids was 

cleaved by means of a 25% solution of piperidine in DMF achieving an amine end group. The 

deprotection was carried out twice with the mentioned cleavage solution for 20 min and 7 ml. 

Afterwards the resin was washed 10 times with DMF. 

 

Coupling protocol 

First the resin was swollen in DCM for 30 min and then washed three times with DMF. The Fmoc 

protecting group had to be removed before further couplings! 

 

For the building block coupling 5 eq., 5 eq. PyBOP and 10 eq. DIPEA were dissolved in 5 mL DMF, drawn 

into the reactor syringe and shaken for 90 min, followed by washing ten times with DMF.  

 

CuAAC protocol of pyranoside 

To the oligomeric structure loaded on the resin 2 eq of acetyl protected 2-azidoethyl pyranoside 

sodium ascorbate per alkyne group and 20 mol% CuSO4 per alkyne group were dissolved each in 1 mL 

water and also added to the resin. The reaction time was 24 h and subsequently washed with a 23 mM 

solution of sodium diethyldithiocarbamate in DMF and water (50/50, v/v) and alternating with DMF 

and DCM until no further color change occur. 
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CuAAC protocol of 1-Ethynyl-4-(1,2,2-triphenylethenyl) benezene 

To the oligomeric structure loaded on the resin 2 eq of 1-Ethynyl-4-(1,2,2-triphenylethenyl) benezene 

per azido group dissolved in 3 mL DMF were added.  Further implementations are identical to the 

CuAAC protocol of pyranoside. 

 

Acetyl deprotection 

The acetyl protection groups of the 2-azidoethylpyranoside are cleaved off using 10 ml of a 0.2 M 

solution of sodium methoxide in methanol. The reaction time is 1 hour and subsequently resin was 

washed 5 times alternating with 10 ml of DMF and DCM. 

 

Cleavage from solid phase 

The oligo(amidoamines) were cleaved from the TentaGel® S RAM resin by drawing up a solution of 5 

vol% triisopropylsilane (TIPS) and 95 vol% TFA into the syringe and shaking for 1.5 hours.  

Afterwards the solution was placed in ice cooled diethyl ether. The resulting precipitate was 

centrifuged off and the supernatant was decanted off. The pellet was washed 3 times with diethyl 

ether. 

The product was dried and dissolved in Millipore water. The entire solution was collected in a falcon 

and freeze-dried to isolate the product. Subsequently, the products Man-TPE & Gal-TPE were purified 

by means of preparative HPLC. 
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Analytical data of oligomers Man-TPE & Gal-TPE: 

 

 
Figure S 1: 600 MHz 1H NMR spectrum of Man-TPE in D2O at 25°C. 

  
1H-NMR (600 MHz, D2O,):  (ppm) = In the range from 8.25 to 8.70 amide functionalities occur, 7.84-

7.47 (m, 4H, Hg, Hg´), 7.40-6.19 (m, 19H, HAryl), 4.68-4.44 (m, 6H, Hf), 4.42-4,09 (m, 3H, He), 4.05-3.04 

(m, 76H,H2-H6, H3´, HB-HE, HB´, He´, Hf´), 2.99-2,53 (m, 16H, HA, Ha, Ha´, Hb), 2.48-2.21 (m, 24H, H1), 

2.07-1,90 (m, 2H, Hc´). 
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Figure S 2: Man-TPE detected by RP-HPLC analysis (linear gradient from 5 – 95 vol% eluent H20/acetonitrile) in 

30 min at 40 °C. 

 

 
Figure S 3: HR-ESI-MS of Man-TPE. 

 

HR-ESI-MS: for C123H185N29O38 m/z [M+4H]4+ calcd: 669.0853 , found: 669.0841 

mass accuracy +1.9 ppm. 
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Figure S 4: 600 MHz 1H NMR spectrum of Gal-TPE in D2O at 25°C. 

 
1H-NMR (600 MHz, D2O,):  (ppm) = In the range from 8.25 to 8.70 amide functionalities occur, 7.83-

7.69 (m, 3H, Hg), 7.66-7.47 (m,1H, Hg´), 7.27-6.95 (m, 3H, HAryl), 7.89-6.47 (m, 16H, HAryl), 4.58-4.50 

(m, 3H, HF), 4.48-4.38 (m, 2H, Hf), 4.29-4,09 (m, 7H, Hf, He), 4.04-3.83 (m, 3H, He´), 3.80-3.76 (m, 3H, 

HE), 3,70-3,05 (m, 73H, H2-H6, H3´, HA-D, HB´, Hf´), 2.96-2,50 (m, 14H, Ha, Ha´, Hb), 2.46-2.23 (m, 24H, 

H1), 2.02-1,79 (m, 2H, Hc´). 

 



 

99 
  

 
Figure S 5: Gal-TPE detected by RP-HPLC analysis (linear gradient from 5 – 95 vol% eluent H20/acetonitrile) in 30 

min at 40 °C 

 

 
Figure S 6: HR-ESI-MS of Gal-TPE. 

 

HR-ESI-MS: for C123H185N29O38 m/z [M+4H]4+ calcd: 669.0853, found: 669.0843 

mass accuracy +1.5 ppm. 
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Figure S 7: Blank detected by RP-HPLC analysis (linear gradient from 5 – 95 vol% eluent H20/acetonitrile) in 30 

min at 40 °C. 

 

Further Fluorescence analytical data of oligomers: 
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Figure S 8: Man-TPE emission signal (exci: 340 nm) in the presence of increasing Con A titration in LBB (triplicate 

with measurement error, concentration from the bottom curve to the top curve: 0 to 32 μM Con A). 

Concentration of Man-TPE is 13 μM in LBB. 
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Figure S 9: Gal-TPE emission signal (exci: 340 nm) in the presence of increasing Con A titration in LBB (triplicate 

with measurement error, concentration from the bottom curve to the top curve: 0 to 32 μM Con A). 

Concentration of Gal-TPE is 13 μM in LBB. 
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Figure S 10: Man-TPE emission signal (exci: 340 nm) in the presence of increasing GNA titration in LBB (triplicate 

with measurement error, concentration from the bottom curve to the top curve: 0 to 20 μM GNA). 

Concentration of Man-TPE is 13 μM in LBB. 
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Figure S 11: Gal-TPE emission signal (exci: 340 nm) in the presence of increasing GNA titration in LBB (triplicate 

with measurement error, concentration from the bottom curve to the top curve: 0 to 20 μM GNA). 

Concentration of Gal-TPE is 13 μM in LBB. 
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Figure S 12: Man-TPE emission signal (exci: 340 nm) in the presence of increasing PSA titration in LBB (triplicate 

with measurement error, concentration from the bottom curve to the top curve: 0 to 20 μM PSA). Concentration 

of Man-TPE is 13 μM in LBB. 

. 
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Figure S 13: Gal-TPE emission signal (exci: 340 nm) in the presence of increasing PSA titration in LBB (triplicate 

with measurement error, concentration from the bottom curve to the top curve: 0 to 20 μM PSA). Concentration 

of Gal-TPE is 13 μM in LBB. 
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Figure S 14: Man-TPE emission signal (exci: 340 nm) in the presence of increasing LCA titration in LBB (triplicate 

with measurement error, concentration from the bottom curve to the top curve: 0 to 20 μM LCA). Concentration 

of Man-TPE is 13 μM in LBB. 
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Figure S 15: Gal-TPE emission signal (exci: 340 nm) in the presence of increasing LCA titration in LBB (triplicate 

with measurement error, concentration from the bottom curve to the top curve: 0 to 20 μM LCA). Concentration 

of Gal-TPE is 13 μM in LBB. 

 

Further Turbidity analytical data of oligomers: 
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Figure S 16: Turbidity assays [Transmission at 420 nm, lectins conc. Con A 100μM, triplicate] with titration of 

Man-TPE in LBB. 
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Figure S 17: Turbidity assays [Transmission at 420 nm, lectins conc. Con A 100μM] with titration of Gal-TPE in 

LBB. 
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Figure S 18: Turbidity assays [Transmission at 420 nm, lectins conc. GNA 100μM, triplicate] with titration of 

Man-TPE in LBB. 
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Figure S 19: Turbidity assays [Transmission at 420 nm, lectins conc. GNA 100μM] with titration of Gal-TPE in 

LBB. 
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Figure S 20: Turbidity assays [Transmission at 420 nm, lectins conc. PSA 100μM, triplicate] with titration of 

Man-TPE in LBB 
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Figure S 21: Turbidity assays [Transmission at 420 nm, lectins conc. PSA 100μM] with titration of Gal-TPE in LBB. 
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Figure S 22:  Turbidity assays [Transmission at 420 nm, lectins conc. LCA 100μM, triplicate] with titration of 

Man-TPE in LBB. 
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Figure S 23: Turbidity assays [Transmission at 420 nm, lectins conc. LCA 100μM] with titration of Gal-TPE in LBB. 
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55.4 Amphiphilic glyco(oligoamidoamines) with AIE luminophores to visualize cluster 

formation in self-assembled systems 

In the previous chapter, glycooligomers equipped with AIE luminophores showed AIE effects with 

different lectins, but with clustering effects. Cluster formation is indeed an important phenomenon in 

multivalent binding and directly related to many biological functions, e.g. the clustering of receptors 

in a membrane upon binding to a multivalent ligand (Figure 1).[1] However, detection of such clustering 

events in membranes is not trivial and usually requires complex methods such as the use of 

fluorescence resonance energy transfer (FRET) or fluorescence correlation spectroscopy (FCS).[2-4] 

Alternatively, the use of AIE luminophores could offer new possibilities for the detection of clustering 

events. By monitoring the emission intensity, conclusions could be drawn about clustering behaviour 

of the system. Many clusters with many AIE interactions would cause a strong emission intensity, while 

individual AIEs would give only a small or even no emission signal. 

 

 
Figure    1: Modulation of in-membrane receptor clustering (purple dots) upon binding of tetravalent ligands.[1] 

 

Based on this idea, the first goal was to synthesize amphiphilic glycooligomers that can assemble into 

micelles, as was recently demonstrated by Banger et al.[5], and equip them with an AIE luminophore. 

Additionally, amphiphilic glycooligomers without luminophore as well as glycooligomers with either 

binding (Mannose) or non-binding (Galactose) carbohydrates were targeted (Figure 2).  

 

In total, three AIE-modified glycooligomers (Mannose-TPE oligomer (MTO), Galactose-TPE oligomer 

(GTO), and Mannose-CATE oligomer (MCO)) were synthesized, two TPE derivatives, each with 

mannose or galactose as a binding motif, and an aromatic thioether luminophore (ATE) AIE[6] derivative 

with mannose. All oligomers were synthesized using previously established solid phase polymer 

synthesis protocols and tailor-made building blocks, specifically two functional building blocks 

introducing an alkyne (TDS)[7] or an azide side chain (ADS)[8], azido-functionalized acetylated -D-

mannose (Man) and -galactose (Gal)[7], carboxylated aromatic thioether luminophores (CATE)[9] and 

the commercially available alkyne functional TPE luminophores. 
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Figure    2: An overview of the three synthesized structures with schematic illustration as surfactant. Man- 
derivatives have a green and Gal- derivatives a yellow head group. TPE is shown as a yellow and CATE as a 

bronze star. 

 

In short, glycooligomers were assembled as previously described in this work (Chapter 5.3). In order 

to couple the AIE luminophore, termina Fmoc protecting group was released and CATE luminophore 

for MCO was incorporated via the carboxylate, requiring double coupling in tenfold excess to prevent 

dimerization at CATE. After CATE coupling, the second free acid on MCO was capped with pentylamine 

in order to form the hydrophobic component of the amphiphilic glycooligomers. For MTO and GTO, 

after assembly of the glycooligomer, an additional ADS building block was introduced, which allows a 

secondary CuAAC reaction to couple alkyne-functionalized TPE. After TPE conjugation, the Fmoc group 

was cleaved and the free amine was acetylated. For all glycooligomers, carbohydrates were 

deprotected on resin, oligomers cleaved from the resin and isolated by precipitation from diethylether 

and freeze drying. 

All glycooligomers were further purified by either dialysis (MTO, GTO) or preparative HPLC (MCO) 

giving the final products in relative purities of >95% (LC analysis). All structures were confirmed by 1H 

NMR and UHR-MS analyses (see exemplary 1H NMR spectrum of MCO in Figure 3) (see SI for detailed 

analytical data).Aryl protons (  (ppm) 8.41-7.26) of the incorporated CATE luminophore as well as the 

alkyl protons of the amylamine (  (ppm) = 2.90-1.32, 1.26-0.90) can be clearly assigned.  
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Figure    3: 600 MHz 1H NMR spectrum of MCO in D2O and Aceton-D6 at 45°C. 

 

With these molecules in hand, the use of AIE dye-containing amphiphilic glycooligomers as fluorescent 

sensors of cluster formation was investigated. First, AIE behavior of the free oligomers was tested with 

different fractions of acetonitrile and water. The AIE behavior is usually observed when a certain ratio 

of the poor solvent, in this case water, is reached and small aggregates are formed. This is due to 

rotational limitations of the groups in the luminophores, as shown by Tan et al.[10] The amphiphilic 

nature of the oligomers is the reason why a water concentration of 100% can be achieved through self 

assembly into micelles without solid aggregation and precipitation, but with a high emission intensity. 

As an example, Figure 4A shows the increase in normalized fluorescence intensity of 300 μM GTO as a 

function of H2O/ACN ratio (triplicates, λex = 340 nm, λem = 457 nm) with photo series and measurement 

points.  With an environmental change adding acetonitrile, the micelles were dissolved so that only 

single oligomers were present in solution and no AIE effect is observed (Fig.4B).  
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Figure    4: A) Rise of the normalized fluorescence intensity of 300 μM GTO in dependency of the H2O/ACN ratio 
(triplicates, λex = 340 nm, λem = 457 nm) with photo series of the measuring points. B) Schematic illustration of 

the free AIE ligand below its CMC in water (no emission), above its CMC as aggregation in micelles with 
emission and with addition of the poor solvent acetonitrile, causing micelles to dissolve and emission to 

decrease. 

 

Since AIE behavior is closely linked to the self-assembly of amphiphilic glycooligomers into micelles, in 

the next step critical micelle concentration (CMC, see Figure 5) was determined. For this purpose, 

concentration series were measured (0.004 to 1 mM) and fluorescence was detected based on the 

emission characteristics of the luminophore ( λex = 340 nm, λem = 457 nm). 

The CMCs of the two TPE derivatives (MTO and GTO) are very similarwith values of 77 μM and 74 μM, 

respectively.  This is in agreemtent with previous studies that showed only little effects of Mannose vs. 

Galactose in the micelle formation of amphiphilic glycooligomers.[11] The MCO derivative, on the other 

hand, has a clearly higher CMC value of 135 μM. The CMC difference can be attributed to the low 

flexibility of the TPE compared to the CATE-AIE. Similarly, weaker intramolecular interactions of the 

CATE units compared to TPE may cause the lower CMC value.
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Figure    5: Determination of the critical micelle concentration (CMC) for A) MTO B) GTO and C) MCO by 

emission intensity of the AIE-surfactants in the concentration range from 0.004 to 1 mM in water 
(triplicates, λex = 340 nm, λem = 457 nm). 

 

 

Since the glycooligomers should be used to detect clustering, first an assembly with no clustering needs 

to be realized. Therefore, mixing experiments were performed with a non-fluorescent, non-

carbohydrate surfactant and MTO. Sodium dodecyl sulfate, a well-established surfactant was used. 

Figure 5 shows the fluorescence reduction of MTO as a function of the concentration of SDS.  

SDS was found to be potent in terms of fluorescence reduction. With SDS, a fluorescence reduction of 

more than 90% was already achieved at 1.5 mM and at 3.5 mM the emission reduction was 97%. This 

effect can be explained by lower interactions within the mixed micelle systems, such as stacking of the 

luminophores, which reduces the rotational constraint of the luminophores, resulting in lower 

emission (see Fig. 6A). Similar reduction results could also be obtained with MCO and SDS (Fig. S11). 
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Figure   5: Fluorescence reduction of 300 μM MTO by addition of SDS in water 

(triplicates, λex = 340 nm, λem = 457 nm). 

 

 
Figure    6: Schematically shown in A) is the addition of a second non-fluorescent surfactant, which leads to 

mixed micelles, resulting in fewer AIE interactions and a decrease in emission intensity. In B) our mid-term goal 
of the project is shown: After successful reduction of the emission intensity with mixed micelles, clustering of the 
AIE surfactants through interactions with lectins such as ConA will be investigated in the future. This could lead 

to more AIE interactions within the micelles, which would increase the emission intensity again. 

 

In general, these experiments show that the initial emission intensity of luminophore-containing 

micelles can be selectively reduced by the addition of a non-fluorescent second surfactant and now 

open up the possibility to add multivalent receptors, e.g. ConA as was used in the previous chapter, 

and study whether clustering can be induced and observed by a potential increase in fluorescence 

from the AIE luminophore (Fig.6B). Due to time constraints, this next part of the project was performed 

by Alexaner Banger. 
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Supporting Information 

 

Synthesis part: 

  

Synthesis EDS, TDS, -D Mannose and Galaactose 

(4-((2-(2-(2-aminoethoxy)ethoxy)ethyl)-amino)-4-oxobutanoic), tripple-bond diethylene-triamine 

succinamide as well as acetylated -D Mannose or Galcatose were synthesized according to 

literature procedures.[7] 

 

General: 

The oligo(amidoamines) synthesis were carried out manually in 10 ml polypropylene syringe reactors 

with a polyethylene frit and a Luer stopper from Multisyntech GmbH. Oligo(amidoamines) were 

synthesized on the a Fmoc Gly TentaGel® S Trt resin (with capacity of 0.21 mmol/g. Batch size of oligo 

(amido)amines were 0.15 mMolar. 

 

Fmoc cleavage 

The resin was swollen in DCM for 30 min and subsequently washed three times with DMF. Secondly 

the Fmoc protecting group of the resin as well as from the coupled building blocks or amino acids was 

cleaved by means of a 25% solution of piperidine in DMF achieving an amine end group. The 

deprotection was carried out twice for 20 min and 7 ml. Afterwards the resin was washed 10 times 

with DMF. 

 

Coupling protocol 

First the resin was swollen in DCM for 30 min and then washed three times with DMF. The Fmoc 

protecting group had to be removed before further couplings! 

For the building block coupling 5 eq., 5 eq. PyBOP and 10 eq. DIPEA were dissolved in 5 mL DMF, drawn 

into the reactor syringe and shaken for 90 min, followed by washing ten times with DMF. The same 

procedure was followed for the coupling of amylamine. For CATE coupling, the duplicate quantities of 

building block (CATE), PyBOP and DIPEA were used. 

 

CuAAC protocol of pyranoside 

To the oligomeric structure loaded on the resin 2 eq of acetyl protected 2-azidoethyl pyranoside 

( Mannose/ Galactose) per alkyne group dissolved in 3 mL DMF were added.  Secondly 20 mol% 

sodium ascorbate per alkyne group and 20 mol% CuSO4 per alkyne group were dissolved each in 1 mL 
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water and also added to the resin. The reaction time was 24 h and subsequently washed with a 23 mM 

solution of sodium diethyldithiocarbamate in DMF and water (50/50, v/v) and alternating with DMF 

and DCM until no further color change occur. 

 

CuAAC protocol of 1-Ethynyl-4-(1,2,2-triphenylethenyl) benezene 

To the oligomeric structure loaded on the resin 2 eq of 1-Ethynyl-4-(1,2,2-triphenylethenyl) benezene 

per azido group dissolved in 3 mL DMF were added.  Further implementations are identical to the 

CuAAC protocol of pyranoside. 

 

Acetyl deprotection and cleavage from solid phase  

For the glycine loaded resin the sugar moiety was deprotected and at the same time the oligomer was 

cleaved off the resin using 0.05 M NaOH in methanol and water (vol% 99:1) for 90 min. The cleavage 

solution was precipated in ether, centrifuged, dried and dialysed. 

 

Analytical data for macromolecules: 

Macromolecule MTO 

 

 
Figure S 24: 600 MHz 1H NMR spectrum of MTO in D2O and Acetone-D6 at 45°C. 
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1H-NMR (600 MHz, D2O+ Acetone-D6, ratio 3:1, 45°C):  (ppm) = 8.71-8.63 (m, 1H, Hg), 8.19-7.77 (m, 

3H, Hg´, HAryl), 7.52-7.42 (m, 2H, HAryl), 7.18-6.76 (m, 15H, HAryl), 4.68 (s, HF), 3.98 (m, 1H, He), 3.79-

3.15 (m, 25H, H2-H4, HA-E, HB´, Hf´, He´), 3.10-3.2.81 (m, 4H, Ha, Hb), 2.76-2.58 (m, 10H, H1, H4), 2.28-

2.18 (m, Hc´), 1.91-1.73 (m, 3H, H5). 

 

 
Figure S 25: MTO detected with relative purities >95% by RP-HPLC analysis (linear gradient from 25 – 75 vol% 

eluent H20/acetonitrile) in 30 min at 40 °C. 

 

 
 

Figure S 26: HR-ESI-MS of MTO. 

 

HR-ESI-MS: for C65H81N13O15 m/z [M+2H]2+ calcd.: 641.7982, found: 641.7980 

mass accuracy +0.3 ppm. 
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Macromolecule GTO 

 

 
Figure S 27: 600 MHz 1H NMR spectrum of GTO in D2O and Aceton-D6 at 35°C. 

 
1H-NMR (600 MHz, D2O+ Aceton-D6, ratio 3:1, 35°C): (ppm) = 8.71-8.63 (m, 1H, Hg), 8.19-7.77 (m, 

3H, Hg´, HAryl), 7.52-7.42 (m, 2H, HAryl), 7.18-6.76 (m, 15H, HAryl), 4.77-4.74 (m, HF), 4.54-4.39 (m,3H, 

He, Hf), 4.26-4,20 (m, 1H, He´), 4.17 (s, 1H, HE), 4.04-3.25 (m, 25H, H2-H4, HA-D, HB´, Hf´), 3.16 (s, 2H, 

Ha), 2.93 (s, 2H, Ha´), 2.76-2.48 (m, 10H, H1, Hb), 2.22 (s, 2H, Hc´), 2.12-1.90 (m, 3H, H5). 
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Figure S 28: GTO detected with relative purities >95% by RP-HPLC analysis (linear gradient from 25 – 75 vol% 

eluent H20/acetonitrile) in 30 min at 40 °C. 

 

 
Figure S 29: HR-ESI-MS of GTO. 

 

HR-ESI-MS: for C65H81N13O15 m/z [M+2H]2+ calcd.: 642.8060, found: 642.8064 

mass accuracy -0.5 ppm. 
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Macromolecule MCO 

 

 
Figure S 30: 600 MHz 1H NMR spectrum of MCO in D2O and Aceton-D6 at 45°C. 

 
1H-NMR (600 MHz, D2O+ Aceton-D6, ratio 1:1, 45°C):  (ppm) = In the range from 8.50 to 8.70 amide 

functionalities occur, 8.41-7.26 (m, 11H, Hg, HAryl), 5.26-5.08 (m, 1H, HF), 4.55-3.48 (m, 18H, H2-H5, 

HA-HE, HB´), 3.47-2.73 (m, 8H, H1, Ha, Hb), 1.90-1.32 (m, 6H, H6-H8), 1.26-0.90 (m, 3H, H9). 

 

 
Figure S 31: MCO detected with relative purities >95% by RP-HPLC analysis (linear gradient from 25 – 75 vol% 

eluent H20/acetonitrile) in 30 min at 40 °C. 
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Figure S 32: HR-ESI-MS of MCO. 

 

HR-ESI-MS: for C52H64N10O15S2 m/z [M+2H]2+ calcd. : 567.2070 found: 567.2069 

mass accuracy +0.1 ppm. 

 

Fluorescence-data 
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Figure S 33: Fluorescence reduction of 300 μM MTO by addition of SDS (percent of the SDS CMC value 

8.200 μM, (λex = 340 nm). 

 

400 450 500 550 600

0

1000

2000

3000

4000

5000

 

 

Fl
uo

re
sc

en
ce

 [I
nt

en
si

ty
] 

Wavelength [nm]

 MCO
 5 % SDS
 10 % SDS
 15 % SDS
 20 % SDS
 25 % SDS
 30 % SDS
 40 % SDS
 50 % SDS
 60 % SDS

 
Figure S 34: Fluorescence reduction of 300 μM MCO by addition of SDS (percent of the SDS CMC value 8.200 μM 

(λex = 380 nm). 
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6. Summary & Conclusion 
The overall aim of this work was to make new hybrid macromolecules accessible that combine natural 

and non-natural building blocks and to investigate their potential for applications as biological ligands, 

sensors or inhibitors.  The approach of combining natural and non-natural building blocks into 

macromolecules offers access to biofunctional materials with tailor-made properties. A classic example 

of this is the PEGylation of proteins to increase protein stability to heat, organic solvents and enzymatic 

degradation.[117,118] While a PEGylated protein is a conjugate of two components, protein and polymer, 

much more complex hybrid structures are also possible today, e.g. by replacing individual amino acids 

with non-natural building blocks in a protein. From a synthetic point of view, solid phase synthesis 

offers an ideal platform for creating such hybrid structures. Since the 1960s and through the pioneering 

work of Merrifield, solid phase synthesis has been used as a standard synthetic method for the 

generation of peptides and proteins in the laboratory.[22] Today, other bio- but also synthetic 

macromolecules are accessible by means of solid phase synthesis. In Laura Hartmann's research group, 

the so-called solid-phase polymer synthesis (SPPoS) of oligo(amidoamines) in particular has been 

established.[18,19,30-31] Here, synthetic building blocks are already successfully combined with natural 

building blocks such as amino acids and carbohydrates. 

The aim of this work was now to supplement solid-phase polymer synthesis with further building 

blocks and thus expand the spectrum of accessible hybrid structures. Specifically, the non-natural 

binding motif guanidiniocarbonylpyrrole (GCP), an arginine mimetic, is to be used.[81] The GCP, which 

was established by Schmuck in 1999 et al., has a high affinity for oxyanions, and could therefore already 

be used as a binding motif in biological ligands to inhibit or detect proteins.[17,83,85,119] Secondly, 

aggregation-induced emission luminophores (AIE) will be conjugated to oligo(amidoamines) for the 

first time. The AIE phenomenon allows bioassays to be performed at low concentrations and provides 

information on binding events and clustering by fluorescence spectroscopy. To demonstrate that the 

combination of these building blocks with the solid-phase polymer synthesis platform can provide 

access to new bioactive hybrid structures, four different classes of macromolecules with different 

applications were generated in this work. 

In the first part of this dissertation, GCP-containing macromolecules were synthesised to be used for 

the development of new modulators of protein-protein interactions. The design of the synthesised 

macromolecules was based on multivalence concepts. Similar to the GCP-containing sequence-defined 

oligomers first synthesised by P. Reuter, homomultivalent mono- and trivalent GCP oligomers were 

synthesised.[120] This approach was extended by heteromultivalent combinations with free lysines in 

the direct vicinity of the GCP, which was intended to increase the binding strength of the ligand, as 
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was already possible with other GCP structures with additional lysines.[121] In addition, a steric shielding 

of the partner protein by the incorporation of PEG block was targeted (see Figure 10).[122-125]  

 

 
Figure 10: Final with GCP, lysine and PEG block, G (one GCP), GL (one GCP &lysine), 3G (three GCP), 3GL (three 
GCP &lysine), 3GP (three GCP + PEG) and 3GLP (three GCP & lysine + PEG). Due to purification by preparative 

HPLC, the compounds are present as formate salts. In addition, the two assays are schematically illustrated with 
regard to the binding of the ligands (SPR) and the inhibitory properties (pull-down).  

 

As a model system for demonstrating the biological potential of GCP-containing macromolecules the 

tumour-relevant Threoninaspartase 1 (Taspase1) was selected.[126,127]  Taspase1 is particularly suitable 

because it requires interaction with the import receptor Importin α for activation and because the 
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bipartite NLS (nuclear localisation sequence) of Taspase1 is flanked by several anionic amino acids such 

as aspartic acid and glutamic acid[128], which can act as binding partners of the GCP ligands.  

To ensure that the ligands can bind to the Taspase1 surface, surface plasmon resonance (SPR) assays 

with bound Taspase1 were performed by S. Ueclue. In this assay, the two monovalent GCP 

macromolecules showed no binding to Taspase1, which can be explained by the absence of 

multivalence and the resulting weaker binding strength. In contrast, dissociation constants in μM range 

could be detected for the trivalent macromolecules, with a significant increase in binding strength 

occurring for the trivalent lysine derivatives.  

To evaluate the potential as inhibitors of the Taspase1 and Importin-α complex formation, in vitro pull-

down assays with the trivalent ligands were subsequently performed by A. Höing. Interestingly, the 

ligands without the PEG-Stealth block failed to affect the formation of the Taspase1-Importin-α 

complex. This suggests that NLS cannot be adequately shielded without the PEG block. In contrast, a 

mechanism of inhibition could be demonstrated for the PEG derivatives. Whereby the PEG derivative 

with additional free lysines again enhances the inhibitory effect.   

Overall, these results show that by multivalent presentation of a non-natural supramolecular binding 

motif along an oligomer, a ligand can be obtained that can firstly bind to Taspase1 and secondly inhibit 

Taspase1-Importin-α interactions. However, no precise statements can currently be made about the 

location of the binding of the ligands, e.g. which anionic amino acids on the surface of Taspase1 are 

precisely targeted and how exactly it comes to blocking the interaction with the partner Importin . 

This must be clarified in more detail in the future. Nevertheless, these results already provide enough 

evidence to move on to cellular studies since, as already noted, the ligands showed no toxicity in the 

cell viability assay. In addition, it would be exciting to introduce cleavability between the blocks so that 

targeted binding processes could first be inhibited and afterwards even promoted. One approach to 

this could be the introduction of disulfide bridges, which has already been tested for other 

macromolecules derived from solid phase polymer synthesis.[129.130]  

 

For a second class of hybdrid macromolecules, AIE luminophores and the previously used GCP binding 

motif were targeted. It could be rationalized that AIE properties are strongly influenced by the 

macromolecular scaffold itself, however, so far this had not been studied systematically. The aim of 

this part of the dissertation was therefore to systematically investigate how the position of the AIE 

within the overall construct affects its sensing properties. For the study, five different monovalent GCP-

containing macromolecules with identical AIE luminophores were synthesised, with the position of the 

AIE varying from the immediate vicinity of the binding motif to the middle of the side or main chain to 

the end group (see Figure 11).  
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Figure 11: Final oligomers with AIE luminophore and GCP motif (O1-O5). 

 

With the structures in hand, various fluorescence measurements were carried out. In the solid-state 

fluorescence experiments of the powders, were no differences for the five derivatives, which was an 

ideal basis for the study. Subsequently, the AIE derivatives were observed in solution. In general, all 

structures in which the luminophore was incorporated into the side chain showed lower initial 

fluorescence intensity than the derivatives in which the luminophore was conjugated into the main 

chain. This suggests that the AIE in the side chains may be more advantageous for AIE behaviour in 

solution, as the luminophore is less restricted by the scaffold itself and is free to rotate. To evaluate 

the AIE behaviour of the compounds, fluorescence titrations were then performed with different 

potential binding partners.  Surprisingly, only one of the five derivatives showed a significant increase 

in emission when interacting with anionic materials and biomolecules.  Further, the trend showed that 

with a higher density of anionic groups on the target molecule, the emission intensity of the active 

compound became more pronounced.  Within this framework, a first structure-activity correlation 

could then be established. The special feature of the active ligand (O4) with AIE in the side chain was 

probably the additional spacer building block, the diethylene glycol linker. This construction with an 

additional linker between the luminophore and the binding motif GCP leads to the AIE-active oligomer, 

which firstly has the necessary water solubility with weak initial fluorescence and secondly offers the 
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necessary flexibility for binding to the anionic material. At the same time, the GCP binding could then 

achieve rotational restriction or aggregation at the target molecule, resulting in the AIE effect.  

In this part of the thesis, the aim was to systematically investigate the potential effects of positioning 

an AIE luminophore in flexible macromolecules with supramolecular binding motifs. And indeed, this 

novel study was able to show that the position of the AIE strongly influences the function, both for the 

ligand itself and when the ligand is applied for detection. While this study provides important insights 

into the structure-property relation of AIE-modifed macromolecules, it has not been possible to obtain 

pronounced AIE effects by titrations with proteins.[131] One explanation may be that a monovalent 

ligand cannot establish sufficient binding strength to the protein surface. This could also be due to the 

design of the scaffold, as the macromolecules in this study are quite flexible and thus a small restriction 

on the rotational ability of the AIE occurs. Therefore, in the future, multivalent GCP ligands could be 

constructed as in project 1, maintaining the position of the AIE as in O4. Equally, hetereovalent systems 

could also be considered, so that in both cases the binding strength increases. In the future, a change 

in emission intensity can also be targeted by varying the linker between the luminophore and binding 

motif, e.g. by introducing a more rigid or hydrophobic linker, which could increase the AIE effect.   

 

In the third part, the non-natural GCP unit within the AIE-construct was exchanged towards a natural 

binding motif, a carbohydrate, deriving a macromolecular glycan mimetic. Over the past decades, a 

large number of glycan mimetics have been investigated for their interaction with lectins, in which 

multivalence has been shown to be a crucial factor in increasing affinity.[29,132,133] Furthermore, when 

multivalent carbohydrate ligands bind to lectins, a pronounced clustering effect of the two binding 

partners was observed, leading to a partial aggregation of the system.[63,134,135] As already addressed in 

project 2, aggregates also take on a crucial role in the AIE effect. Many other groups had synthesised 

AIE carbohydrate ligands in recent years and were able to target and detect diverse lectins, however, 

investigation of the correlation of the AIE effect and aggregate formation has received little 

consideration. 

Therefore, one aim of this project was to first evaluate which lectins can be detected using a trivalent 

glyco-oligomer with AIE and also what influence the formation of aggregates and clusters has on the 

AIE effect. For this approach of correlation investigating, two trivalent sequence-defined glyco-

oligomers with aggregation-induced emission luminophores. Both glyco-oligomers are identical in 

structure except that they carry different binding motifs. The ligand Man-TPE carries -D-Mannose 

and Gal-TPE -Galactose as motif (see Figure 12). Fluorescence and turbidity tests were carried out 

with the two ligands using different selective -D-Mannose lectins. The lectins analysed were Con A 

(Concanavalin A), GNA (Galanthus Nivalis), PSA (Pisum sativum) and LCA (Lens culinaris), which are 

present as tetramers with four binding sites (Con A, GNA) or as dimers with two binding sites (PSA, 
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LCA) at the investigated pH.[136-138] In addition to the confirmation differences, the lectins also show 

different binding affinities to -D-Mannose. Among them, Con A shows the highest affinity, followed 

by GNA, PSA and LCA.[136.138] 

 

 
Figure 12: Final trivalent oligomers with -D Mannose or - Galcatose and conjugated TPE luminophore.  In 

addition, the photo series under UV light with different lectins (Con A, GNA, PSA, LCA), each vial with 13 μM of 
the Man- or Gal-TPE with 22 μM lectin in LBB. 

 

In the fluorescence titrations with the tetrameric Con A and GNA to the Man-TPE solution, the addition 

of even small amounts of the lectins caused a marked increase in emission intensity, but the increase 

was particularly pronounced for the lectin Con A. Con A also showed the strongest affinity in the 

turbidity assays, halving the transmission signal at small amounts of the ligand. The tetramer Con A 

caused a strong cluster effect of the system, resulting in the strong turbidity. This change in aggregation 

state benefits the incorporated AIE luminophore. By restricting intramolecular rotation, the 

luminophore emits strongly and can be easily detected. Compared to Con A, the tetramer GNA shows 

a similar opacity effect, but only at a much higher Man-TPE concentration, which is consistent with the 
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lower emission increases for GNA. For the dimers PSA and LCA, the fluorescence and turbidity 

experiments with Man-TPE showed a different behaviour. The emission value of the Man-TPE solution 

increased only very slightly to not at all by the addition of the dimeric lectins. Likewise, slight turbidity 

could only be achieved at very high concentrations. Overall, this AIE study showed clear differences in 

the detection ability of tetrameric and dimeric lectins. The explanation for differences in AIE 

detectability could be the demonstrated necessity of clustering effects with restriction of 

intramolecular rotational ability and small aggregates. 

However, it will be important to enable the detection of dimeric lectins in the future. One approach 

could be the development of higher-order multivalent structures that could promote the clustering of 

multiple dimeric lectins. In a first step, these could be precision macromolecules, but also polymer 

systems similar to those of Gerke et al. would be conceivable.[72] In this case, each incorporated 

carbohydrate-containing macromolecule would carry carbohydrates and an AIE luminophore, which 

would increase the valence of the carbohydrates as well as the emission intensity due to the high 

number of conjugated luminophores. On the other hand, the AIE emission increases obtained in this 

work for the tetrameric lectins can be described as sensitive and meaningful compared to the 

literature, which in turn could open up new fields of application for the derivatives.[139-142] For example, 

the structures could function as bioprobes for carbohydrate sensitive cell membrane due to their high 

sensitivity. 

 

Clustering, as observed for the AIE-glycan mimetic compounds, is an important phenomenon in 

multivalent binding and is directly related to many biological functions, such as the clustering of 

receptors in a membrane after binding to a multivalent ligand.[143] However, the detection of such 

clustering events in membranes is non-trivial and AIE luminophores could reveal new ways to detect 

clustering events. In theory, many clusters with many AIE interactions should thereby cause a strong 

emission intensity, while individual AIEs produce a low or no emission signal. 

Based on this idea, the fourth part of this work aims to synthesise amphiphilic glycooligomers with an 

AIE luminophore that can assemble into micelles and specifically reduce as well as promote their 

clustering. A total of three AIE-modified glycooligomers (Mannose-TPE oligomer (MTO), Galactose-TPE 

oligomer (GTO) and Mannose-CATE oligomer (MCO)) were synthesised for this purpose, two TPE 

derivatives, each with Mannose or Galactose as binding motif, and an aromatic thioether luminophore 

(ATE) AIE derivative with Mannose (Figure 13).  
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Figure 13: An overview of the three synthesized structures with schematic representation as surfactant. Man- 

derivatives have a green head group and Gal- derivatives have a yellow head group. TPE is shown with a yellow 
star and CATE with a bronze star. Schematically, the transition from a single AIE surfactant to a micelle is shown 

upon reaching the CMC, where the emission intensity increases due to increased luminophore interactions. 
Subsequently, the mixed micelles with fewer AIE-luminophore interactions are schematically obtained by adding 

the non-fluorescent second surfactant SDS, whereby the emission intensity decreases. 

 

In fluorescence measurements in water, it was recognised that the derivatives assemble above their 

CMC (critical micelle concentration) by self-assembly to form micelles with a high emission intensity, 

whereby no solid aggregates or precipitation of the amphiphilic oligomers occurred. This behaviour is 

typical of AIE micelles and is reported in the literature.[144] In the next step, the critical micelle 

concentrations were determined. The CMCs of the two TPE derivatives (MTO and GTO) are very 

similar, whereas the MCO derivative has a significantly higher CMC value. The CMC difference can be 

attributed to the lower flexibility of the TPE compared to the CATE-AIE. Likewise, the weaker 

intramolecular interactions of the CATE units compared to the TPE may cause the lower CMC value. 

Next, it is now exciting to specifically reduce the strong fluorescence of the micelles, which is caused 

by many AIE interactions. For this purpose, sodium dodecyl sulphate was added as a second non-

fluorescent surfactant to the micelle system, resulting in mixed micelles. In fact, the fluorescence was 

reduced by up to 97 %. The strong reduction of fluorescence can be explained by significantly fewer 

interactions within the mixed micelle systems, such as the stacking of the luminophores, which reduces 

the rotational constraint of the luminophores. 
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 In general, these experiments show that the initial emission intensity of luminophore-containing 

micelles can be selectively reduced by the addition of a non-fluorescent second surfactant and now 

open the possibility to now add multivalent receptors, e.g. Con A as used in the previous chapter, and 

to investigate whether clustering can be induced and observed by a potential increase in fluorescence 

of the AIE luminophore. If this becomes possible, the next step should be to transfer this approach to 

the detection of clustering of receptors in a membrane after binding to a multivalent ligand. This 

approach would immensely simplify monitoring by simple fluorescence spectroscopy and offers new 

opportunities maybe even to monitor clustering events in live cells. 

 

Overall, this thesis successfully demonstrated the combination of solid phase polymer protocols, 

supramolecular building block GCP and AIE luminophores. With this synthetic platform available, new 

hybrid macromolecules became accessible, as was shown for four different classes of macromolecules 

combining natural and non-natural motifs. In all cases, macromolecules were studied as ligands or 

inhibitors of protein interactions and successfully served as model systems to investigate the effect of 

sequence-control of the macromolecules on their properties. Based on their promising activity and 

biocompatibility, future studies could now continue towards applications of these macromolecules, 

e.g. as Taspase inhibitors or for detection of glycan clustering.   
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8. Appendix 

88.1 List of abbreviations 

ACN - Acetonitrile 

ACQ - Aggregation-caused quenching 

ADS - Azido functionalized Diethylenetriaine 

Succinic acid amide 

AFM - Atomic force microscopy 

AIE - Aggregation induced emission 

AIEE - Aggregation induced enhanced emission 

ATE - Aromatic thioether luminophore 

BADS - p-(azidomethyl)benzoyl diethylenetriamine succinic acid  

BOC - butyloxycarbonyl 

BOP - Benzotriazol-1-yl-oxy-tris-

(dimethylamino)phosphoniumhexafluoro-phosphate 

BSA - Bovine serum albumin 

CATE - Carboxylated aromatic thioether luminophore 

CMC - Critical micelle concentration 

ConA - Concanavalin A 

CRD - Carbohydrate recognition domain 

CuAAC - Copper(I)-catalyzed azide-alkyne cycloaddition 

DCC - Dicyclohexylcarbodiimide 

DCM - Dichloromethane 

DDS - Double bond functionalized Diethylenetriamine 

Succinic acid amide 

DIPEA - N,N-Diisopropylethylamine  

DMF - Dimethylformamide 

DNA - Deoxyribonucleic acid 

DVB - para-Divinylbenzene 

EDS - Ethylene glycol-diamine-succinic acid building block 

ESI-MS - Electron spray ionization - mass spectrometry 

et al. - et alii 

Fmoc - fluorenylmethoxycarbonyl 

GCP - Guanidiniocarbonylpyrrole 
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gly - Glycince 

GNA - Galanthus Nivalis Agglutinin 

HEPES - (4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid) 

HOBt - Hydroxybenzotriazole 

HPLC - High pressure liquid chromatography 

Hz - Hertz 

LC - Liquid chromatography 

LCA - Lens culinaris Agglutinin 

m - multiplet 

m - milli 

M - Molar 

MALDI-TOF - Matrix Assisted Laser Desorption Ionization-Time of Flight 

MDS - Methyl succinyl Diethylenetriamine 

Succinic acid amide 

MG 2% - Microgels with 2% methacrylic acid as anionic comonomer 

MG 5% - Microgels with 5% methacrylic acid as anionic comonomer 

MLL - mixed-lineage Leukemia protein 

MS - Mass spectroscopy 

NLS - Nuclear localization signal 

nm - Nanometer 

NMR - Nuclear magnetic resonance 

ODS  4-((8-Aminooctyl)amino)-4-oxobutanoic acid 

PAA - Poly (acrylic acid) 

PBS - Phosphate-buffered saline 

PEG - Polyethylene glycol 

pKa - Acid constant 

ppm - parts per million 

PSA - Pisum sativum Agglutinin 

PyBOP - Benzotriazol-1-yloxy-tripyrrolidino-phosphonium 

Hexafluorophosphate 

RNA - Ribonucleic acid 

RP - reversed Phase 

s - Singlet 

SDS - Sodium dodecyl sulfate 

SDS-Page - Sodium dodecyl sulfate polyacrylamide gel electrophoresis 
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SEM - Scanning electron microscope 

SPPoS  Solid phase polymer synthesis 

SPPS - Solid phase peptide synthesis 

SPR - Surface plasmon resonance 

SPS - Solid phase synthesis 

t - Triplet 

TDS - Triple bond functionalized Diethylenetriaine 

Succinic acid amide 

TFA - Trifluoroacetic acid 

TIPS - Triisopropyl silane 

TPE - Tetraphenylethane 

UHR-MS  Ultra High Resolution - Mass Spectrometry  

UV - Ultraviolet light 

δ - Chemical shift 

- alpha 

- beta 

- zeta 
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