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Chapter 1 
 

About multi-component supramolecular 

polymers in water 
 

 

Abstract 

In this introductory chapter, the recent progress in the understanding and the use of aqueous 

multi-component supramolecular polymers is presented. After a short introduction to 

aqueous benzene-1,3,5-tricarboxamide-based polymers and the use of DNA nanotechnology 

in supramolecular polymer research, an anthology of exciting aqueous polymer systems is 

given. These include examples that display complex assembly and dynamic exchange 

mechanisms and interesting functional systems. With this, it is shown that aqueous 

supramolecular polymers form an interesting platform for applications such as dynamic 

scaffolding of protein assemblies and the controlled recruitment and release of cargo. 

Furthermore, it is described how these systems are used for biomedical applications such as 

intracellular delivery systems and dynamic biomaterials. Finally the aim and outline of this 

thesis are presented.  
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S.I.S. Hendrikse, S.P.W. Wijnands, R.P.M. Lafleur, M.J. Pouderoijen, H.M. Janssen, P.Y.W. Dankers, 

E.W. Meijer, Chem. Commun., 2017, 53, 2279–2282. 
Controlling and tuning the dynamic nature of supramolecular polymers in aqueous solutions 
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1.1 Introduction 

At the cellular level, life is predominantly built from aqueous, dynamic molecular 

assemblies.1,2 Evolution has resulted in the development of extremely complex 

multicomponent systems that can act with unique precision due to highly specific 

interactions between the molecular components. The transient nature of the cellular 

assemblies and interactions introduces adaptability and allows for rapid response to 

biological triggers with great efficiency.3–5 In the quest to understand and emulate these 

natural systems, supramolecular chemistry has become an extensive research field in which 

supramolecular polymers play a prominent role.6  

Although the first man-made supramolecular polymers were designed to assemble 

in organic solvents, many aqueous variants exist today, providing an interesting platform for 

the development of systems with life-like properties.7 In water, hydrophobic interactions are 

mainly driving their assembly, which are often accompanied with other non-covalent 

interactions such as hydrogen bonding, electrostatics and metal coordination. Characteristics 

such as the assembly and exchange mechanisms and the structural properties of 

supramolecular polymers vary significantly as a result of a great variety in the chemical design 

of existing monomers.8 Over the last two decades, extensive studies on these fundamental 

characteristics have provided knowledge that has been used for the rational design of systems 

with specific properties and intrinsic functionalities. Additionally, several multicomponent 

systems have been developed by the introduction of functionalized monomers or guest 

molecules. 9 

 A promising recent development is the introduction of DNA to synthetic 

supramolecular systems. The rapid progression in DNA nanotechnology has shown that the 

programmability of DNA hybridization enables the modular assembly of dynamic structures 

and reaction cascades with great precision and control.10,11 Until recently, synthetic 

supramolecular chemistry and DNA technology were two separate research fields. However, 

an increased knowledge in both fields, reduced costs of synthetic DNA and the availability of 

synthetically modified oligonucleotides have lowered the barriers for the construction of 

hybrid systems.12–14 Only recently the first examples of DNA-hybrid supramolecular polymer 

systems have been presented which has shown their potential for the development of 

functional supramolecular polymers.15–17  

In this thesis, the potential of functionalized supramolecular polymers based on 

water-soluble benzene-1,3,5-tricarboxamide (BTA) derivatives is investigated.18 For this, the 
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complex interplay between molecular design, assembly and exchange processes, structural 

properties and functionality was studied by synthesizing various functionalized BTA 

monomers. These functionalities include relatively simple small molecules as well as 

oligonucleotides and proteins which were coupled covalently and non-covalently to BTA 

derivatives. First, an introduction is given to the developments in the field of aqueous 

supramolecular polymers focusing on the water-soluble BTA system and (hybrid) DNA 

based systems. Additionally, several examples are given of how rational design has yielded 

aqueous supramolecular polymers with interesting properties and functions.  

 

1.2 Water-soluble supramolecular polymers of benzene-1,3,5-tricarboxamide derivatives 

Aqueous supramolecular polymers based on BTA derivatives are among the most thoroughly 

studied systems of which several varieties have been developed. These varieties differ in the 

substituents of the core which include for example peptides consisting of different amino acid 

sequences and ethylene oxide decorated N-acylated bipyridines.19,20 Another interesting 

family of aqueous BTA derivatives are those composed of an aliphatic spacer and ethylene 

glycol segments for water-solubility (Figure 1.1a). Over the last five years, our group has 

synthesized various BTA derivatives based on this design and used a variety of powerful 

techniques to study the characteristics of this system. For example the dynamic exchange 

kinetics and mechanisms of BTA polymers were studied in detail by super resolution 

microscopy and Förster resonance energy transfer (FRET) enabled by the labeling of BTA 

derivatives with the fluorescent labels Cy3 and Cy5 (Figure 1.1a). This showed that the BTA 

monomers exchange randomly between fibers on the hour time-scale.21 However, hydrogen-

deuterium exchange mass spectrometry studies recently have indicated that multiple 

exchange processes exist in these systems. Although the interpretation of these results is 

complex, this might indicate the coexistence of assemblies with different structural 

characteristics and/or structural variations within the assemblies formed.22  
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Figure 1.1 | Random exchange of labeled BTA monomers between supramolecular polymers.  

(a) Different variants of water-soluble BTA derivatives were synthesized. The arms of the standard 

monomer consists of a C12 spacer, 4 ethylene glycol units and a terminal alcohol (inert BTA). Labeled 

variants were synthesized by conjugating Cy5 or Cy3 to one of the arms (BTA-Cy5, BTA-Cy3). Cationic 

labeled variants were synthesized by conjugating Cy5 or Cy3 to one of the arms of a BTA derivative 

with terminal amine groups (BTAcat-Cy5, BTAcat-Cy3) (b) BTA polymers were prepared by co-assembly 

of inert monomers with either BTA-Cy5 or BTA-Cy3. Subsequent mixing of the labeled polymers 

resulted in the formation of polymers containing a random distribution of both labeled BTA variants 

via the dynamic exchange of monomers.21 (c) To reversibly control the distribution of cationic BTA 

monomers by using nucleic acid templates, polymers were prepared by co-assembling inert and cationic 

labeled BTA monomers. The distribution of the cationic monomers could subsequently be controlled 

by applying a nucleic acid recruiter. Via electrostatic interactions and the dynamic exchange of the 

monomers, clusters of the cationic BTAs are formed within the fibers. Degradation of the template by 

an RNAse enzyme results in the redistribution of the clustered BTAs via dynamic exchange.23 

 

An interesting example of how the exchange behavior of the BTAs can be employed, 

is the use of nucleic acid template structures to reversibly control the distribution of BTA 

monomers within the fibers as shown in Figure 1.1b.23,24 By co-assembling inert and cationic 

BTA monomers, nucleic acids could be used to rearrange the charged BTAs into clusters 

enabled by their dynamic exchange and driven by electrostatic interactions. Subsequent 
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removal of the template structure by addition of counter-ions or degradation by RNAse 

enzyme resulted in the redistribution of the clustered monomers over time.23,24  

With the synthesis of a variety of water-soluble BTA derivatives, it was found that 

small structural changes of the monomers can have major consequences on the dynamic 

behavior of the BTAs.22,25 Especially shifts in the hydrophobic/hydrophilic balance of the 

monomer proved to affect the dynamics. This balance was shifted for example by changing 

the length of the aliphatic spacer or introducing dendronized polyglycerols instead of linear 

ethylene glycols. If the balance lies too far on the hydrophilic side, monomers do not stack at 

all or display faster exchange dynamics.22,25 If the hydrophobic part is dominating, assemblies 

are obtained which display a more static behavior. Additionally, it was shown that a 

dendronized BTA derivative does not polymerize by itself but can form micrometer long 

fibers by co-assembly with a linear ethylene glycol substituted variant. Interestingly, the 

stability of these co-assemblies displayed decreased exchanged dynamics compared to 

polymers consisting of purely the linear ethylene glycol substituted variant.26 Furthermore, 

the dynamic behavior of a chiral BTA derivative was studied.27 It was shown that the exchange 

kinetics of this chiral variant are almost an order of magnitude slower than those of an achiral 

variant. By molecular dynamics simulations it was shown that this is likely the result of a 

higher internal order of the chiral BTAs within the supramolecular assemblies.27 

The assembly process of aqueous BTAs proved to be challenging to investigate 

experimentally due to the small size of the initial assembly states and the rapid formation of 

the assemblies at sub micro molar concentrations. However, it was shown that molecular 

simulations can provide insights into these processes. For the water-soluble BTA system, the 

group of Pavan has performed extensive all-atom and coarse-grained molecular dynamics 

simulations.28,29 These have shown that the assembly of water-soluble BTA polymers is a 

stepwise cooperative process with a rapid initial aggregation of monomers based on 

hydrophobic interactions. When these aggregates have reached a critical size, the monomers 

reorder into directional assemblies driven by intermolecular hydrogen bonding. These 

ordered oligomers then combine to form long polymers of which the growth and persistence 

length heavily depend on the formation of intermolecular hydrogen bonds. These 

simulations can be used as a guide to experimentally elucidate the assembly mechanisms of 

the simulated systems but also to investigate the effects of structural modifications of the 

monomers on the assembly process and overall stability of the system.  

Altogether, these studies have provided a variety of aqueous BTA derivatives and a 

detailed understanding of their supramolecular characteristics. However, these have also 
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revealed the complexity of these systems which increases further for multicomponent 

assemblies. Therefore it remains highly challenging to rationally design functional BTA 

variants with specific properties. 

 

1.3 DNA-based polymers 

Although significant progress has been made in the rational design of supramolecular 

polymers systems with specific properties, it remains challenging to construct non-covalent 

assemblies with nanometer precision. A method that does allow the assembly of molecular 

structures with an unprecedented level of control is the use of DNA-nanotechnology. DNA-

origami is a highly popular technique that relies on the hybridization of carefully designed 

short DNA-strands and a long circular DNA template strand to fold the latter into complex 

three-dimensional structures.30 Since the introduction of DNA-origami and related 

techniques, scientists have produced a variety of complex DNA-based structures, assembled 

with nanometer precision enabled by the programmability of DNA hybridization.11  

Using these methods, the group of Sleiman constructed DNA nanotubes with great control 

over their geometry and stiffness.31 Available strand termini along these tubes enabled the 

specific labeling of the structures and the incorporation of cargo. Moreover, by pre-

assembling DNA building blocks, it was possible to fully control the backbone sequence of 

the nanotubes by sequentially assembling the blocks in a flow system.31–34  

In addition to the conventional construction of DNA-based assemblies based on 

Watson-Crick base pairing, a new method for creating supramolecular DNA assemblies was 

presented by the group of Dietz.35 It was shown that DNA-origami building blocks can be 

assembled, driven by π-stacking and hydrophobic interactions of the blunt ends of exposed 

DNA helices (Figure 1.2). By carefully designing patterns of exposed helices on DNA-origami 

monomers, shape complementarity could be used to control the formation of very large 

polymeric structures and complex devices. Moreover, it was shown that the assembly of these 

structures is highly reversible by changing the ion concentration or performing temperature 

cycles which could be repeated for over 1000 cycles without the loss of structural definition. 

These are impressive examples that show the precision with which DNA assemblies can be 

designed and assembled.  
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 Figure 1.2 | DNA based supramolecular polymers. (a) Blunt-end stacking of exposed double stranded 

DNA helices was used to drive the assembly of DNA-origami monomers. (b) By precisely designing the 

patterns of the exposed helices, shape complementarity enabled the assembly of highly defined, 

micrometers long structures. Via temperature cycles, the assembly could be reversed over 1000 times 

without the loss of structural integrity. (c) Using these methods, a variety of complex assemblies could 

be obtained with different structural properties. The scale bars represent 50 nm. Adapted from Gerling 

and coworkers.35  

 

1.4 DNA hybrid supramolecular polymer systems 

As mentioned in the introduction, recently several systems have emerged that combine the 

fields of DNA-nanotechnology and synthetic supramolecular chemistry. These combine the 

programmability of DNA hybridization with the dynamics and functionalities found in 

synthetic systems, yielding hybrid systems with interesting properties. DNA was for example 

used to precisely control the assembly of chiral hybrid polymers via templating.36 For this, 

single stranded oligonucleotides were used as templates for the assembly of two 

chromophores which were functionalized with a diaminotriazine as shown in Figure 1.3.37,38 

Addition of poly-thymine templates triggered the cooperative assembly of the monomers 
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driven by hydrogen bonding between diaminotriazine and thymine and additional π-

stacking and hydrophobic interactions between the chromophores. With this, precisely 

defined helical assemblies could be obtained with different sizes based on the length of the 

used templates. 

 

Figure 1.3 | Controlling the assembly of chromophores functionalized with hydrogen bonding 

motifs by using single stranded DNA as a template structure. The assembly of naphthalene (NT) and 

oligo(p-phenylene)vinylene (OPVT) derivatives functionalized with diaminotriazine is driven by 

hydrogen bonding with an oligo thymine template ([dT]n), π-stacking and hydrophobic interactions

yielding hybrid DNA polymers with a defined lenght. Adapted from Janssen and coworkers.37  

 

In addition to acting as a template for supramolecular assembly, DNA can also be 

used as the driving force for the formation of supramolecular polymers as was shown by Aida 

and coworkers by decorating the apical domains of a derivative of the chaperone protein 

GroEL with multiple DNA handles (Figure 1.4).39 Mixing of two sets of GroEL monomers 

decorated with complementary DNA handles leads to hybridization of the handles and the 

alternating assembly of GroEL monomers into nanotubes. Additionally it was shown that the 

supramolecular nanotubes could be disassembled by using a GroEL monomer decorated with 

handles which were only partially complementary to the handles of a second monomer. Upon 

the addition of a separator strand which was fully complementary to the extended handles 

on the first GroEL derivative, the hybridized inter-protein handles are disrupted. Using this 

concept, it was possible to selectively disassemble a subset in a mixture of nanotubes showing 

how DNA hybridization can be used to gain selective control over supramolecular polymer 

assemblies.  
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Figure 1.4 | Using DNA hybridization to control the assembly and disassembly of supramolecular 

protein nanotubes. (a) By grafting the chaperon protein GroEL with partially complementary DNA 

handles (GroEL10d and GroEL15c), hybridization of these handles leads to the formation of nanotubes

(NT15c/10d). (b) When adding a separator strand (15d) to a mixture of nanotubes with either fully or 

partially complementary handles (NT10c/10d and NT15c/10d respectively), the displacement of the partially 

complementary handles leads to the selective disruption of one of the nanotube species. Adapted from 

Kashiwagi and coworkers.39  

 

In the previous examples of hybrid DNA systems, DNA was used to drive the 

assembly of supramolecular polymers. In addition to this, several examples of DNA-grafted 

polymer systems have emerged. In these systems, the polymerization is driven by non-

covalent interactions between synthetic monomers and oligonucleotides are conjugated to 

the monomers. By the assembly or incorporation of oligonucleotide decorated monomers, 

DNA-grafted (co-)polymers could be obtained which display interesting characteristics. 

Especially the pioneering work by the Häner group has shown that DNA can be used to gain 

control over the structural characteristics of supramolecular polymers. A hybrid DNA system 

was obtained by grafting pyrene-oligomers with oligonucleotide handles which assemble into 

helical, DNA-grafted fibers via a nucleation-elongation assembly mechanism (Figure 1.5).31 

By addition of a complementary strand, the grafted DNA handles hybridize to form double 

stranded DNA helices. Interestingly, this resulted in the formation of micrometer size fibrous 

networks due to crosslinks formed by blunt-end stacking of the grafted double stranded 

DNA.15,40 The formation of these networks is reversible by thermal denaturation of the double 

stranded DNA or by the addition of a scavenger oligonucleotide which separates the strand 

complementary to the grafted handle. Furthermore, it was shown that by varying the length 

of the pyrene-grafted oligonucleotides, the monomers assemble into 2D nanosheets or in 

fibrous structures of varying sizes depending on the length of the oligonucleotides.41  
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Figure 1.5 | Using DNA to reversibly control the structural characteristics of supramolecular 

polymer assemblies. DNA-grafted perylene oligo’s (Py-a) were assemble into DNA-grafted ribbons in 

water. Hybridization of the perylene-grafted DNA handle with a complementary handle (1b) resulted

in the formation of fibrous networks driven by the blunt-end stacking of the grafted DNA helices. This 

process was reversible by disruption of the hybridized DNA handles, either by thermal denaturation or 

by addition of an excess of a separator strand (1a). Adapted from Vyborna and coworkers.40 
 
 

In the group of Brunsveld, a supramolecular DNA-hybrid system was developed by 

the conjugation of a selection of oligonucleotides to bis-pyridine decorated BTA derivatives 

(BiPy-BTA) (Figure 1.6).17 In co-assemblies of inert monomers and monomers decorated 

with complementary DNA handles, the high local concentration of the oligonucleotides 

resulted in hybridization of the DNA handles which is facilitated by the dynamic 

rearrangement of the BiPy-BTA monomers. Depending on the length of the handles, this 

process could be reversed via the addition of inert monomers to dilute the DNA handles over 

the BiPy-BTA assemblies which resulted in disruption of the hybridized DNA handles. The 

introduction of oligonucleotides in this system thus provides control over the distribution of 

monomers within dynamic supramolecular polymer assemblies.  
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 Figure 1.6 | Using DNA to reversibly control the structural characteristics of supramolecular 

polymer assemblies. Co-assemblies of inert and reactive bis-pyridine decorated BTA derivatives were 

grafted with complementary DNA handles. After mixing the DNA-grafted assemblies, the addition of 

magnesium resulted in hybridization of the complementary DNA-handles enabled by the dynamic 

rearrangement of the BiPy-BTA monomers. Subsequent addition of inert monomers led to dilution of 

the DNA-grafted monomers over the assemblies and disruption of the hybridized handles and 

redistribution of the monomers. Adapted from Alemán García and coworkers.17  

 

The potential of DNA hybrid systems has also been shown for the development of 

dynamic materials. Especially by grafting covalent polymers with DNA handles, DNA-

crosslinked materials with interesting properties and functions have been developed for 

applications such as DNA/drug delivery and sensing.12 These principles have also been 

applied in a supramolecular polymer system by the group of Kieltyka. By designing telechelic 

monomers with either a DNA- or an ethylene glycol-based spacer, the modular nature of the 

system could be exploited to construct materials with different properties.42 With this, it was 

shown that the rigidity of the DNA crosslinks results in the formation of a material with a 

higher mechanical stiffness than when the ethylene glycol crosslinks are used. Furthermore, 

by the group of Weil it wash shown that the high specificity of DNA hybridization could be 

used to construct and control complex multi-component hydrogels of DNA-grafted 

polypeptides.43 For this, the protein human serum albumin was decorated with polyethylene 

glycol tails and ssDNA handles. Unfolding of the proteins subsequently provides a hybrid 

poly-peptide/ethylene glycol/DNA copolymer which can be crosslinked via DNA-based 

crosslinkers. The properties of the resulting hydrogels could easily be tuned by using different 
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concentrations of DNA-based crosslinks. Moreover, by incorporating ssDNA handles 

decorated with reactive groups, proteins could be specifically introduced to the materials. 

These could subsequently be released via the degradation of material by addition of the 

enzymes trypsin and DNAse which digest the peptide backbones and DNA crosslinkers 

respectively.  

These examples demonstrate that supramolecular, hybrid DNA systems allow the 

development of complex multi-component materials with readily tunable properties, stimuli-

responsiveness and allow the specific introduction of functionality. 

 

1.5 Complex assembly mechanisms of aqueous supramolecular polymers  

The assembly mechanism of a supramolecular polymer is an important property that can 

vary significantly between different systems.8 When known, these processes can be 

manipulated, for example via sample preparation, to gain control over structural or dynamic 

characteristics of the supramolecular assemblies formed. Moreover, it has been shown that it 

is possible to rationally design systems that allow control over their assembly mechanisms.  

A highly interesting example that mimics the dissipative assembly and disassembly 

processes observed for microtubules and actin fibrils was developed by Boekhoven and 

coworkers.44 For this, a water-soluble monomer was designed which could be switched 

between an assembling and a disassembling configuration via carboxylate alkylation and ester 

hydrolysis reactions. A competition between these reactions resulted in the random and 

simultaneous growth and shrinkage of micrometers long fibers on the hour time-scale. 

Furthermore, the balance between these processes could be controlled by changing the pH of 

the solution which determines the rate at which the non-assembling monomer is formed or 

the addition of “fuel” for the alkylation reaction which forms the assembling monomer.  

Another system that displays complex assembly behavior are the dithiol 

functionalized peptides developed in the Otto group.45 These peptides can form cyclic 

structures of various sizes via the formation of disulfide bonds. These cycles can subsequently 

assemble into fibers driven by the formation of β-sheet between the peptides via a nucleation 

– growth mechanism until the majority of the peptides are consumed. Interestingly, the 

formation of these fibers drives the self-replication of one of two cyclic peptide species 

resulting in the consumption of smaller peptide cycles. Moreover, mechanical agitation 

(shaking vs. stirring) of the samples provided control over which of the two replicating 
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peptide species would be dominant. This demonstrates how a complex assembly mechanism 

can be directed to control the characteristics of the resulting supramolecular polymers. 

 

1.6 Dynamic exchange mechanisms and kinetics of aqueous supramolecular polymers 

In addition to the assembly mechanisms, the dynamic exchange of components within and 

between assemblies is a key aspect of supramolecular systems. It is essential to understand 

the exchange mechanisms and kinetics of a system when introducing functionalities as these 

factors determine if and how functional components can rearrange and on what time-scales 

this occurs.  

For example, supramolecular polymers based on two ureido pyrimidinone (UPy) 

functionalized ethylene glycol derivatives displayed random exchange over the length of the 

formed fibers.46 It was shown that the exchange kinetics and structural characteristics of the 

assemblies heavily depend on the structural design of the monomers. The two monomers 

were a bivalent variant existing of a 20k poly ethylene glycol linker and a monovalent variant 

with an ethylene glycol tail of 11 units, both containing alkyl spacers with urea groups for 

lateral stacking. The bivalent variant formed highly dynamic rod-like assemblies of up to 

several hundreds of nanometers long that displayed exchange dynamics on the minute time-

scale. In contrast, the monovalent variant formed micrometers long fibers that displayed slow 

exchange dynamics with only minor observable monomer exchange over 20 hours. 

Interestingly, by mixing both derivatives in different ratios, the overall dynamics of the 

assemblies could be tuned, demonstrating the advantages of modular supramolecular 

polymers.  

A radically different exchange behavior was observed for synthetic proteins 

containing a silk-like and two collagen-like domains as these irreversibly assemble into 

fibrils.47 The interactions between these protein monomers are so strong that the polymers 

formed do not display any dynamic exchange. Additionally, it was shown that the addition 

of new monomers leads to unidirectional growth of the existing fibers as is shown in Figure 

1.7. This behavior enabled the assembly of diblock copolymers with varying lengths of the 

blocks by sequentially mixing differently functionalized monomers.  
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 Figure 1.7 | Unidirectional living growth of supramolecular protein polymers. Static polymers of 

silk-like proteins allow the addition of new monomers only on one end of the assembly as was shown 

by super resolution microscopy. Adapted from Beun and coworkers.47 

 

1.7 Structural characteristics of aqueous supramolecular polymers 

The structural diversity of aqueous supramolecular polymer systems is large and includes 

among others: ribbons, helices, one dimensional fibers, bundles and branched fibers.7 When 

introducing functionality to these systems, the structural characteristics should support the 

intended application. For example: a supramolecular carrier system for intracellular drug 

delivery requires structures at different length scales than a supramolecular scaffold for the 

culturing of stem cells. Not only the structure itself but also the environment created by the 

assemblies can play a role in the performance of a functional supramolecular system. The 

existence of a hydrophobic environment/cavity for example, could be useful for 

encapsulation of functional groups. Moreover, the translational and rotational freedom of 

functional groups could determine their accessibility for interactions with other structures or 

compounds. When known, these characteristics can be exploited for the development of 

functional supramolecular polymer systems.  

Peptide amphiphiles are a well-known class of supramolecular polymers of which 

many (functional) variants have been reported by the group of Stupp.48 Depending on the 

hydrophobic/hydrophilic balance and especially the sequence of the peptides, a variety of 

structures have been observed which include asymmetric, helical and flat ribbons, micelles 

and long (bundled) fibers.49–52 The general design of the peptide amphiphile monomers 

consists of an aliphatic chain, a segment of hydrophobic sheet forming amino acids and a 

segment of water-solubilizing amino acids. This design results in the formation of different 

domains when assembling into supramolecular structures. Recently, the conformational 

dynamics across these domains were studied by electron paramagnetic resonance 

Assembly Monomers
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spectroscopy.53 By this, viscous fluid-like dynamics were found at the periphery and in the 

core of the assemblies while solid-like dynamics were observed in the region formed by the 

β-sheet forming hydrophobic amino acids. Additionally, it was shown that the dynamics in 

the latter region can be tuned by changing the strength of the interactions between the 

hydrophobic amino acids. By Overhauser dynamic nuclear polarization relaxometry, the 

water dynamics in these domains were studied, showing that fast diffusing water is present 

in the core of the structures while the water near the surface is slowly moving.54 This 

demonstrates that supramolecular assemblies can create a local environment in which 

conformational dynamics and water diffusion can vary significantly. These factors can 

potentially affect the performance of functional groups introduced into these structures and 

are therefore important to take into account when designing functional systems.  

However, it is difficult to exactly predict the structural characteristics of 

supramolecular polymers based on the chemical structure of the monomers. This was 

demonstrated by the group of Würthner which studied supramolecular polymers of perylene 

derivatives. An ethylene glycol decorated perylene derivative formed nanorods of up to 50 

nm which fuse into micrometers long ribbons at increasing concentrations in water. 

Surprisingly, the fluorescence intensity of the perylenes increased considerably upon the 

formation of these ribbons.55 In comparison, a second perylene variant was produced by 

substituting the perylene bays with bulky side-groups enforcing a twist in the perylene core. 

The structural adaptations of the monomer has consequences for the macroscopic structures 

as irregular worm-like assemblies were observed for the twisted perylene variant.56 When the 

two perylene monomers were co-assembled, fibers with a diameter around 3-4 nm and 

lengths up to 5 µm were observed, which were different from the structures formed by the 

two derivatives by themselves. By NMR and optical spectroscopy, it was shown that these 

structures are formed by blocks of the two monomers were the twisted variant is probably 

present as dimers. This work demonstrates the detailed level at which supramolecular 

polymer systems are characterized but also how challenging the rational design with precise 

structural control still is.  

 

1.8 Aqueous supramolecular polymers as dynamic scaffolds 

In nature, supramolecular systems such as membranes, scaffold proteins, actin fibrils and 

microtubules act as scaffolds for the construction of signaling pathways and the transport of 

cargo.3,5 By scaffolding the components that act in these processes, their increased local 
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concentration increases the efficiency of their interactions and avoids side-reactions or 

unwanted interactions in the crowded environment of the cell.3 A few interesting examples 

exist where synthetic supramolecular polymers are used for a similar purpose.  

 

Figure 1.8 | Selective and reversible recruitment of cargo on supramolecular polymers mediated by 

DNA hybridization. Supramolecular copolymers of squaramide derivatives were assembled containing 

two monomers grafted with DNA handles with different sequences (a and c). This enabled the selective 

recruitment of two different gold particles functionalized with DNA handles containing a sequence 

complementary to one of the DNA-grafted squaramides (a* and c*). By addition of an oligonucleotide 

(b a) fully complementary to the handle on one of the gold nanoparticles, the DNA handle on the 

polymer is displaced which selectively releases the particle. Using these techniques, the system allows 

the sequential loading and release of different particles to and from the polymers. Adapted from 

Noteborn and coworkers.16 

 

As shown above, several DNA-grafted supramolecular polymer systems have 

recently been developed. The use of these DNA decorated assemblies enables the recruitment 

of secondary components functionalized with oligonucleotides which can range from small 

molecules to larger objects such as particles. This was shown in two examples where DNA-

grafted gold nanoparticles were selectively recruited to supramolecular polymers driven by 

DNA hybridization.16,57 DNA-grafted squaramide based polymers developed in the group of 

Kieltyka were used to selectively recruit different DNA decorated particles based on the 

sequences of the handles on the particles and the squaramide units (Figure 1.8). Additionally, 

the recruited particles could be selectively released from the polymers by DNA displacement 
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reactions. Although the recruited particles in these examples have no direct function, this 

shows how the introduction of DNA provides a high level of control over the recruitment 

and release of components to and from the polymers.  

Similar to protein scaffold structures found in nature, the bis-pyridine-BTA system 

studied in the group of Brunsveld was employed to control the local concentration and spatial 

arrangement of fluorescent proteins.58 For this, two fluorescent proteins were conjugated to 

pre-assembled BTA derivatives resulting in an increase of FRET between the two proteins 

due to their close proximity on the polymer scaffolds (Figure 1.9). Using the dynamic nature 

of the system, the spacing of the proteins could be increased by addition of inert BTA 

derivatives which led to dilution of the proteins on the fibers due to dynamic exchange of the 

monomers and subsequently in a decrease of the FRET between the proteins.  

 

 

 

Figure 1.9 | Supramolecular polymers as dynamic scaffolds for protein assembly. Supramolecular 

polymers of bis-pyridine decorated BTA derivatives were functionalized with two different fluorescent 

proteins. Subsequently, the high local concentration of the proteins resulted in FRET between the 

fluorescent proteins. By addition of inert monomers, the proteins can be diluted over the assemblies by 

dynamic exchange of the monomers resulting in a decrease in FRET. Adapted from Petkau-Milroy and 

coworkers.58  

 

In addition to conjugation and recruitment of components onto supramolecular 

polymers, functional groups can also be incorporated closer to the core of the assemblies. 

This was shown by Neumann and coworkers who conjugated the organo-catalyst L-proline 

to a water-soluble BTA derivative.59 While the catalytic activity of L-proline in water is 

limited, assembly of the proline functionalized BTA monomer resulted in the highly efficient 

and selective catalysis of the aldol reaction between the hydrophobic substrates 

cyclohexanone and p-nitrobenzaldehyde. This suggests that the supramolecular polymers 
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provide a hydrophobic environment in which L-proline and its substrates can reside. The role 

of the BTA assemblies as a scaffold for this highly efficient catalysis is further investigated as 

is described in Chapter 3 of this thesis.  

 

1.9 Aqueous supramolecular polymers as carrier structures for intracellular delivery 

The potential to assemble multicomponent structures that allow the incorporation of guest 

molecules in a modular fashion makes supramolecular polymers a highly interesting platform 

for intracellular (drug) delivery. Bakker and coworkers used both BTA and UPy derived 

systems to co-assemble cationic, inert and fluorescently labeled monomers. By simply mixing 

the monomers in different ratios, it was shown that the properties of the polymers can be 

tuned to find an optimum in the balance between cellular uptake and cytotoxicity. The BTA 

assemblies could subsequently be loaded with a hydrophobic guest compound as a mimic for 

small molecule drugs via hydrophobic interactions with the core of the BTA assemblies. 

Secondly, for both systems, electrostatic interactions were used to decorate the polymers with 

short interfering RNA (siRNA) to control gene expression. These compounds could then 

successfully be delivered within the cell while retaining their function.60,61 

In the group of Aida, the supramolecular nanotubes constructed of the chaperon 

protein GroEL described above were employed as an intracellular delivery device. For this, 

GroEL derivatives were used of which the apical domains were decorated with merocyanine 

units to enable supramolecular polymerization mediated by the formation of merocyanine -

magnesium bridges. To control the length of the polymers, GroEL derived end-caps were 

designed.62 By mixing the monomers and end-caps in different ratios, the average length of 

the polymers could be tuned between 40 and 320 nm. With this, it was shown that the length 

of the delivery system is an important factor for cellular uptake as nanotubes with lengths 

below 100 nm were taken up significantly more efficiently by cells than larger variants. To 

improve the cellular uptake further, the nanotubes were decorated with a boronic acid 

derivative.63 An interesting feature of the nanotubes formed by the GroEL proteins is its 

natural cavity which allows the encapsulation of denatured proteins. This was used to load 

the assemblies with drug mimics by conjugating fluorescent labels to denatured proteins via 

a cleavable ester linker (Figure 1.10). The release of this cargo was then demonstrated by 

constructing nanotubes, decorating these with boronic acid derivatives and loading these 

with fluorescent cargo. When taken up by cells, the hydrolysis of intracellular ATP by GroEL 

induces conformational changes in GroEL resulting in mechanical strain on the merocyanine 



| About multi-component supramolecular polymers in water 

 

19 

– magnesium bridges and the disruption of the nanotubes. This exposes the encapsulated 

denatured protein-drug conjugate which can be cleaved by intracellular esterase enzymes 

which releases the drug. This shows the possibility to rationally construct a highly complex 

supramolecular polymer system which provides control over the length of the 

supramolecular structures, the possibility to load cargo into the structures which is then 

protected, allows decoration with compounds that improve cellular uptake and ultimately 

releases drugs upon an intracellular trigger. 

 

 Figure 1.10 | Controlled intracellular drug delivery by supramolecular protein nanotubes. 

Nanotubes (NT) were assembled driven by the formation of merocyanine-magnesium bridges between

monomers of the chaperone protein GroEL. (a) For an improved cellular uptake, the nanotubes were 

decorated with a boronic acid derivative (BA). (b) The natural cavity of GroEL were used to load the 

nanotubes with denatured proteins functionalized with a drug mimic via a cleavable ester linker

(drugPdenat). (c) The hydrolysis of intracellular ATP by GroEL results in a conformational change in the 

protein which disrupts the bonds between the monomers resulting in the disassembly of the nanotubes. 

This exposes the guest molecules to the environment which allows the cleavage of the ester linker by 

esterase enzymes which releases the drug. Adapted from Biswas and coworkers.63  

  

1.10 Aqueous supramolecular polymers as dynamic responsive biomaterials 

Similar as conventional polymers, supramolecular polymers are used for the development of 

materials with a variety of applications.64 Aqueous supramolecular polymer systems are 

especially interesting for the development of dynamic biomaterials.65–67 The dynamic 

characteristics of the polymers resemble those of natural tissues such as the complex fibrous 

network of the extracellular matrix.68 Many examples exist that show how the modular 

combination of different monomers and guest molecules can be used to tune the material 

properties and to introduce functional compounds and stimuli-responsiveness.42,69–71 With 

this, materials have been developed for applications such as cell culturing, tissue engineering, 
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regenerative medicine and drug delivery. Especially supramolecular polymers based on 

peptide amphiphiles and UPy derivatives have been explored extensively for the development 

of functional biomaterials.  

The compatibility of peptide amphiphiles (PA) can be tuned for different biological 

applications by tuning the sequence of the amino acids of the monomers.48 This has enabled 

the development of a variety of PA-derived hydrogels and scaffold materials for the culturing 

of (stem)cells and in vivo tissue regeneration.72,73 Recent examples have shown how PA 

monomers containing the fibronectin derived RGD epitope can be co-assembled in PA fibers 

to stimulate cell adhesion.74 Additionally, PA fibers were assembled containing monomers 

which contain a sequence that induces the recruitment of the growth factor endogenous bone 

morphogenetic protein-2. Hydrogels prepared with these PA fibers were implanted in mouse 

models which induced local osteogenesis.73 These effects could be further tuned by varying 

the cohesion between the PA monomers within the fibers by varying the amount of 

hydrophobic β-sheet forming amino acids in the peptide sequence. Depending on the 

strength of this cohesion, different intracellular signaling pathways could be stimulated 

leading either to cell differentiation or proliferation.75  

In addition to the PA based system, UPy based supramolecular polymers have 

successfully been used for the development of a variety of biomaterials.66 By grafting different 

polymers with the UPy motif or multiple motifs, various monomer designs have been 

obtained which can be combined in a modular fashion to control the properties of 

supramolecular bulk materials and hydrogels. This has resulted in materials of which the 

dynamics, stiffness and self-healing properties can be tuned.46,71 It was for example shown 

that anti-fouling materials can be created which can be used for the construction of vascular 

grafts. These materials could subsequently be reactivated by incorporation of bioactive guest 

molecules to attract specific cell types. Also the stability of growth factors could be increased 

significantly by recruitment on heparin mimicking UPy derivatives containing sulfonated 

peptides.76 Furthermore, it was shown that UPy based hydrogels can be switched between the 

solution and gel state triggered by pH changes. Based on this mechanism, UPy based 

hydrogels could be injected in vivo for the delivery of various growth factors to reduce scar 

tissue formation in myocardial infarction in pig models.77 Moreover, the functionalization of 

a UPy monomer with an MRI contrast agent resulted in a retention of the label in the 

hydrogel due to the incorporation of the labeled monomers in the fibrous network. This 

enabled the precise visualization of the supramolecular gels after intramyocardial injection 

into a pig heart.78 Additionally, it was shown that the release of RNA from UPy based 
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hydrogels can be controlled via the incorporation of charged monomers. Similarly the release 

of RNA and an anti-cancer drug could be controlled by functionalization of these compounds 

with a hydrophobic group resulting in interactions with the hydrophobic pockets of the 

supramolecular fibers.79,80  

 These are only few of many examples that demonstrate how the modularity and 

dynamic nature of supramolecular polymers can be employed for the development of highly 

adaptable and biocompatible biomaterials. 

 

1.11 Aim and outline of this thesis 

Over the last 5 years, our group has developed and extensively studied aqueous 

supramolecular polymer systems based on BTA derivatives.18 This has provided insight into 

the dynamic exchange mechanisms and kinetics of these systems as well as the structural 

characteristics at the nano- and microscopic level.21,22 Additionally, it has been shown that 

the assemblies allow the incorporation of monomers functionalized with fluorescent labels, 

peptides, charged groups or catalysts which provided the first functional BTA systems.  

Here, we aim to create functional supramolecular systems in water based on BTA 

polymers. For this, BTA derivatives were designed to enable specific interactions with other 

(bio)molecular structures and components to construct complex multicomponent systems 

that display life-like properties and function.  

In Chapter 2, it is attempted to use DNA based template structures to control the 

distribution of functionalized BTA monomers within the supramolecular polymers. For this, 

hydrogen bonding motifs are introduced to the BTAs which can bind with the nucleotides of 

single stranded DNA templates. Additionally, BTAs are grafted with moieties capable of 

intercalating between the stacked nucleobases of double stranded DNA. Finally, the 

formation of clusters in a dual supramolecular system of naphthalene-diimide – BTA 

conjugates is investigated. 

Chapter 3 describes how BTA polymers can be used as a scaffold for aqueous 

organo-catalysis and the role of water in its performance. Two BTA derivatives are 

functionalized with L-proline positioned either at the hydrophobic interface or at the 

hydrophilic periphery of the monomer. By using two TEMPO labeled BTA analogues, free-

radical based spectroscopy techniques are employed to determine the translational mobility 

and the water content and diffusion along the labels in the different positions on the BTAs.  



Chapter 1 | 

 

22 

Using these techniques, it is studied what factors determine the catalytic performance of the 

proline-BTA system. 

In Chapter 4, the properties and possibilities of a new hybrid BTA-DNA systems 

are studied. For this, a BTA derivative functionalized with a 10 nucleotide DNA handle is 

used. Fundamental characteristics such as the stability and assembly mechanisms of DNA-

grafted BTA polymers in water and buffered conditions are described. Additionally, potential 

applications of DNA-grafted supramolecular polymers are explored such as specific tethering 

of the polymers to surfaces and the scaffolding of DNA computing reactions.  

In Chapter 5 the DNA-grafted BTA polymers are employed as dynamic scaffolds 

for protein recruitment and assembly. For this, the programmability of DNA hybridization 

is used to selectively recruit and release a DNA functionalized enzyme-inhibitor from BTA 

scaffolds. Additionally, it is shown how the supramolecular nature of the polymers can be 

used to tune the density of the DNA-handles and subsequently the recruited proteins on the 

scaffolds.  

The Epilogue describes the implications of the findings in these studies. 

Furthermore, potential future applications of supramolecular (BTA) polymers and the 

challenges to arrive at these are discussed.  

 

  



| About multi-component supramolecular polymers in water 

 

23 

1.5 References 

1 J. P. Schrum, T. F. Zhu and J. W. Szostak, Cold Spring Harb. Perspect. Biol., 2010, 1–15. 

2 A. C. Steven, W. Baumeister, L. N. Johnson and R. N. Perham, Molecular Biology of Assemblies and 

Machines, Garland Science, 2016. 

3 M. C. Good, J. G. Zalatan and W. A. Lim, Science, 2011, 332, 680–686. 

4 H. Wu, Cell, 2013, 153, 287–292. 

5 H. Wu and M. Fuxreiter, Cell, 2016, 165, 1055–1066. 

6 L. Brunsveld, B. J. B. Folmer, E. W. Meijer and R. P. Sijbesma, Chem. Rev., 2001, 101, 4071–4098. 

7 E. Krieg, M. M. C. Bastings, P. Besenius and B. Rybtchinski, Chem. Rev., 2016, 116, 2414–2477. 

8 T. F. A. De Greef, M. M. J. Smulders, M. Wolffs, A. P. H. J. Schenning, R. P. Sijbesma and E. W. 

Meijer, Chem. Rev., 2009, 109, 5687–5754. 

9 T. Aida, E. W. Meijer and S. I. Stupp, Science, 2012, 335, 813–817. 

10 P. Chidchob and H. F. Sleiman, Curr. Opin. Chem. Biol., 2018, 46, 63–70. 

11 N. C. Seeman and H. F. Sleiman, Nat. Rev. Mat., 2018, 3, 17068. 

12 L. Peng, C. S. Wu, M. You, D. Han, Y. Chen, T. Fu, M. Ye and W. Tan, Chem. Sci., 2013, 4, 1928–

1938. 

13 Y. Tokura, S. Harvey, C. Chen, Y. Wu, D. Y. W. Ng and T. Weil, Angew. Chem. Int. Ed., 2018, 57, 

1587–1591. 

14 T. Trinh, C. Liao, V. Toader, M. Barłóg, H. S. Bazzi, J. Li and H. F. Sleiman, Nat. Chem., 2018, 10, 

184–192. 

15 Y. Vyborna, M. Vybornyi, A. V. Rudnev and R. Häner, Angew. Chem. Int. Ed., 2015, 54, 7934–7938. 

16 W. E. M. Noteborn, V. Saez Talens and R. E. Kieltyka, ChemBioChem, 2017, 18, 1995–1999. 

17 M. Á. Alemán García, E. Magdalena Estirado, L.-G. Milroy and L. Brunsveld, Angew. Chem. Int. 

Ed., 2018, 57, 4976–4980. 

18 C. M. A. Leenders, L. Albertazzi, T. Mes, M. M. E. Koenigs, A. R. A. Palmans and E. W. Meijer, 

Chem. Commun., 2013, 49, 1963–1965. 

19 P. Besenius, Y. Goedegebure, M. Driesse, M. Koay, P. H. H. Bomans, A. R. A. Palmans, P. Y. W. 

Dankers and E. W. Meijer, Soft Matter, 2011, 7, 7980–7983. 

20 L. Brunsveld, B. G. G. Lohmeijer, J. A. J. M. Vekemans and E. W. Meijer, Chem. Commun., 2000, 0, 

2305–2306. 

21 L. Albertazzi, D. van der Zwaag, C. M. A. Leenders, R. Fitzner, R. W. van der Hofstad and E. W. 

Meijer, Science, 2014, 344, 491–495. 

22 X. Lou, R. P. M. Lafleur, C. M. A. Leenders, S. M. C. Schoenmakers, N. M. Matsumoto, M. B. Baker, 

J. L. J. van Dongen, A. R. A. Palmans and E. W. Meijer, Nat. Commun., 2017, 8, ncomms15420. 

23 L. Albertazzi, N. van der Veeken, M. B. Baker, A. R. A. Palmans and E. W. Meijer, Chem. Commun., 

2015, 51, 16166–16168. 

24 L. Albertazzi, F. J. Martinez-Veracoechea, C. M. A. Leenders, I. K. Voets, D. Frenkel and E. W. 

Meijer, PNAS, 2013, 110, 12203–12208. 

25 C. M. A. Leenders, M. B. Baker, I. A. B. Pijpers, R. P. M. Lafleur, L. Albertazzi, A. R. A. Palmans and 

E. W. Meijer, Soft Matter, 2016, 12, 2887–2893. 

26 B. N. S. Thota, X. Lou, D. Bochicchio, T. F. E. Paffen, R. P. M. Lafleur, J. L. J. van Dongen, S. 

Ehrmann, R. Haag, G. M. Pavan, A. R. A. Palmans and E. W. Meijer, Angew. Chem. Int. Ed., 2018, 

57, 6843–6847. 



Chapter 1 | 

 

24 

27 M. B. Baker, L. Albertazzi, I. K. Voets, C. M. A. Leenders, A. R. A. Palmans, G. M. Pavan and E. W. 

Meijer, Nat. Commun., 2015, 6, ncomms7234. 

28 M. Garzoni, M. B. Baker, C. M. A. Leenders, I. K. Voets, L. Albertazzi, A. R. A. Palmans, E. W. 

Meijer and G. M. Pavan, J. Am. Chem. Soc., 2016, 138, 13985–13995. 

29 D. Bochicchio and G. M. Pavan, ACS Nano, 2017, 11, 1000–1011. 

30 P. W. K. Rothemund, Nature, 2006, 440, 297–302. 

31 F. A. Aldaye, P. K. Lo, P. Karam, C. K. McLaughlin, G. Cosa and H. F. Sleiman, Nat. Nanotechnol., 

2009, 4, 349–352. 

32 G. D. Hamblin, A. A. Hariri, K. M. M. Carneiro, K. L. Lau, G. Cosa and H. F. Sleiman, ACS Nano, 

2013, 7, 3022–3028. 

33 A. A. Hariri, G. D. Hamblin, Y. Gidi, H. F. Sleiman and G. Cosa, Nat. Chem., 2015, 7, 295–300. 

34 J. F. Rahbani, E. Vengut‐Climent, P. Chidchob, Y. Gidi, T. Trinh, G. Cosa and H. F. Sleiman, Adv. 

Healthc. Mater., 2018, 7, 1701049. 

35 T. Gerling, K. F. Wagenbauer, A. M. Neuner and H. Dietz, Science, 2015, 347, 1446–1452. 

36 A. Ruiz-Carretero, P. G. A. Janssen, A. Kaeser and A. P. H. J. Schenning, Chem. Commun., 2011, 

47, 4340–4347. 

37 P. G. A. Janssen, J. Vandenbergh, J. L. J. van Dongen, E. W. Meijer and A. P. H. J. Schenning, J. Am. 

Chem. Soc., 2007, 129, 6078–6079. 

38 P. G. A. Janssen, S. Jabbari-Farouji, M. Surin, X. Vila, J. C. Gielen, T. F. A. de Greef, M. R. J. Vos, P. 

H. H. Bomans, N. A. J. M. Sommerdijk, P. C. M. Christianen, P. Leclère, R. Lazzaroni, P. van der 

Schoot, E. W. Meijer and A. P. H. J. Schenning, J. Am. Chem. Soc., 2009, 131, 1222–1231. 

39 D. Kashiwagi, S. Sim, T. Niwa, H. Taguchi and T. Aida, J. Am. Chem. Soc., 2018, 140, 26–29. 

40 Y. Vyborna, M. Vybornyi and R. Häner, J. Am. Chem. Soc., 2015, 137, 14051–14054. 

41 Y. Vyborna, S. Altunbas, M. Vybornyi and R. Häner, Chem. Commun., 2017, 53, 12128–12131. 

42 W. E. M. Noteborn, D. N. H. Zwagerman, V. S. Talens, C. Maity, L. van der Mee, J. M. Poolman, S. 

Mytnyk, J. H. van Esch, A. Kros, R. Eelkema and R. E. Kieltyka, Adv. Mater., 2017, 29, 1603769. 

43 Y. Wu, C. Li, F. Boldt, Y. Wang, S. L. Kuan, T. T. Tran, V. Mikhalevich, C. Förtsch, H. Barth, Z. 

Yang, D. Liu and T. Weil, Chem. Commun., 2014, 50, 14620–14622. 

44 J. Boekhoven, W. E. Hendriksen, G. J. M. Koper, R. Eelkema and J. H. van Esch, Science, 2015, 349, 

1075–1079. 

45 J. M. A. Carnall, C. A. Waudby, A. M. Belenguer, M. C. A. Stuart, J. J.-P. Peyralans and S. Otto, 

Science, 2010, 327, 1502–1506. 

46 S. I. S. Hendrikse, S. P. W. Wijnands, R. P. M. Lafleur, M. J. Pouderoijen, H. M. Janssen, P. Y. W. 

Dankers and E. W. Meijer, Chem. Commun., 2017, 53, 2279–2282. 

47 L. H. Beun, L. Albertazzi, D. van der Zwaag, R. de Vries and M. A. Cohen Stuart, ACS Nano, 2016, 

10, 4973–4980. 

48 H. Cui, M. J. Webber and S. I. Stupp, Peptide Science, 2009, 94, 1–18. 

49 R. M. P. da Silva, D. van der Zwaag, L. Albertazzi, S. S. Lee, E. W. Meijer and S. I. Stupp, Nat. 

Commun., 2016, 7, ncomms11561. 

50 Z. Yu, F. Tantakitti, L. C. Palmer and S. I. Stupp, Nano Lett., 2016, 16, 6967–6974. 

51 C. M. Rubert Pérez, Z. Álvarez, F. Chen, T. Aytun and S. I. Stupp, ACS Biomater. Sci. Eng., 2017, 3, 

2166–2175. 

52 A. Ghosh, M. Haverick, K. Stump, X. Yang, M. F. Tweedle and J. E. Goldberger, J. Am. Chem. Soc., 

2012, 134, 3647–3650. 



| About multi-component supramolecular polymers in water 

 

25 

53 J. H. Ortony, C. J. Newcomb, J. B. Matson, L. C. Palmer, P. E. Doan, B. M. Hoffman and S. I. Stupp, 

Nat. Mater., 2014, 13, 812–816. 

54 J. H. Ortony, B. Qiao, C. J. Newcomb, T. J. Keller, L. C. Palmer, E. Deiss-Yehiely, M. Olvera de la 

Cruz, S. Han and S. I. Stupp, J. Am. Chem. Soc., 2017, 139, 8915–8921. 

55 X. Zhang, D. Görl, V. Stepanenko and F. Würthner, Angew. Chem. Int. Ed., 2014, 53, 1270–1274. 

56 D. Görl, X. Zhang, V. Stepanenko and F. Würthner, Nat. Commun., 2015, 6, 7009. 

57 Y. Vyborna, M. Vybornyi and R. Häner, Chem. Commun., 2017, 53, 5179–5181. 

58 K. Petkau-Milroy, D. A. Uhlenheuer, A. J. H. Spiering, J. A. J. M. Vekemans and L. Brunsveld, Chem. 

Sci., 2013, 4, 2886–2891. 

59 L. N. Neumann, M. B. Baker, C. M. A. Leenders, I. K. Voets, R. P. M. Lafleur, A. R. A. Palmans and 

E. W. Meijer, Org. Biomol. Chem., 2015, 13, 7711–7719. 

60 M. H. Bakker, C. C. Lee, E. W. Meijer, P. Y. W. Dankers and L. Albertazzi, ACS Nano, 2016, 10, 

1845–1852. 

61 M. H. Bakker, R. E. Kieltyka, L. Albertazzi and P. Y. W. Dankers, RSC Adv., 2016, 6, 110600–110603. 

62 S. Sim, T. Niwa, H. Taguchi and T. Aida, J. Am. Chem. Soc., 2016, 138, 11152–11155. 

63 S. Biswas, K. Kinbara, T. Niwa, H. Taguchi, N. Ishii, S. Watanabe, K. Miyata, K. Kataoka and T. 

Aida, Nat. Chem., 2013, 5, 613–620. 

64 D. B. Amabilino, D. K. Smith and J. W. Steed, Chem. Soc. Rev., 2017, 46, 2404–2420. 

65 M. J. Webber, E. A. Appel, E. W. Meijer and R. Langer, Nat. Mater., 2016, 15, 13–26. 

66 O. J. G. M. Goor, S. I. S. Hendrikse, P. Y. W. Dankers and E. W. Meijer, Chem. Soc. Rev., 2017, 46, 

6621–6637. 

67 J. Zhou, J. Li, X. Du and B. Xu, Biomaterials, 2017, 129, 1–27. 

68 S. L. Dallas, Q. Chen and P. Sivakumar, in Current Topics in Developmental Biology, Academic 

Press, 2006, vol. 75, pp. 1–24. 

69 O. J. N. Bertrand, D. K. Fygenson and O. A. Saleh, PNAS, 2012, 109, 17342–17347. 

70 M. A. Ramin, K. R. Sindhu, A. Appavoo, K. Oumzil, M. W. Grinstaff, O. Chassande and P. 

Barthélémy, Adv. Mater., 2017, 29, 1605227. 

71 R. E. Kieltyka, A. C. H. Pape, L. Albertazzi, Y. Nakano, M. M. C. Bastings, I. K. Voets, P. Y. W. 

Dankers and E. W. Meijer, J. Am. Chem. Soc., 2013, 135, 11159–11164. 

72 J. Boekhoven and S. I. Stupp, Advanced Materials, 2014, 26, 1642–1659. 

73 S. S. Lee, E. L. Hsu, M. Mendoza, J. Ghodasra, M. S. Nickoli, A. Ashtekar, M. Polavarapu, J. Babu, 

R. M. Riaz, J. D. Nicolas, D. Nelson, S. Z. Hashmi, S. R. Kaltz, J. S. Earhart, B. R. Merk, J. S. McKee, 

S. F. Bairstow, R. N. Shah, W. K. Hsu and S. I. Stupp, Adv. Healthc. Mater., 2015, 4, 131–141. 

74 S. Sur, F. Tantakitti, J. B. Matson and S. I. Stupp, Biomater. Sci., 2015, 3, 520–532. 

75 C. J. Newcomb, S. Sur, S. S. Lee, J. M. Yu, Y. Zhou, M. L. Snead and S. I. Stupp, Nano Lett., 2016, 

16, 3042–3050. 

76 S. I. S. Hendrikse, S. Spaans, E. W. Meijer and P. Y. W. Dankers, Biomacromolecules, 2018, 19, 2610–

2617. 

77 M. M. C. Bastings, S. Koudstaal, R. E. Kieltyka, Y. Nakano, A. C. H. Pape, D. A. M. Feyen, F. J. van 

Slochteren, P. A. Doevendans, J. P. G. Sluijter, E. W. Meijer, S. A. J. Chamuleau and P. Y. W. 

Dankers, Adv. Healthc. Mater., 2014, 3, 70–78. 

78 M. H. Bakker, C. C. S. Tseng, H. M. Keizer, P. R. Seevinck, H. M. Janssen, F. J. V. Slochteren, S. A. 

J. Chamuleau and P. Y. W. Dankers, Adv. Healthc. Mater., 2018, 7, 1701139. 

79 M. H. Bakker, E. van Rooij and P. Y. W. Dankers, Chem. Asian. J., , DOI:10.1002/asia.201800582. 



Chapter 1 | 

 

26 

80 M. H. Bakker, M. Grillaud, D. J. Wu, P.-P. K. H. Fransen, I. H. de Hingh and P. Y. W. Dankers, 

Macromol. Rapid Commun., 2018, 1800007. 

 



Chapter 2 
 

Controlling the assembly and distribution of 

BTA monomers via supramolecular templates 
 

 

Abstract  

The clustering and assembly of biological components in dynamic systems is an important 

mechanism to gain control over their activity and interactions. Controlling the assembly of 

components within synthetic supramolecular systems could provide control over structural 

properties and the interactions and activity of incorporated functional groups. In this 

chapter, we attempted to control the distribution of functionalized BTA derivatives with 

DNA-based template structures. To this end, four BTA derivatives were functionalized with 

moieties that could specifically interact either with single stranded DNA templates via 

hydrogen-bonding or with double stranded DNA templates via intercalation. The results 

show that the introduction of these groups can significantly affect the supramolecular 

characteristics of the monomers. A naphthalene-diamonotriazine functionalized BTA was 

found to be insoluble and a thiazole orange functionalized BTA showed uncontrolled 

aggregation. With a thymine-grafted BTA derivative, stable aqueous assemblies could be 

obtained. However, no indications were found for interactions between the functional BTA 

assemblies and single stranded DNA templates; most likely due to conformational and 

structural mismatches between the polymers and the DNA. Furthermore, a dual 

supramolecular system was obtained by conjugating a BTA and a naphthalene diimide (NDI) 

derivative. The high local concentrations of the grafted NDIs resulted in their assembly. 

Moreover, crosslinking of NDI-grafted BTA polymers resulted in the formation of 

supramolecular polymer networks.  

 

 

 

The work discussed in this chapter was performed in collaboration with ir. Sacha Vervuurt, dr. Nic 

Matsumoto, and dr. Bala Thota (NDT related work) and ir. Geert van Diest, Gabriella Hammersley and 

dr. José Berrocal (NDI related work). 
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2.1 Introduction 

The clustering and assembly of active biological components is an important mechanism to 

gain control over their activity and interactions. Especially in crowded, multicomponent 

assemblies such as membranes, the formation of lipid rafts or receptor clusters increases the 

efficiency of the interactions between the gathered elements.1,2 Additionally, this can 

introduce concepts such as spatio-temporal control, threshold behavior, and signal 

amplification to signaling pathways.3 These mechanisms also play a crucial role in the 

communication between cells and their environment, which relies on multivalent 

interactions between dynamic extracellular protein fibers and transient protein clusters in the 

cellular membrane.4–6  

Synthetic aqueous supramolecular systems have dynamic qualities similar to those 

found in their natural counterparts.7–9 In recent years, the development of multicomponent 

supramolecular systems has led to an increase in complexity and a variety of properties.10,11 

Gaining spatio-temporal control over the distribution of components within these assemblies 

has not been explored to a large extent. Although, examples exist which have shown that 

multivalency can be used to induce and control the assembly of various supramolecular 

systems by employing templates that enable direct and precise control over the assembly of 

supramolecular components via multiple weak but specific interactions.12–14 In our group, 

this concept was successfully used to cluster specific monomers within supramolecular 

polymers of water-soluble benzene-1,3,5-tricarboxamide (BTA) derivatives.15 Incorporation 

of cationic BTA monomers into assemblies with inert BTAs (1, Scheme 2.1) enabled the use 

of single stranded DNA (ssDNA) as template structures. With these, the randomly 

distributed cationic monomers could be clustered within the dynamic BTA fibers based on 

electrostatic interactions and the dynamic rearrangement of the BTAs. Moreover, 

incorporation of RNA nucleotides in the template structures enabled the use of RNAse 

enzymes to degrade the templates which resulted in redistribution of the clustered monomers 

via dynamic exchange.16  

As a supramolecular polymer platform, the water-soluble BTA system developed in 

our group has been studied in depth, providing insight into the dynamic exchange 

mechanisms and kinetics as well as the structural characteristics of the assemblies.17,7,9 

Moreover, it has been shown that the system allows the incorporation of various structurally 

modified monomers such as derivatives functionalized with fluorescent labels, peptides and 

charged groups.18 As a template, DNA provides an unprecedented level of control over the 
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length and sequence of the template structures.19,20 Additionally, a variety of moieties exist 

which specifically interact with single and double stranded DNA trough hydrogen-bonding, 

electrostatics, groove-binding, and intercalation for example.21  

 

Scheme 2.1 | The chemical structures of the inert BTA (1), NDT and thymine functionalized BTAs (2 

and 3), ethylene glycol and dendronized polyglycerol decorated NDT derivatives (4 and 5), thiazole 

orange and NDI functionalized BTAs (6 and 7) and an ethylene glycol decorated NDI derivative (8). 

 

Therefore, we here introduce four DNA-binding moieties to the BTA system to 

create functional monomers that can be incorporated in assemblies with the inert BTA (1, 

Scheme 2.1). With these functionalized BTAs, we aimed to enable specific interact with DNA 

template structures based on two different principles.  

The first principle is the formation of specific hydrogen-bonds between 

naphthalene-diaminotriazine (NDT) and thymine functionalized BTA derivatives (2 and 3 

respectively, Scheme 2.1) with the nucleotides of complementary single stranded DNA 

(ssDNA) templates (Figure 2.1a). Additionally, two water-soluble NDT derivatives (4 and 5, 

Scheme 2.1) were synthesized to investigate the possible use of thymine-grafted BTA 

polymers as synthetic templates for the assembly of the NDT derivatives through specific 

hydrogen-bonding.  

The second principle is the intercalation of hydrophobic chromophores between the 

stacked nucleobases of double stranded DNA helices. By synthesizing BTA derivatives 

functionalized with the intercalators thiazole orange and a naphthalene diimide (NDI) 

O O

N
H

N
H

O N
H

R R
HO OH

R
O

O O

N
H

N
H

O N
H

R R
HO OH

R
NH

O

N

NH

HO
O

O

N N

N NH2

NH2

N
N

N

NH2

NH2

O

O

O

HO

HO

HO

HO

3

O O

N
H

N
H

O N
H

R R
HO OH

R
N

N N
N

N

O

O

O

O

NH

O

HO

HO
O

N

3

NN

N

N

O

O

O

O

NH
O

HO

O

O

N

N

N

H2N NH2

2 3

4

5

6 7

8

O O

N
H

N
H

O N
H

R R
HO OH

R
OH

1

O
410

R =

O O

N
H

N
H

O N
H

R R
HO OH

R
N
H

O

O

H
N

O

N

N

S
8



Chapter 2 | 

 

30 

derivative (6 and 7 respectively, Scheme 2.1), double stranded DNA (dsDNA) can be used as 

template structures to control the distribution of the functionalized monomers within the 

polymers. Additionally, NDI derivatives are known to form supramolecular assemblies based 

on π-stacking and hydrophobic interactions.22 By grafting NDIs to the BTA polymers, a dual 

supramolecular system is obtained which can be used to study raft formation in a synthetic 

dynamic system (Figure 2.1b). As a reference molecule, an ethylene glycol grafted NDI 

derivative (8, Scheme 2.1) is synthesized.  

 

 Figure 2.1 | Schematic representation of the proposed clustering of functionalized BTA monomers 

using DNA template structures. (a) By grafting BTA monomers with hydrogen-bonding motifs such 

as thymine, functional polymers can be obtained by co-assembling inert and functionalized BTAs. 

Subsequently, the distribution of the functional monomers within the assemblies can be controlled by 

using ssDNA as hydrogen-bonding templates. (b) Conjugating a supramolecular NDI derivative to the 

BTA monomer provides a dual supramolecular system. Introducing these functionalized monomers to 

the BTA assemblies potentially leads to assembly of the grafted NDIs due to their high local 

concentration and dynamic exchange between polymers. Moreover, the ability of NDIs to intercalate 

in dsDNA can be used to cluster the functional monomers using dsDNA templates.  

BTA-NDI (8)

b

Inert BTA (1)

BTA-thymine (3)

a

Inert BTA (1)
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2.2 Controlling supramolecular assemblies by hydrogen-bonding templates 

The synthesis of 2 starts via the reaction of 1 with p-toluenesulfonyl chloride resulting in a 

statistical mixture of products which were separated by column chromatography in 

chloroform and methanol (Scheme 2.2). After tosylation, a Williamson etherification of 6-

cyano-2-naphthol with 9 was performed after which 10 was purified in 72% yield by column 

chromatography in chloroform and methanol. A subsequent reaction of 10 with 

dicyandiamide under strong basic conditions provided 2 in 14% yield. In this step, significant 

hydrolysis of the nitrile group occurred, resulting in low yields for the triazine ring closure. 

Purification was attempted by column chromatography in methanol and chloroform which 

did not separate the product from hydrolyzed BTA-naphthalene. By using reversed phase 

chromatography in water and acetonitrile, the desired 2 could be successfully purified.  

 

Scheme 2.2 | Synthesis of 2.  

  

As one of the five natural nucleobases, thymine forms an interesting hydrogen-

bonding motif for specific templating by ssDNA templates. Therefore, a thymine 

functionalized BTA derivative (3) was synthesized. For this, mono-amine BTA derivative 11 

was synthesized according to previously published procedures and conjugated to thymine-1-

acetic acid by using DMTMM (Scheme 2.3).7 Subsequently, BTA 3 was purified in 61% yield 

by reversed phase column chromatography in water and acetonitrile.  
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Scheme 2.3 | Synthesis of 3. 

  

The successful synthesis of 3 potentially provides access to thymine-grafted 

supramolecular polymers which could act as template structures themselves. As discussed in 

the introduction, thymine oligonucleotides have successfully been used to template the 

assembly of NDT derivatives. To investigate the potential of assemblies of 3 to act as 

multivalent hydrogen-bonding templates, NDT derivatives 4 and 5 were synthesized 

(Scheme 2.4). 

For the synthesis of the NDT derivative 4, mono-tosylated tetraethylene glycol was 

conjugated with 6-cyano-2-naphthol via a Williamson etherification and purified by column 

chromatography in chloroform and methanol. (Scheme 2.4a) Next, 4 is obtained via ring 

closure of dicyandiamide under strong basic conditions in isopropanol at 90 ˚C. In this step, 

hydrolysis of the nitrile group occurred which, in combination with challenging purification 

of the product by column chromatography, resulted in a very low yield of 3%. 

For the dendronized NDT derivative 5, a first generation polyglycerol dendron with 

acetonide protected alcohols (14) provided by dr. Bala Thota was activated with 

methanesulfonyl chloride in the presence of triethylamine to avoid deprotection of the 

alcohols, yielding 15 (Scheme 2.4b).23 Without further purification, 6-cyano-2-naphthol was 

conjugated to 15 via a Williamson etherification yielding 16 which was purified by column 

chromatography. To decrease the hydrolysis of the nitrile observed in the formation of the 

triazine-ring in the synthesis of 2 and 4, an alternative approach was attempted which was a 

microwave-induced reaction with dicyandiamide in DMSO. This indeed resulted in the 

formation of 18 with a higher yield of 52% after purification by column chromatography in 

dichloromethane and isopropanol. Finally, 5 was obtained by deprotection of the alcohols 

with the acidic resin Dowex-H. Analysis of the final product by NMR did show the presence 

of minor amounts of 16 with a hydrolyzed nitrile group. However, due to a low yield of 16% 

(17.1 mg) for 5, it was not attempted to further purify the product.  
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Scheme 2.4 | Synthesis of (a) 4 and (b) 5.  

  

Supramolecular systems are often described as “self-assembling” which suggests that 

simply dissolving and/or mixing of supramolecular building blocks results in the formation 

of perfectly assembled structures. However, in reality these systems are often highly sensitive 

to sample preparation procedures and require specific treatment for the formation of stable 

assemblies. This is also true for the water-soluble BTA derivatives developed in our group. 

With increasing availability of functionalized BTA derivatives, sample preparation proved to 

be an important factor for the controlled formation of aqueous BTA assemblies. Within the 

group, many methods were applied such as injection of concentrated organic solutions into 

water, dilution of concentrated organic solutions with water and addition of water to dry 

material which were all combined with different methods of heating, stirring or sonication. 

As this proved to provide irreproducible results, a standardized method was developed by dr. 

ir. René Lafleur which is based on the addition of water to dried BTAs, heating the mixture 

to 80 ̊ C for 15 min, vortexing for 15 sec and equilibration at room temperature. This method 
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proved to produce stable aqueous (co-)assemblies for 1 with and without various 

functionalized BTA derivatives.  

Unfortunately, the introduction of the NDT to the BTA monomer dramatically 

affected the solubility of 2 as this compound proved to be insoluble in water and even in 

organic solvents such as chloroform and methanol which are known as good solvents for 

BTA derivative 1. However, it was possible to form aqueous solutions of thymine 

functionalized BTA derivative 3 by applying the standardized preparation method. These 

solutions were studied by UV-Vis spectroscopy and Figure 2.2a shows that for mixtures of 

10% and 20% 3 with 1, spectra can be observed with a maximum at 211 nm and a shoulder 

at 229 nm, indicating the formation of stable BTA assemblies.17 Figure 2.2b shows spectra of 

3 in water in which the absorption of the thymine is clearly visible between 250 and 300 nm. 

When heated, the spectra remain similar up to 60˚C, however at 70˚C, a decrease in the 

absorption between 217 and 273 nm is visible in addition to a slight increase of the absorption 

at wavelengths >300 nm. This indicates the formation of assemblies of 3 which are disrupted 

at 70˚C, likely due to lower critical solution (LCST) behavior of the ethylene glycol segments 

on the BTA arms.17 

As a reference, Figure 2.2c shows the circular dichroism (CD) spectra of a 

oligonucleotide of 40 adenines (A40) and of an annealed mixture of A40 and a thymine 

oligonucleotide of equal length (T40) in tris-EDTA magnesium buffer (TE/Mg, 10mM Tris-

HCl, 1mM EDTA, 12.5mM MgCl2, pH 8). This shows the typical spectrum known for the 

structured single helix formed by adenine oligonucleotides at neutral pH.24,25 The shifts in the 

CD spectra upon annealing A40 with T40 indicate the hybridization of the two strands.  

The interactions between assemblies of 3 and ssDNA were investigated by using A40 

as templates. In Figure 2.2d the spectrum of A40 is compared with those of 1, 3, a mixture of 

3 and A40 and a mixture of 1 and A40 in water. The CD signals observed for 1 and 3 are likely 

artefacts resulting from linear dichroism signals which previously have been observed for 

aqueous BTA assemblies. The addition of A40 to 1 does not lead to any shifts in the CD 

spectrum indicating the absence of any interactions between the BTA polymers and the DNA 

templates. In contrast, directly after mixing of A40 and 3 a large shift of the spectrum can be 

observed. However, the spectrum restores to one that closely resembles that of A40 after 

equilibration. Additional experiments at varying concentrations of A40 or 3, with and 

without the addition of 1, all gave similar results (not shown). This indicates that the presence 

of 3 does not have an effect on the single helix structure of A40 and hence, no hydrogen-

bonds exists between the thymine functionalized BTAs and the ssDNA templates.  
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Figure 2.2 | UV-Vis and CD spectroscopy of thymine functionalized BTA 3. (a) UV-Vis spectra of 1

and mixtures of 1 with 10% and 20% 3 all at a total BTA concentration of 25 µM in water. (b) UV-Vis 

spectra of 3 at increasing temperatures at 500 µM in water. (c) CD spectra of A40 and an annealed 

mixture of A40 and T40 at 0.5 µM per strand in TE/Mg buffer (d) CD spectra of A40, 3 and 1, a mixture 

of 1 and A40 and a mixture of 3 and A40 in time. For all spectra, 1 and 3 are at 500 and A40 is A40 µM 

at 12.5 µM in water. 

 
 

To verify this hypothesis, additional studies were performed by mixing fluorescent 

DNA intercalating dyes with A40 and (co-)assemblies of 3 (and 1). The two well-known 

intercalators EvaGreen and SYBR Safe were used which both become fluorescent upon 

binding to dsDNA. The first proved to be unsuitable for these studies as fluorescence was 

observed upon mixing with A40 alone, probably due to binding of the dye to the single helix 

formed by poly-adenine. Performing the studies with SYBR Safe did not indicate the 

formation of hybrid BTA-DNA assemblies as no increase in fluorescence was observed upon 

addition of the dye to mixtures of 3 and A40. Additionally, several of the experiments 
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described above were repeated in buffered conditions which yielded similar results as 

observed when performed in water but predominantly resulted in aggregation and 

precipitation of the BTAs. 

The potential of polymers of 3 as templates for the assembly of NDT derivatives 4 

and 5 was studied by UV-Vis spectroscopy. The spectra of a 1:1 mixture of 3 and 4 in water 

shown in Figure 2.3a display a transition over several hours with a hypochromic shift with 

isosbestic points at 198 nm and 263 nm. This indicates the transition between two assembly 

states and possibly the templated assembly of 4. As a control, a 1:1 mixture of 4 and 1 was 

studied. As can be seen in Figure 2.3b, a similar transition can be observed with a 

hypochromic shift with isosbestic points at 198 and 263.5 nm which strongly suggests that 

the transition in the spectrum of the mixture of 3 and 4 is not caused by the templated 

assembly of 4. Possibly, the transitions can be explained by hydrophobic interactions between 

the NDT monomers and the BTA assemblies present in the mixtures.  

 

Figure 2.3 | UV-Vis spectroscopy of mixtures of naphthalene diaminotriazine derivative 4 and BTA 

assemblies of 1 and 3. (a) Time dependent spectra of a mixture of 3 with 4 both at 100 µM in water. (b) 

Time dependent spectra of a mixture of 1 with 4 both at 100 µM in water. 

 
 

To investigate if the interactions between the BTAs and the NDT derivatives is 

indeed driven by their hydrophobic characteristics, the interactions between NDT variant 5 

and the BTA assemblies were studied. 5 is equipped with a first generation polyglycerol 

dendron which increased the water-solubility of the NDT monomers. However, similar as 

was shown for 4, 5 can form helical assemblies templated by ssDNA strands indicated by the 

temperature-dependent CD spectroscopy of a mixture of T40 and 5 shown in Figure 2.4a.13 

Figure 2.4b shows the UV-Vis spectra of a 1:1 mixture of 3 and 5 in time after mixing. Here, 
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the similarity of the spectra with the initial spectrum of the mixture of 3 and 4 (Figure 2.3a) 

and the absence of any spectral shifts over time indicate that no interactions take place 

between the NDT derivative and the BTA assemblies of 3. The spectra of a mixture of 1 and 

5 shown in Figure 2.4c, do show a hypochromic effect between 190 nm and 275 nm. However, 

the effect is much less pronounced as for the mixture of 1 and 4. Altogether, this strongly 

indicates that the interactions between 4 and the BTA assemblies indicated by the transitions 

UV-Vis are based on hydrophobic interactions which can be reduced by increasing the 

solubility of the NDT derivative. Additionally, the absence of any spectral shifts for the 

mixture of 3 and 5 shows that no templated assembly of the NDT derivatives driven by 

hydrogen-bonding between the diaminotriazine and thymine motifs takes place. 

 

Figure 2.4 | CD and UV-Vis spectra of dendronized naphthalene diaminotriazine derivative 5.  

(a) Temperature dependent CD spectra of a mixture of T40 and 5 at respectively 8.3 µM and 500 µM in 

TE/Mg buffer. The development of a strong CD effect upon cooling of the mixture indicates the 

formation of DNA templated hybrid assemblies.13 (b) Time dependent UV-Vis spectra of a mixture of 

3 and 5 both at 100 µM in water. (c) Time dependent UV-Vis spectra of a mixture of 1 and 5 both at 

100 µM in water. 

 

2.3 Functionalization of the water-soluble BTA with a fluorescent DNA intercalator 

In addition to hydrogen-bonding motifs, BTA derivatives were functionalized with DNA 

intercalators to enable the use of double stranded DNA (dsDNA) as template structures. 

Intercalators are often planar, aromatic molecules that can occupy the spaces between the 

base-pairs of dsDNA, predominantly driven by hydrophobic interactions and π-stacking 

which can be accompanied by electrostatic interactions.26 By functionalizing a BTA derivative 

with the fluorescent intercalator thiazole orange (6), its increase in fluorescence emission (up 

to 1000-fold) upon intercalation could provide a direct read-out for the binding to dsDNA 

templates.27  
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In an attempt to increase the availability of the intercalator for binding, additional 

ethylene glycol segments were introduced to one of the BTA arms (Scheme 2.5). This was 

achieved by conjugating the NHS-activated acid on linker 18 which further consists of eight 

ethylene glycol units and an azide, to the terminal amine on 11. The resulting extended 

mono-azide BTA derivative 19 was then purified by column chromatography. The extended 

mono-amine BTA 20 was obtained via a Staudinger reduction and a purification via column 

chromatography. For the synthesis of the thiazole orange functionalized BTA derivative 6, a 

DMTMM mediated coupling was performed between the terminal amine on 20 and the 

carboxylic acid functionalized thiazole orange derivative shown in Scheme 2.5. Subsequently, 

6 was purified by column chromatography.  

 

 

Scheme 2.5 | Synthesis of 6.  

  

As described for BTA derivative 2, the introduction of moieties to the BTA 

monomers can have significant effects on their solubility and supramolecular characteristics. 

To evaluate this for 6, samples were prepared using the standardized preparation method and 

subsequently studied by UV-Vis spectroscopy. The spectra in Figure 2.5 all show a maximum 

at 211 nm and a shoulder 229 nm which is indicative for the formation of BTA assemblies.17 

However, even at low percentages of 6, the absorption observed at wavelengths >300 nm 
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results from scattering and indicates the formation of large BTA aggregates. Several different 

approaches were attempted to obtain stable solutions of 6 with and without 1 such as 

additional heating, injection into water from stock solutions in organic solvents, dialysis into 

water and sonication. Unfortunately, none of these yielded clear solutions and in many cases 

the formation of turbid samples or even visible sedimentation was observed. For these 

reasons, no further studies on this BTA derivative were performed.  

 

Figure 2.5 | UV-Vis spectroscopy of mixtures of 6 and 1 in water. The maximum and shoulder 

observed at 211 and 229 nm indicate the formation of BTA assemblies. The scattering observed at 

wavelengths >300 nm for the samples containing 2% or 10% 6, indicates the aggregation of BTAs into 

large ill-defined particles. All samples were prepared at a total BTA concentration of 25 µM in water. 

  

2.4 A dual supramolecular system of BTA-NDI conjugates 

Naphthalene diimide (NDI) derivatives are an interesting class of DNA intercalators.28 In 

addition to this, NDIs form a highly versatile molecular family with applications in fields such 

as sensing, (opto)electronics and biomedicine.22 Driven by π-stacking and hydrophobic 

interactions, NDIs can assemble into supramolecular structures and by introducing specific 

side chains, additional interactions such as hydrogen-bonding and metal coordination can 

be used to obtain assemblies with a variety of structural and functional properties. By 

conjugating a BTA monomer and an NDI derivative (7), an interesting dual supramolecular 

system can be obtained. By co-assembling 1 with the NDI-grafted BTAs, the dynamic 

exchange of the BTA monomers can enable the formation of grafted NDI assemblies as is 

schematically shown in Figure 2.1b. Moreover, dsDNA templates can be employed to cluster 

the functionalized BTAs via intercalation of the NDIs.  
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For the synthesis of BTA-NDI conjugate 7 and for an NDI reference compound 8, 

an NDI derivative was provided by dr. José Berrocal which is substituted with butane linkers 

functionalized with an alkyne on one side and 2-hydroxyacetamide on the other (21, Scheme 

2.6). 7 was obtained via a copper-mediated cyclo-addition between the azide on BTA 

derivative 22 and the alkyne on NDI derivative 21 and purified in 32% yield via column 

chromatography in a mixture of ethyl acetate, isopropanol and H2O. Similarly, reference 

compound 8 was obtained via a copper-mediated cyclo-addition between a mono azide 

tetraethylene glycol linker and 21. The product was subsequently purified at 80% yield by 

reversed phase column chromatography in water and acetonitrile. 7 was characterized by 

liquid chromatography mass spectrometry (LCMS) and matrix assisted laser 

desorption/ionization time of flight mass spectrometry (MALDI-TOF-MS) and 8 by NMR. 

 

Scheme 2.6 | Synthesis of 7 and 8.  

  

As a reference, the UV-Vis spectrum of 8 at 0.5 mM in water is shown in figure 2.6a. 

At 363 and 384 nm, two maxima can be observed which are characteristic for NDI derivatives. 

The ratio between these maxima report on the aggregation state of the NDIs where the blue 

shifted maximum is dominant in aggregated states and the red shifted maximum in 

disassembled states.28,29 Here, the spectrum clearly indicates that 8 is predominantly in a 

disassembled state. In comparison, UV-Vis spectra of mixtures of 7 and 1 all at total BTA 

concentration of 100 µM in water are shown in Figure 2.6b. With a content of 7 up to 5%, the 
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spectra at wavelengths <300 nm resemble that of 1 in water indicating the formation of BTA 

assemblies. Between 325 and 400 nm, a slight increase in absorption indicates the presence 

of the NDIs. At contents of 7 above 5%, the absorption of the NDIs at wavelengths <250 nm 

shifts to such an extent that the typical maximum the BTA spectrum is no longer observable. 

Looking at the NDI maxima, the higher intensity of the maximum at 363 nm compared to 

that at 384 nm, especially at 50 and 100% 7, indicates that the NDIs are predominantly in an 

assembled state.  

To further investigate these assemblies, 1:1 mixtures of 7 and 1 were prepared in 

mixtures of water with increasing amounts of acetonitrile (ACN). The latter is a known good 

solvent for 1 and disrupts the BTA assemblies at a content of 15% and higher in water.30 

Figure 2.6c shows that up to 10% ACN, the spectra remain stable with a maximum at 228 nm 

and a dominant maximum at 362 nm for the BTA grafted NDIs. At 15% ACN, a sharp 

decrease of the absorption at 228 nm indicates the disruption of the BTA polymers. Upon 

increasing the acetonitrile content from 30 to 40%, a second transition to higher absorption 

intensities is observed. The ratio of the maxima for the NDIs however, display a more gradual 

transition towards a dominating peak at 382 nm indicating disassembly of the NDIs. This is 

clearly visible when the absorption intensity at 280 nm is plotted together with ratio of the 

absorption at 260 and 280 nm as is shown in Figure 2.6d. Finally, at 40 and 50% ACN, a large 

hyperchromic shift is observed at wavelengths <225 nm with a maximum at 198 nm and the 

ratio of the maxima for the NDIs at 362 and 382 nm becomes similar as that observed for 8.  

These results indicate the formation of stable assemblies of 7 with and without 1. 

Furthermore, the BTA grafted NDIs assemble at much lower concentrations than the 

unconjugated NDI derivative 8 due to their high local concentration on the BTA assemblies. 
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Figure 2.6 | UV-Vis spectroscopy of NDI-grafted BTA assemblies. (a) 8 at 500 µM in water (b) 

Mixtures of 1 with increasing amounts of 7 all at a total BTA concentration of 100 µM in water (c) A 

1:1 mixture of 1 and 7 at a total BTA concentration of 200 µM in water and increasing amounts of 

acetonitrile. The shift in the ratio of the NDI absorption maxima at 362 and 382 nm towards a 

dominating peak at 382 nm indicates the disassembly of the NDIs upon increasing acetonitrile content. 

(d) The absorption at 228 nm (black) and the ratio of the absorption at 362 and 382 nm (red) for the 

samples in (c). 

  

UV-Vis spectroscopy indicates the formation of assemblies in which both the BTAs 

and the grafted NDIs are in an assembled state. To determine the structural characteristics of 

these assemblies, total internal reflection (TIRF) microscopy was performed. For this, 

samples were prepared of 7 and mixtures of 1 with 5% and 25% 7, all at a total BTA 

concentration of 200 µM in water. These were incubated overnight with 5 mol% of the 

solvatochromic dye Nile Red. Subsequently, the samples were diluted to 5 µM in PBS for an 

improved adsorption to the glass coverslips and directly imaged. Figure 2.7 shows that for 

the mixture of 5% 7 with 1, micrometer long one-dimensional fibers are observed. Also at 

25% 7, micrometer long fibers are observed, however most fibers seem to have formed large 
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clusters which previously has not been observed for assemblies of 1. For pure 7, the glass 

surface was fully covered by a crosslinked/bundled network of fibers. These results clearly 

show that the incorporation of the NDI-grafted BTA monomers has a substantial effect on 

the structural characteristics of the supramolecular assemblies.  

 

Figure 2.7 | TIRF images of NDI-grafted BTA assemblies containing 7. (a) 5% 7 with 95% 1 (b) 25% 

7 with 75% 1 (c) 100% 7. All samples were prepared at a total BTA concentration of 200 µM with 5 

mol% Nile Red in water which were diluted to 5 µM in PBS for better adsorption to the glass coverslip. 

The scalebars represent 10 µm.  

 

These results demonstrate the interesting properties of the BTA-NDI system which 

promotes the assembly of the grafted NDIs into fibrous structures and additionally, the 

formation of crosslinks between these fibers. However, the additional interactions of the 

NDIs present in the BTA system, affect the long-term stability of the assemblies in water. 

During this work, samples proved to aggregate and precipitate over time and even the use of 

aged stock solutions of 7 in organic solvents yielded unusable samples. Additionally, the 

assembly of NDI-grafted polymers in buffered conditions was problematic as precipitation 

was often observed. As with most functionalized BTA derivatives described in this chapter, 

this complicated the preparation of stable samples and the use of dsDNA template structures 

to control the distribution of 7 within the BTA assemblies.  

 

2.5 Discussion and conclusions 

In this chapter, four BTA derivatives were functionalized with moieties capable of interacting 

with DNA templates via either hydrogen-bonding with ssDNA strands or intercalation 

between the stacked nucleobases of dsDNA. Although all molecules designed could be 

synthesized, the introduction of functional groups on the BTA monomers had major effects 

on their physicochemical characteristics. Especially the functionalization with the 
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hydrophobic naphthalene-diaminotriazine and thiazole orange derivatives decreased the 

water-solubility to such a degree that the BTA derivatives could not be used to prepare stable 

co-assemblies with 1 in water. Although naphthalene diimides are hydrophobic, the 

substitution with a hydroxyacetamide and subsequent conjugation to the water-soluble BTA 

derivative proved to yield a monomer that could be assembled in water. The introduction of 

this monomer results in an interesting system in which the assembly of the BTAs drives the 

assembly of the grafted NDIs due to their high local concentration on the BTA polymers. 

Although the exact assembly state of mixtures of the inert and NDI functionalized BTAs 

remains unclear, this system could form an interesting synthetic analogue for the formation 

of lipid rafts in cellular membranes. The inert BTAs would then represent the liquid phase 

and the BTA-NDI conjugates the assembling lipids. This also shows that the BTA polymers 

could form an interesting dynamic scaffold system that allows the dynamic rearrangement 

and assembly of conjugated or recruited components. To explore this further, BTA polymers 

were employed as scaffolds for the controlled assembly of proteins which is described in 

Chapter 5. Moreover, it has been shown that the NDI-grafted polymers form crosslinked 

networks and subsequently, large aggregates over time. This behavior could be interesting for 

the development of hydrogels based on dynamic, supramolecular crosslinks. However, for 

the investigation of synthetic raft formation in supramolecular polymers and the templated 

clustering of NDI-grafted BTAs, it would be beneficial to increase the long-term stability of 

the aqueous assemblies as aggregation and precipitation of the material was observed over 

time. 

 The thymine functionalized BTA derivative 3 displayed supramolecular behavior 

similar to that of 1 as assemblies could be formed over a range of concentrations that were 

stable over longer periods of time. Although these assemblies could be obtained, no 

indications were found for the interactions between the thymine-grafted assemblies and 

poly-adenine ssDNA templates based on hydrogen-bonding between the nucleobases. 

Employing these functionalized polymers as templates for the assembly of naphthalene 

diaminotriazine derivatives showed that 4 associates with BTA assemblies based on 

hydrophobic interactions. Modifying the NDT with a dendronized polyglycerol increased its 

water-solubility and significantly decreased the association with the BTA assemblies. 

However, the intended templated assembly of 5 was still not observed. Due to the high 

complexity of these multicomponent supramolecular systems and the proposed interactions 

with the template structures, it is challenging to precisely pinpoint the reasons for the absence 

of specific interactions with the template structures. Possibly, the functional groups are 
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buried within the BTA assemblies making them unavailable for binding. Moreover, the 

helical pitch, monomer stacking distance, and other structural characteristics of the BTA 

assemblies could result in a conformational mismatch with the DNA templates. Such a 

misalignment would only put a fraction of the binding motifs in a position to actually bind 

to the relatively short templates. As the proposed templating is based on multivalent weak 

interactions (hydrogen-bonds), the availability of only few thymines would not be sufficient 

to favor the binding of poly adenine templates.  

 In addition to this, the use of DNA as templates to control the assembly and 

distribution of functional BTA derivatives points out a limitation of the BTA system which 

is its low compatibility with buffers. The inert BTA 1 as well as the functionalized derivatives 

showed precipitation over the course of hours or days in buffered conditions. When creating 

functional supramolecular polymers, especially for biomedical/biochemical applications, it is 

crucial to have a system with high stability in buffered conditions over long periods of time.  

 Altogether, the results presented here show that synthetically, we have access to a 

variety of functionalized BTA derivatives but that structural modifications of the monomers 

can have major consequences on their (supramolecular) characteristics. This shows that 

despite a deep understanding of the fundamental aspects of the water-soluble BTA system, 

the introduction of functionality is far from straight forward. To create and control 

multicomponent systems based on multiple types of interactions, the structural design of the 

components, sample preparation, and sample conditions are even more important and 

challenging than already is known for supramolecular systems. Therefore, the examples 

shown here provide insight into the possibilities and limitations of the BTA system which 

can be applied for its further development.  
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2.6 Materials and methods 

Materials 

Unless stated otherwise, solvents and reagents were purchased from commercial sources and 

used as received. 1 was provided by A.J.H. Spiering.17 11 was synthesized according to 

published procedures.7 14 was provided by dr. B.N.S. Thota.23 22 was provided by A.J.H. 

Spiering.18 19 (N3-EG8-NHS) was obtained from PurePEG. DMTMM was synthesized 

according to published procedures.31 Deuterated solvents where obtained from Cambridge 

Isotope Laboratories. Purification of water was performed on an EMD Millipore Milli-Q 

integral water purification system. Oligonucleotides were obtained HPLC-purified from 

Integrated DNA Technologies.  

 

Instrumentation and methods 

Flash column chromatography was performed on a Biotage Isolera One flash 

chromatography system using Biotage SNAP KP-Sil, Biotage SNAP ultra C18, or REVELIS 

C18-WP flash cartridges. Reactions were followed by thin-layer chromatography (precoated 

0.25 mm, 60-F254 silica gel plates from Merck).  
1H-NMR and 13C-NMR spectra were recorded at room temperature on a Varian 

400MR 400 MHz or a Varian Mercury Vx 400 MHz (400 MHz for 1H-NMR and 100 MHz 

for 13C-NMR spectroscopy) spectrometer. The 1H-NMR chemical shifts (δ) are reported in 

ppm downfield from tetramethylsilane (TMS, 0 ppm). 13C-NMR chemical shifts are reported 

downfield from TMS using the resonance of the deuterated solvent as internal standard. 

Splitting patterns are labelled as br = broad, s = singlet, d = doublet, dd = double doublet, t = 

triplet, q = quartet, and m = multiplet.  

High performance liquid chromatography mass spectrometry (LCMS) was 

performed by using a Thermo Finnigan LCQ Fleet ion trap mass spectrometer equipped with 

a Surveyor autosampler, a Thermo Finnigan Surveyor PDA detector. Prior to mass analysis, 

samples were separated on a reversed phase C18 column in acetonitrile/water gradients with 

0.1% formic acid at 0.2 mL/min using Shimadzu SCL-10A pumps.  

Matrix assisted laser desorption/ionization time of flight mass spectra (MALDI-

TOF-MS) were acquired on Bruker Autoflex Speed spectrometer, using α- cyano-4-

hydroxycinnamic acid (CHCA) and 2-[(2E)-3-(4-tert-butylphenyl)-2-methylprop-2-

enylidene]malononitrile (DCTB) as matrices.  

UV-Vis spectra were collected on Jasco V-650 and V-750 spectrophotometers 

respectively equipped with a Jasco ETCT-762 or PAC-743 temperature controller using 

quartz cuvettes with path lengths of 0.1 and 1 cm.  

CD spectra were collected on a Jasco J-815 circular dichroism spectropolarimeter 

equipped with a PFD-425S/15 Peltier-type temperature controller using quartz cuvettes (1 

cm). The molar circular dichroism Δε was calculated using Δε = CD effect / 32980 · c · l) in 

which c is the concentration of the proline functionalized BTA and l is pathway length.  
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TIRF images were acquired with a Nikon N-STORM system. Nile Red was excited 

using a 561 nm laser. Fluorescence was collected by means of a Nikon 100x, 1.4NA oil 

immersion objective and passed through a quad-band pass dichroic filter (97335 Nikon). 

Images were recorded with an EMCCD camera (ixon3, Andor, pixel size 0.165µm).  

 

Assembly of BTA polymers 

When possible, stock solutions of the BTA derivatives were prepared in methanol. From 

these, appropriate volumes were added and mixed into a glass vial and dried under vacuum. 

An appropriate amount of MilliQ grade water or Tris-EDTA magnesium buffer (TE/Mg, 

10mM Tris-HCl, 1mM EDTA, 12.5mM MgCl2, pH 8) was added after which the mixture was 

stirred at 80 ᵒC for minimal 15 min. The mixtures were then vortexed for 15 sec and left to 

equilibrate at room temperature overnight.  

 

Synthetic procedures 

 

BTA-(mono-tosyl) (9) 

A 12 mL vial was charged with 1 (0.168 mmol, 216.9 mg), trimethylamine (0.505 mmol, 51.1 

mg), trimethylamine hydrochloride (0.084 mmol, 8.04 mg) and p-toluenesulfonyl chloride 

(0.168 mmol, 32.1 mg) dissolved in dichloromethane (8 mL). The mixture was stirred 

overnight under argon. The product was purified by column chromatography (0 - 5% 

methanol in chloroform) in 78% yield.  
1H-NMR (400 MHz, chloroform-d): δ = 8.37 (s, 3H, benzene-H), 7.86-7.72 (m, 2H, tosyl-H), 

7.39-7.3 (m, 2H, tosyl-H), 6.69 (t, 3H, C=ONHCH2), 4.17-4.12 (m, 2H, CH2CH2-tosyl), 3.75-

3.54 (m, 46H, OCH2CH2O, OCH2CH2OH), 3.48-3.37 (m, 12H, C=ONHCH2CH2, 

CH2CH2CH2O), 2.45 (s, 3H, CH2-tosyl-CH3), 1.67-1.47 (m, 12H, C=ONHCH2CH2, 

CH2CH2CH2O), 1.38-1.21 (m, 48H, aliphatic). 

 

BTA-(cyano-naphthalene) (10) 

In a round bottom flask (10 mL, dried at 140 ˚C) 6-cyano-2-naphtol (0.128 mmol, 21.69 mg) 

and potassium carbonate (0.051 mmol, 7.09 mg) were dissolved in DMF (3 mL) and stirred 

for 30 min at 60 ˚C under argon. 9, was dissolved in DMF (2 mL) and added dropwise to the 

reaction mixture and stirred overnight. Subsequently, the reaction mixture was washed with 

water (10 mL) and extracted with dichloromethane (3 x 10 mL). The organic layers were 

combined, dried with MgSO4, filtered and concentrated in vacuo. The material was obtained 

by column chromatography (1 - 6% methanol in chloroform) at 72% yield (53.2 mg) as a 

colorless film.  
1H-NMR (400 MHz, chloroform-d): δ = 8.38 (s, 3H, benzene-H), 8.14 (s, 1H, naph-H), 7.77 

(dd, 2H, naph-H), 7.56 (dd, 1H, naph-H), 7.15 (dd, 1H, naph-H), 6.76 (br, 3H, C=ONHCH2), 

4.26 (t, 2H, CH2CH2O-naph), 3.92 (t, 2H, CH2CH2O-naph), 3.79-3.51 (m, 44H, OCH2CH2O, 
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OCH2CH2OH), 3.48-3.39 (m, 12H, C=ONHCH2CH2, CH2CH2CH2O), 1.62-1.5 (m, 12H, 

C=ONHCH2CH2, CH2CH2CH2O), 1.41-1.21 (m, 48H, aliphatic). 

 

BTA-(naphthalene-diaminotriazine) (2) 

A 20 mL round bottom flask was dried at 140 ˚C for 30 min and charged with dicyandiamide 

(0.041 mmol, 3.42 mg) and KOH (0.028 mmol, 1.56 mg) dissolved in isopropanol (1.5 mL) 

and stirred under argon. Subsequently, 10 (0.037 mmol, 53.2 mg) was dissolved in 

isopropanol (2 mL) and added. The reaction mixture was refluxed for 48 h at 90 ˚C under 

argon. The starting materials where removed by column chromatography (0 – 10% methanol 

in chloroform). The side-product formed during the reaction was removed by reversed phase 

column chromatography (40 - 100% acetonitrile in water) providing 2 at 14.2% yield (8 mg).  
1H-NMR (400 MHz, chloroform-d): δ = 8.78 (t, 1H, naph-H), 8.39 (s, 3H, benzene-H), 8.33 

(dd, 1H, naph-H), 7.78 (dd, 2H naph-H), 7.20-7.11 (m, 2H, naph-H), 6.75 (br, 3H, 

C=ONHCH2), 5.39 (s, 4H, NH2), 4.25 (t, 2H, CH2CH2O-naph), 3.92 (t, 2H, CH2CH2O-naph), 

3.77-3.53 (m, 44H, OCH2CH2O, OCH2CH2OH), 3.46-3.38 (m, 12H, C=ONHCH2CH2, 

CH2CH2CH2O), 1.64 – 1.47 (m, 12H, C=ONHCH2CH2, CH2CH2CH2O), 1.41-1.19 (m, 48H, 

aliphatic). 13C NMR (100 MHz, methanol-d4): δ = 169.42, 157.30, 139.13, 137.67, 136.47, 

132.19, 130.62, 128.59, 127.42, 125.84, 119.94, 108.57, 80.42, 80.10, 79.77, 74.51, 73.24, 72.67, 

72.49, 72.43, 72.38, 72.23, 71.98, 63.06, 50.14, 49.93, 42.08, 41.28, 36.10, 31.54, 31.42, 31.30, 

30.81, 28.94, 28.04, 24.58, 20.79. MALDI-TOF-MS: Calculated [M+H]+ = 1524.02 g/mol, 

[M+Na] + = 1546.00. Observed: m/z = 1524.03 and m/z = 1546.02. Additionally, the side 

product 6-hydroxy-2-napthoic acid was observed. Calculated: [M+Na]+ = 211.04 g/mol. 

Observed: m/z = 212.18. 

 

BTA-thymine (3) 

Thymine-1-acetic acid (0.030 mmol, 5.6 mg) and DMTMM (0.041 mmol, 10 mg) were 

dissolved in DMF and added to 11 (0.029 mmol, 37.8 mg). The solution was stirred under 

argon and followed by LCSM. Purification was attempted by column chromatography (0 – 

10% methanol in chloroform) which resulted in separation from starting material 11. 

However, for the separation of DMTMM, reversed phase column chromatography (50 - 80% 

acetonitrile in water) was performed, providing 3 at 61% yield (25.7 mg). 
1H NMR (400 MHz, chloroform-d): δ = 8.47 (s, 2H, benzene-H), 8.42 (t, 1H, benzene-H), 

7.39 (t, 1H, NHC=OCH2N), 7.14 (t, 1H, C=ONH(CH2)12EG4-thymine), 7.08 (m, 1H, 

NCH=C), 7.05 (t, 2H, CC=ONHCH2), 4.37 (s, 2H, C=OCH2N), 3.73 – 3.53 (m, 46H, 

OCH2CH2O, OCH2CH2OH), 3.50 – 3.41 (m, 14H, C=ONHCH2, CH2CH2CH2O, 

OCH2CH2NH), 1.90 (d, 3H, CH3), 1.65 – 1.49 (m, 12H, C=ONHCH2H2, CH2CH2CH2O), 1.40 

– 1.23 (m, 48H, aliphatic). MALDI-TOF-MS: Calculated [M+Na]+ = 1475.97 g/mol. 

Observed: m/z = 1476.01.  
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Naphthalene-(tetraethylene glycol) (13) 

A round bottom flask (250 mL, dried) was charged with 6-cyano-2-naphthol (8.73 mmol, 

1.47 g) and potassium carbonate (7.42 mmol, 1.03 g) dissolved in DMF (20 mL) and stirred 

under argon at 60 ˚C for 30 min. Next tetraethylene glycol p-tosyl ether (13) dissolved in 

DMF (10 mL) was added dropwise and stirred overnight. Subsequently, HCl (1 M, 15 mL) 

was added to neutralize the reaction mixture and an extraction with dichloromethance (3 x 

50 mL) was performed. The organic layers were combined, dried with MgSO4, filtered and 

concentrated in vacuo. After column chromatography (3 – 10% methanol in chlorofom) 13 

was obtained at 32.3 % yield (466.7 mg) as a yellowish oil.  
1H-NMR (400 MHz, methanol-d4): δ = 8.14 (s, 1H, naph-H), 7.78 (dd, 2H, naph-H), 7.56 

(dd, 1H, naph-H), 7.25 (dd, 1H, naph-H), 7.16 (d, 1H, naph-H), 4.32-4.25 (m, 2H, CH2CH2O-

Naph), 3.98-3.94 (m, 2H, CH2CH2O-Naph), 3.81-3.75 (m, 2H, CH2OH), 3.74-3.57 (m, 10H, 

OCH2CH2O). 13C NMR (100 MHz, Chloroform-d): δ = 159.16, 136.34, 133.76, 129.99, 127.85, 

127.81, 127.07, 120.90, 119.58, 106.82, 106.79, 77.22, 72.50, 70.88, 70.64, 70.31, 69.55, 67.63, 

61.75. MALDI-TOF-MS: Calculated [M+Na]+ = 368.15 g/mol. Observed m/z = 368.19. 

 

(Naphthalene-diaminotriazine)-(tetraethylene glycol) (4) 

Dicyandiamide (2.66 mmol, 224 mg) and KOH (5.33 mmol, 299 mg) where dissolved in 

isopropanol (10 mL) under argon. Next, 13 (1.33 mmol, 460 mg) was added and refluxed at 

90 ˚C under argon for 48 h. The mixture was added to HCl (1M, 20 mL) and extracted with 

dichloromethane (3 x 20 mL). The organic layers where combined, washed with water, dried 

with MgSO4, filtered and concentrated in vacuo. Purification was attempted by column 

chromatography (2 – 10% methanol in chloroform) however impurities were still present (6-

hydroxy-2-napthoic acid). Therefore, a second purification was performed (2% methanol in 

chloroform) providing 4 as a yellowish oil at 2.8 % yield (16 mg).  
1H-NMR (400 MHz, methanol-d4): δ=8.72 (d, 1H, naph-H), 8.28 (dd, 1H, naph-H), 7.92-

7.75 (m, 2H, naph-H), 7.29 (d, 1H, naph-H), 7.2 (dd, 1H, naph-H), 4.31-4.24 (m, 2H, 

CH2CH2O-naph), 3.95-3.88 (m, 2H, CH2CH2O-naph), 3.78-3.47 (m, 14H, OCH2CH2O). 13C 

NMR (100 MHz, methanol-d4) δ = 171.72, 167.53, 158.16, 136.77, 131.79, 130.33, 128.37, 

126.34, 125.15, 119.00, 106.33, 72.22, 70.59 – 69.62, 69.34, 67.29, 60.73. MALDI-TOF-MS: 

Calculated [M+H]+ = 430.21 g/mol, [M+Na]+ = 452.19 g/mol, [M+K]+ = 468.16 g/mol. 

Observed m/z = 430.24 , m/z = 452.23 and m/z = 468.20. Additionally, the side product 6-

hydroxy-2-napthoic acid was observed. Calculated: [M+Na]+ = 211.04 g/mol. Observed: m/z 

= 212.11. 
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Methanesulfonyl-dendron (acetonide protected) (15) 

A round bottom flask (25 mL, dried) was charged with 14 (3.12 mmol, 1 g) and an excess of 

triethyl amine (10.92 mmol, 1.105 g) dissolved in toluene (10 mL). Methanesulfonyl chloride 

(6.24 mmol, 0.725 g) was added dropwise to the reaction mixture under argon and stirred for 

3 h. The reaction mixture was transferred to a separation funnel and washed with water (10 

mL) after which an extraction with dichloromethane was performed (2 x 25 mL). 

Subsequently, the organic layers where combined and dried with MgSO4, filtered and 

concentrated in vacuo. 15 was obtained (1.24 g, quantitative) as a colorless oil and used 

without further purification.  
1H-NMR (400 MHz, chloroform-d): δ = 4.93-4.73 (m, 1H, CH), 4.25 (m, 2H, OCH2CHO), 

4.04 (m, 2H, OCH2CHO), 3.79-3.66 (m, 6H, OCH2CHO, CHCH2OCH2), 3.63-3.49 (m, 4H, 

CHCH2), 3.1 (s, 3H, (O)3SCH3), 1.41 (s, 6H, OCHCH3), 1.35 (s, 6H, OCHCH3). 13C NMR 

(100 MHz, chloroform-d): δ = 109.46, 109.43, 79.91, 74.56, 74.54, 72.57, 72.38, 70.67, 70.64, 

66.33, 38.38, 26.72, 25.32. 

 

(cyano-naphthalene)-dendron (acetonide protected) (16) 

6-cyano-2-naphthol (6.36 mmol, 1.077 g), potassium carbonate (8.59 mmol, 1.187 mg) and 

18-crown-6 (cat. amount) were dissolved in DMF (8 mL) in a round bottom flask (100 mL, 

dried) and stirred under argon at 60 ˚C. 15 was dissolved in DMF (15 mL), dropwise added 

and stirred overnight. Subsequently, the pH of the solution was reduced < 7 by addition of 

0.1 M HCl, transferred to a separation funnel and washed with water. An extraction with 

dichloromethane (3 x 50 mL) was performed and the organic layers were combined, dried 

with MgSO4, filtrated and concentrated in va cuo. Next, 16 was purified by column 

chromatography (1 – 5 % methanol in dichloromethane) and a second column (20% 

isopropanol in heptane) providing 16 as a colorless oil at 15% yield (223.6 mg).  
1H-NMR (400 MHz, chloroform-d): δ = 8.13 (d, 1H, naph-H), 7,77 (t, 2H, naph-H), 7.55 (dd, 

1H, naph-H), 7.29 (d, 2H, naph-H), 4.77 (m, 1H, OCH-naph), 4.25 (m, 2H, OCH2CHO), 4.01 

(m, 2H, OCH2CHO), 3.90-3.67 (m, 6H, OCH2CHO, naph-OCHCH2OCH2), 3.66-3.49 (m, 

4H, naph-OCHCH2), 1.41 (s, 6H, OCHCH3), 1.35 (s, 6H, OCHCH3). 13C NMR (100 MHz, 

chloroform-d): δ = 158.52, 158.48, 136.21, 133.71, 130.12, 130.11, 130.09, 127.89, 127.00, 

121.27, 119.50, 109.43, 108.94, 108.92, 108.90, 106.96, 76.87, 76.84, 76.81, 74.63, 72.62, 70.83, 

70.81, 70.62, 70.61, 66.57, 66.54, 26.74, 26.73, 25.38, 25.37.  

MALDI-TOF-MS: Calculated [M+Na]+ = 494.22 g/mol. Observed: m/z = 494.24. 

 

NDT-dendron (acetonide protected) (17) 

A microwave reaction vial (2-5 mL) was charged with 16 (0.453 mmol, 213.6 mg), 

dicyandiamide (0.544 mmol, 45.7 mg) and potassium hydroxide (0.091 mmol, 5.08 mg) in 

DMSO (5 mL). Next, the reaction was executed in the microwave at 220 ˚C and 90 W for 30 

min. The reaction mixture was diluted with water (40 mL) and lyophilized. Purification was 
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performed by column chromatography (0 -13% isopropanol in dichloromethane) providing 

17 at 51.7% yield (130 mg).  
1H-NMR (400 MHz, chloroform-d): δ = 8.7 (s, 1H, naph-H), 8.25 (m, 1H, naph-H), 7.83 (d, 

1H, naph-H), 7.71 (d, 1H, naph-H), 7.19 (m, 1H, naph-H), 5.78 (s, 4H, C=C-NH2), 4.75 (m, 

1H, naph-OCH), 4.33-4.21 (m, 2H, OCH2CHO), 4.07-3.97 (m, 2H, OCH2CHO), 3.89-3.75 

(m, 4H, Naph-OCHCH2), 3.75-3.67 (m, 2H, OCH2CHO), 3.66-3.49 (m, 4H, naph-

OCHCH2OCH2), 1.41 (s, 6H, OCHCH3), 1.35 (s, 6H, OCHCH3). MALDI-TOF-MS: 

Calculated [M+H]+ = 556.28 g/mol. Observed: m/z = 556.30. 

 

NDT-dendron (5) 

17 (0.234 mmol, 130 mg) was dissolved in methanol (7 mL) and stirred with Dowex-H resin 

(290 mg). After 3 h, a few drops of HCl (1 M) were added and stirred for 1 h. Subsequently, 

the acetone produced in the reaction was removed in vacuo. Next, the reaction mixture was 

filtered and the resin was washed with isopropyl amine (5 mL) and 1 M NaOH (20 mL), and 

concentrated in vacuo and lyophilized. Salt was removed by dissolving the material in 

acetone, and subsequent drying in vacuo provided 5 as a colorless oil with 27% yield (30 mg). 
1H-NMR (400 MHz, methanol-d): δ = 8.72 (s, 1H, naph-H), 8.27 (dd, 1H, naph-H), 7.92-7.75 

(dd, 2H, naph-H), 7.42 (d, 1H, naph-H), 7.23 (dd, 1H, naph-H), 3.88-3.43 (m, 15H, dendron)  
13C NMR (100 MHz, methanol-d4) δ = 171.72, 167.51, 157.38, 136.56, 131.92, 130.45, 128.75 

– 127.81 (m), 126.40, 125.13, 119.61, 108.48, 76.39, 72.70, 70.81, 70.21, 63.02. HPLC-MS: 

Calculated: [M+H]+ = 476.22 g/mol, [2M+H]+ = 951.43 g/mol. Observed: m/z = 476.50 and 

m/z = 951.25. 

 

BTA-(extended mono-azide) (19) 

11 (0.056 mmol, 72 mg) and linker 18 (PurePEG, 0.087 mmol, 49 mg) were dissolved in 

chloroform and a drop of trimethylamine and stirred overnight. Purification was performed 

by column chromatography (3 - 10% methanol in chloroform) providing 19 at 70% yield 

(68.5 mg).  
1H NMR (400 MHz, chloroform-d): δ = 8.39 (s, 3H, benzene-H), 6.86 (t, 3H, C-C=ONHCH2), 

6.75 (t, 1H, CH2NHC=OCH2), 3.73 – 3.37 (m, 82H, OCH2CH2O, OCH2CH2OH), 2.45 (t, 

2H, CH2NHC=OCH2), 1.65 – 1.49 (m, 12H, C=ONHCH2CH2, CH2CH2CH2O), 1.40 – 1.23 

(m, 48H, aliphatic). MALDI-TOF-MS: Calculated: [M] = 1736.18 g/mol, [M+Na]+ = 1759.17 

g/mol. Observed: m/z = 1736.5 and m/z = 1759.17.  

 

BTE-(extended mono-amine) (20) 

19 (0.039 mmol, 68.5 mg) and triphenylphosphine (0.069 mmol, 18.2 mg) were dissolved in 

tetrahydrofuran and H2O (5 + 2 mL) and stirred overnight at 50 ˚C under argon. Purification 

was performed by column chromatography (10% methanol in chloroform, until starting 

material was eluted, then changed to 10% (methanol : isopropylamine, 4:1) in chloroform) 

providing 21 at 92% yield (61.6 mg).  
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LCMS: Calculated: [M+H]+ = 1711.20 g/mol. Observed: m/z = 1712.00. 

 

 

 

 

 

BTA-(extended-thiazole orange) (6) 

20 (0.0104 mmol, 17.9 mg), thiazole orange-carboxylic acid (0.014 mmol, 5 mg) and 

DMTMM (0.022 mmol, 5.3 mg) were dissolved in 2 mL DMF and stirred overnight. 

Purification was performed by column chromatography (10 – 20% methanol and then 10 – 

35% (methanol : isopropylamine, 3:1) in chloroform) providing pure 6 in only few fractions 

at 14.5% yield (3.1 mg).  

MALDI-TOF-MS: Calculated: [M+H]+ = 2042.29 g/mol. Observed: m/z = 2042.32.  

 

BTA-NDI (7) 

Stock solutions were prepared of CuSO4 (500 mM, H2O), aminoguanidine (200 mM, H2O), 

sodium ascorbate (200 mM, H2O) and BimPy2 (30 mM, DMF). From these, a cocktail was 

prepared by mixing 300 μL CuSO4 (0.15 mmol), 187 μL aminoguanidine (0.0373 mmol), and 

300 μL BimPy2 (0.00561 mmol) which was sparged with nitrogen for 15 minutes. Then, 187 

μL sodium ascorbate (0.0373 mmol) stock solution was added and stirred for 30 sec. The 

cocktail was then added to a solution of 21 (0.0152 mmol, 6.8 mg) and 22 (0.0153 mmol, 20.1 

mg) in DMF (2 mL, sparged with nitrogen) and stirred overnight at 40 ˚C under nitrogen. At 

the start of the reaction the mixture had a green color, overnight it turned brown with a 

greenish glow. The reaction mixture was dried in vacuo by co-evaporation with toluene (3x). 

Purification was performed by column chromatography (4:2:1 ethyl acetate : isopropanol : 

H2O). The product was dissolved in dichloromethane (200 μL) and washed with water (3 x 

200 μL). The organic layers were combined and dried with MgSO4. Drying in vacuo provided 

8 at 32% yield (8.3 mg). 

LCMS: Calculated: [M+H]+ = 1761.09, [M+2H]2+ = 881.05. Observed: m/z = 1761.50 and m/z 

= 881.17. Additionally, unreacted mono-azide BTA 11 was observed. Calculated [M+H]+ = 

1313.94. Observed: m/z = 1313.50. MALDI-TOF-MS: Calculated: [M+K]+ = 1799.04. 

Observed: m/z = 1800.06. 

 

NDI-EG (8) 

Stock solutions were prepared of CuSO4 (500 mM, H2O), aminoguanidine (200 mM, H2O), 

sodium ascorbate (200 mM, H2O) and BimPy2 (30 mM, DMF). From these, a cocktail was 

prepared by mixing 480 μL CuSO4 (0.24 mmol), 308 μL aminoguanidine (0.0615 mmol), and 

480 μL BimPy2 (0.0144 mmol) which was sparged with nitrogen for 5 minutes. Then, 308 μL 

sodium ascorbate stock solution (0.0615 mmol) was added and stirred for 30 sec. The cocktail 

was then added to a solution of 22 (0.024 mmol, 16 mg) and a mono-azide tetraethylene 
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glycol linker in dimethylformamide (1 mL) and stirred overnight at 40 ˚C under nitrogen. 

Purification was performed by reversed phase column chromatography (0 – 50% acetonitrile 

in water) providing 7 at 80% yield (13 mg). 
1H NMR (400 MHz, chloroform-d): δ = 8.77 (s, 4H, naph), 7.61 (s, 1H, NCH=C), 7.01 (t, 1H, 

NHC=O), 4.49 (t, 2H, CH2NN), 4.30 (m, 4H, NCH2CH2), 4.16 (s, 2H, C=OCH2OH), 3.85 (t, 

2H NCH2CH2O), 3.71 (t, 2H, CH2OH), 3.67 - 3.59 (m, 10H, CH2O(CH2CH2)OCH2), 3.39 (dd, 

2H CH2CH2NH), 2.88 (t, 2H, CCH2CH2 ), 2.18 (t, 2H, CH2CH2CH2), 2.03 (t, 2H, 

CH2CH2CH2).  
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Chapter 3 
 

The role of water in aldol reactions catalyzed by 

proline-functionalized supramolecular polymers 
 

 

Abstract  

L-proline-grafted supramolecular polymers based on benzene 1,3,5-tricarboxamide (BTA) 

derivatives have been successfully applied for highly efficient and stereo-selective catalysis of 

aqueous aldol reactions. However, the origin of the high catalytic activity and selectivity 

remained unclear. We here investigate the role of the BTA assemblies and the mobility of the 

water around these structures in the catalytic performance of this system. For this, two BTA 

derivatives were synthesized in which L-proline was places either at the hydrophobic interface 

or at the hydrophilic periphery of the monomer. Additionally, two analogues were 

synthesized in which the free-radical label TEMPO was placed at similar positions to study 

dynamics, hydration and water diffusion in the BTA assemblies by free-radical based 

spectroscopy techniques. We found that both designs of the proline-functionalized BTAs 

performed equally well although differences in dynamics and water diffusion were observed 

for the TEMPO labeled variants. Moreover, upon disruption of the BTA assemblies by 

addition of a co-solvent, significant increases in water content and diffusion along the BTA 

monomers were observed which correlated to a low catalytic activity of the proline-

functionalized BTAs in these conditions. This shows that the catalyst and its substrates reside 

in a shielded environment created by the supramolecular assemblies and that the 

environmental differences observed on the molecular level are influencing the catalytic 

performance. 
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Lensch (catalyis). A manuscript based on this work is in preparation.   
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3.1 Introduction 

Due to the increasing desire for the development of sustainable chemistry, the research on 

aqueous organo-catalysis is gaining popularity. The high activity and selectivity of natural 

enzymes are an obvious inspiration for the development of synthetic analogues. An 

important example of this, is the asymmetric catalysis of aldol reactions by L-proline which 

mimics the function of Class I aldolases.1,2 The discovery that the catalytic efficiency of 

proline increases upon the addition of small amounts of water to organic reaction mixtures 

subsequently lead to the development of a variety of systems that enable the selective catalysis 

of aldol reactions in aqueous conditions.3 These systems predominantly rely on the assembly 

of supramolecular structures which create a hydrophobic environment for L-proline and vary 

greatly in design including for example: supramolecular dendrimers, small micelles, 

hydrogels, single chain polymeric nanoparticles (SCPN), rods and polymers.4–12 Water not 

only plays an important role in the aldol reaction by suppressing the irreversible formation 

of inactive catalyst species and controlling the equilibrium for the formation and hydrolysis 

of imine intermediates, it is also crucial for the assembly of the supramolecular structures as 

hydrophobic effects are often the main driving force for their formation.13,14 However, the 

understanding of the incorporation and environment of the catalysts in these assemblies as 

well as the hydration and diffusion of water along the catalytic structures is limited.  

Examples have shown how the chemical design of supramolecular monomers and 

sample preparation can determine the characteristics of the resulting assemblies and 

consequently, the incorporation of the catalysts and the penetration of substrates and water 

into these structures. Díaz-Oltra and coworkers for example, showed that the morphology of 

catalytic supramolecular hydrogels varied with small variations in their preparation which 

lead to significant differences in the reaction rates of catalyzed aldol reactions.15 Additionally, 

it was shown that the composition and folding of SCPN variants have a direct effect on the 

catalytic performance of incorporated prolines.10 Subsequent analysis of the water diffusion 

in and around the particles showed an increased water retardation in the catalytically active 

variants.16 However, this did not explicitly prove to be the determining factor for the 

difference in activity. Therefore, the interesting question “to what degree the catalytic 

performance of supramolecular proline systems is related to the content and diffusion of 

water in and around the macromolecular structures” remains. Gaining more insight into the 

role of these factors will enable us to develop guide lines for the design of aqueous 

supramolecular catalytic systems that possibly enhance their performance and stability.  
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In this chapter, the relation between the design and the performance of two water-

soluble BTA derivatives functionalized with L-proline is studied. After serendipitously 

finding that a proline-functionalized BTA derivative with aliphatic arms also performs well 

as a catalyst in water, a water-soluble BTA derivative was synthesized to increase the 

supramolecular stability and the catalytic performance and reproducibility of the system.11,12 

The design of this BTA is based on the well-studied water-soluble BTA monomer developed 

in our group with three arms consisting of a dodecyl spacer, four ethylene glycol units and a 

terminal alcohol (1, Scheme 3.1).17 For the proline functionalized variant, one of the arms is 

replaced with a decyl spacer to which the proline is conjugated (2, Scheme 3.1). It is 

hypothesized that in this position, the prolines are incorporated close to the hydrophobic 

environment of the supramolecular polymers and hence, are more constrained and shielded 

from water than at the periphery of the BTAs. To confirm if this placing is crucial for the 

excellent catalytic performance of the system, a second proline-functionalized BTA derivative 

was synthesized in which the proline was placed at the periphery of the monomer by 

conjugation to one of the BTA arms consisting of a dodecyl spacer, three ethylene oxide units 

and a succinic acid spacer (3, Scheme 3.1). 

To relate the catalytic performance of the proline functionalized BTA derivatives to 

differences in the incorporation and environment of the catalyst in the supramolecular BTA 

polymers, two nitroxide free-radical (TEMPO) labeled analogues were synthesized. Similar 

to the two proline functionalized variants, the TEMPO label was either placed at the 

periphery of the BTA by conjugation to an arm consisting of a dodecyl spacer and four 

ethylene glycol units (4, Scheme 3.1) or close to the hydrophobic core by conjugation to a 

dodecyl spacer (5, Scheme 3.1). Incorporation of these labeled monomers into the 

supramolecular BTA polymers enabled the use of free-radical based spectroscopy techniques 

such as electro paramagnetic resonance spectroscopy (EPR), pulsed EPR and solution state 

Overhauser dynamic nuclear polarization relaxometry (ODNP). These powerful techniques 

have been used to study the dynamics, water content and diffusion in great detail in various 

systems and structures.18–21 Recently it has been shown that these techniques can also be 

valuable to determine the dynamics and water diffusion in supramolecular systems by 

studying peptide amphiphiles (PA). By EPR it was shown that the molecular dynamics vary 

greatly within PA fibers where solid like dynamics were observed in the internal region 

formed by hydrophobic amino acids and viscous fluid like dynamics in the hydrophobic core 

and the hydrophilic amino acids at the periphery of the fibers.22 Overall, the dynamics are 

depending on the design of the PA and also in this case, minor changes in the PA structure 
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can lead to large differences in the dynamics in the supramolecular structure. Additionally, 

ODNP was used to characterize the water diffusion in and around the PA fibers showing that 

fast moving water is present in the core and immobilized water occupies the surface of the 

PAs.23 Overall, the dynamics are depending on the design of the PA and also in this case, 

minor changes in the PA structure can lead to large differences in the dynamics in the 

supramolecular structure.  

Here, we apply these techniques to study the relative density, mobility and hydration 

of the TEMPO labels within the BTA polymers in different conditions and ultimately, 

compare the water diffusion along the labels. With this, we obtain a deeper understanding of 

the aqueous BTA system and shed light on the characteristics that make the BTA assemblies 

an excellent scaffold for proline catalyzed aldol reactions.  

 

Scheme 3.1 | The chemical structures of the inert, L-proline- and TEMPO-functionalized water-soluble 
BTA derivatives 1 - 5. 

 

3.2 Synthesis of L-proline- and TEMPO-functionalized BTAs  

For the synthesis of 2, an improved synthetic route was used compared to the previously 

published approach by Neumann and coworkers.12 For this, the acid of BTA derivative 6 was 

activated to an acid chloride and conjugated with the terminal amine of 7 as shown in Scheme 

3.2. Subsequent deprotection of the methyl-ester with lithium hydroxide yielded 8 in 66% 

total yield. The BOC and t-butyl ester protected hydroxyproline was then coupled to the 

carboxylic acid using EDC and DPTS providing 9 in 40% yield. The order of the final 

deprotection steps proved to be crucial as deprotecting the proline first and removal of the 

benzyl groups second, also resulted in removal of the proline. Reversing the order of the 

deprotection steps yielded 2 which was purified by reversed phase column chromatography. 
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The product was subsequently characterized by 1H-NMR and matrix-assisted laser 

desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS). 

 

Scheme 3.2 | Synthesis of the proline functionalized BTA derivative 2.  
  

 Proline-functionalized BTA derivative 3 was synthesized by transforming the 

carboxylic acid of BTA derivative 6 to an acid chloride using the Ghosez reagent (Scheme 

3.3). The activated acid was then coupled to the terminal amine of 10 which further consists 

of a dodecyl spacer and three ethylene glycol units protected with a 2-tetrahydropyranyl 

group (THP). Removal of the THP group of 11 by using p-toluenesulfonic acid in methanol 

provided 12. Subsequently, succinic anhydride was coupled using triethylamine yielding 

BTA 13 in 96% yield. Next, a BOC and t-butyl ester protected hydroxyproline was coupled 

to the carboxylic acid of 13 using DCC and DPTS after which 14 was purified by column 

chromatography with a yield of 46%. Quantitative deprotection of the benzyl groups by 

catalytic hydrogenation using palladium over carbon in dioxane was followed by 

deprotection of the proline with TFA in DCM. Finally, 3 was purified in 15% yield by reversed 

phase column chromatography followed by lyophilization. The product was subsequently 

characterized by 1H-NMR and MALDI-TOF. 
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Scheme 3.3 | Synthesis of the proline functionalized BTA derivative 3. 

   

 The synthesis of the TEMPO labeled BTA 4 is shown in Scheme 3.4. Here, 4-

carboxy-TEMPO was coupled to mono-amine BTA derivative 15 via a DMTMM mediated 

reaction. TEMPO labeled BTA 4 was subsequently purified in 86% yield by automated 

reversed phase column chromatography in water and acetonitrile. The formation of this 

compound was confirmed by MALDI-TOF-MS and high performance liquid 

chromatography mass spectrometry (LCMS) as the presence of free-radicals causes extreme 

broadening and spectral shifts of NMR signals.  

 

 

Scheme 3.4 | Synthesis of TEMPO labeled BTA derivative 4.  
  

O
10 4

R =

Pd/C, H
2
, Dioxane

TFA, DCM

H2O

N
HO

O

O

O

O

CHCl3
46%

O O

N
H

N
H

O N
H

R R
O O

O10

Bn

O

O

OH

O

3

O O

N
H

N
H

O N
H

R R
HO OH

O
10

O

O

O

O

3

NH

OH
O

O O

N
H

N
H

O OH

R R
O O

BnBn

Cl

N

H2N
O

O10 3

O O

N
H

N
H

O N
H

R R
O O

BnBn

O
O

10 3

O O

N
H

N
H

O N
H

R
O O

O
10

BnBn

OH

3

O

O

O
OO

Et3N

CHCl3
96%

Bn =

Bn

O O

N
H

N
H

O N
H

R R
O O

O
10

BnBn

O O

3

OO
NO

O

O

O

6

10

11 12

13 14

3

TsOH

CHCl3
68%

(a)

(b)

DPTS, DCC

(c)

(d)

(e)

MeOH
yield n.d.

15%

O
10 4

R =

O O

N
H

N
H

O N
H

R R

R
NH2

O O

N
H

N
H

O N
H

R R

R
NH

HO OH HO OH
O

N O

HO

O

N
O

15

4

DMTMM

DMF
86%



| The role of water in aldol reactions catalyzed by proline-functionalized BTAs 

61 

For 5, BTA derivative 16 was used with two standard arms consisting of a dodecyl 

spacer, four ethylene glycol units and a benzyl protected alcohol and one N-

hydroxysuccinimide (NHS) activated acid (Scheme 3.5). To this, a mono carboxybenzyl 

(Cbz) protected 1,12-diaminododecane spacer (17) was coupled providing 18 in 96% yield. 

Subsequently, the Cbz and benzyl groups were removed by catalytic hydrogenation using 

palladium hydroxide over carbon in acetic acid giving access to 19. The resulting terminal 

amine was used to couple 4-carboxy-TEMPO via a DMTMM mediated reaction yielding 5 

which was purified in 44% yield by reversed phase column chromatography in water and 

acetonitrile. Similar as for 4, the formation of this compound was confirmed by MALDI-

TOF-MS and LCMS. 

 

Scheme 3.5 | Synthesis of TEMPO labeled BTA derivative 5. 
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polymers remain intact as the typical spectrum can be observed. At 15% ACN however, a 

blue-shift of the spectrum to a maximum at 205 nm indicates the disruption of the polymers 

into smaller aggregates and at 30% ACN a hyperchromic effect and a maximum at 207 nm 

are observed indicating the disassembly of the BTAs.  

 

 Figure 3.1 | UV-Vis spectra of BTA co-assemblies. (a) 100% 2 and 50% 2 with 50% 1 both at a total 
BTA concentration of 50 μM in water. (b) 100% 3 and 50% 3 with 50% 1 both at a total BTA 
concentration of 50 μM in water. (c) 100% 2 at 500 μM in 10, 15 and 30% acetonitrile in water. (d) 50% 
4 with 50% 1 at a total BTA concentration of 500 μM in water at different time-points after sample 
preparation (stirring at 80 ̊C for 15 min and vortexing for 30 s). 

 

The spectra for assembled BTAs observed for 2 and 3 were also observed for 

mixtures of 5 and 1 (not shown) and a mixture of 50% 4 with 1 at 500 µM (Figure 3.1d). 
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this, the solution is vortexed and immediately transferred to a cuvette to measure a spectrum 

every 10 minutes for 190 minutes. This clearly shows the transition of a maximum at 204.5 

nm to a spectrum with a maximum at 210.5 and a shoulder around 229 nm accompanied by 

a decrease in absorption at wavelengths >300 nm related to scattering from larger aggregates 

resulting from the formation of ordered BTA polymers from lesser defined aggregates.  

The influence of the introduction of L-proline-functionalized monomers on the 

helical bias of the BTA assemblies was studied by circular dichroism spectroscopy (CD). For 

assemblies based on BTA 3, no CD signal was observed. As expected, the spectrum of 2 shows 

a positive Cotton effect and two maxima at 250 and 213.5 nm (Δε = 26.2 and 28.5 M-1 cm-1, 

respectively) (Figure 3.2).12  
 

Figure 3.2 | CD spectra of proline-functionalized BTA assemblies. (a) 100% 3 and 50% 3 with 50% 1
at total BTA concentrations of 50 μM in water. (b) 100% 2, 50% 2 with 50% 1 and 100% 1 with L-proline
all at total BTA concentrations of 50 μM and a L-proline concentration of 50 μM in water. The molar 
elipticity (Δε) was calculated for the concentration of L-proline-functionalized BTAs or L-proline
respectively.  

 

Interestingly, the CD spectrum of 2 closely resembles an inversion of the spectrum 

previously found for a stereoselectively deuterated BTA derivative (D-BTA) in which the 

stereocenters were introduced on the α-position of the aliphatic spacers via enzymatic 

reduction.25 The similarity of the CD signatures of these BTA derivatives indicates that 

despite the different locations and configurations of the introduced stereocenters, the packing 

within the helical BTA assemblies is similar although the bias (left or right-handed) is 

different. For D-BTA, the CD signal increased over several days after sample preparation 
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slow increase in the helical bias of the hydrogen-bonded domains within the polymers. The 

significantly higher CD intensity of 2 indicates a rapid formation of helical domains, which 

perhaps consist of a larger number of monomers compared to the domains formed by D-

BTA. Similar as for D-BTA, no sergeant and soldier effect is observed in a co-assembly of 

50% 2 with 50% 1 as is shown in Figure 3.2b. 

The assemblies of 2 and 3 were visually characterized by total internal reflection 

microscopy (TIRF) by the addition of 5 mol% of the solvatochromic dye Nile Red to BTA 

polymers consisting of 100% 2 or 3 and 50% 2 or 3 with 50% 1, all at a total BTA 

concentration of 50 μM in water. For an improved adherence to the glass coverslips, these 

samples were diluted 10 times in phosphor buffered saline (PBS, 50 mM sodium phosphate, 

500 mM NaCl, pH 7.0). Subsequently, μm long polymers for both BTA variants were 

observed as shown in Figure 3.3. However, a difference in adsorption to the glass surface was 

observed as the polymers containing 3 adsorb as single fibers and the polymers containing 2 

as bundles of fibers. In water, the adsorption of the fibers to the glass is poor for both BTA 

variants, however, μm long single fibers could be observed in solution for polymers of 2 as 

well as 3.  

 

Figure 3.3 | TIRF microscopy images of proline-functionalized BTA copolymers. (a) 100% 3, (b)
100% 2 and (c) 50% 2 and 50% 1. All at a total BTA concentration of 5 μM with 0.25 μM Nile Red, (a
and b) in PBS (50 mM sodium phosphate, 500 mM NaCl, pH 7.0) and (c) in MilliQ water. In images a
and b the focus plain is on the glass surface while in c, the focus plain lies in solution. The scale bars 
represent 10 μm. 

 

The dynamic exchange of monomers is an important characteristic of functional 

supramolecular polymers and can be studied by hydrogen-deuterium exchange mass 

spectrometry (HDX-MS) as recently has been shown by our group.25 By dilution of aqueous 

BTA assemblies in D2O, the exchangeable hydrogens on the periphery and in the core of the 

monomers are replaced by deuteriums. In BTA assemblies, this process can be driven by 

a b c



| The role of water in aldol reactions catalyzed by proline-functionalized BTAs 

65 

dynamic exchange of BTA monomers from the assemblies into solution in combination with 

possible penetration of D2O into the polymers. Although these processes are complex and 

can occur simultaneously, this technique can be used to study the supramolecular dynamics 

of different water-soluble BTA derivatives without the need to adapt the system by 

introducing, for example, fluorescent labels.  

Here, assemblies of 2 at 0.5 mM and co-assemblies of 50% 2 with 50% 1 at a total 

concentration of 1 mM were diluted 100 times in D2O after which mass spectra were 

measured at different time points. The number of hydrogens that have been exchanged for 

deuteriums is then calculated from the obtained mass spectra. As the hydrogens of the 

peripheral alcohols in 1 are exchanged immediately after the dilution in D2O, all monomers 

contain three deuteriums (3D BTA). This hydrogen/deuterium exchange of peripheral 

groups is also observed for 2 where in addition to the two alcohol groups, the carboxylic acid 

and amine of the proline are exchanged with deuterium immediately after dilution in D2O 

(4D BTA). Figure 3.4a shows the percentage of BTAs of which the hydrogens of the internal 

amides have not exchanged to deuterium. This shows that the decrease of percentage 4D BTA 

of 2 follows a similar trend as the percentage of 3D BTA of 1. When co-assembled, no 

considerable changes are observed in the exchange rates of 1 and 2. Additionally, co-

assemblies were prepared with 50% 2 and 50% of an inert BTA with arms consisting of a decyl 

spacer, four ethylene glycol units and a terminal alcohol (BTA-C10). It has been shown that 

this BTA derivative does not form stable polymers by itself due to reduced hydrophobic 

interactions and shielding of the intermolecular hydrogen bonds from water. However, BTA-

C10 can be incorporated into stable polymers by co-assembly with 1.25 Here, Figure 3.4b 

shows a HDX-MS trend for BTA-C10 similar to that of other BTA derivatives indicating the 

copolymerization of BTA-C10 with 2.  
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Figure 3.4 | HDX-MS exchange spectra of proline-functionalized copolymers. The percentage of 
BTAs of which the core hydrogens have not exchanged to deuteriums (3D for 1 and 4D for 2) is plotted 
at different time points after dilution in D2O. (a) BTA assemblies containing 50% 2 with 50% 1 (plotted 
separately as % 4D and 3D BTA, respectively), 100% 2 and 100% 1 and (b) 50% 2 with 50% BTA-C10
(plotted separately). 
  

Overall, the introduction of L-proline and the TEMPO label yields BTA monomers that 

assemble into stable polymers in water and allow co-assembly with the inert water-soluble 

BTA 1. Moreover, the resulting (co-)polymers are structurally and dynamically similar to 

polymers of 1.  

 

3.4 Selective aldol reactions in water catalyzed by L-proline-functionalized BTAs 

To study the influence of the positioning of L-proline in the BTAs on its catalytic 

performance, proline-functionalized BTA derivatives 2 and 3 were used as catalysts for the 

aldol reaction between p-nitrobenzaldehyde and cyclohexanone. BTA polymers were 

assembled consisting of 100% 2 or 3 at 0.5 mM (Table 3.1, entries 1 and 3, respectively) and 

50% 1 with 50% 2 or 3 at a total BTA concentration of 1 mM (Table 1, entries 2 and 4, 

respectively) all in 0.5 mL water. To these solutions, a 100-fold excess of p-nitrobenzaldehyde 

and a 1000-fold excess of cyclohexanone were added, yielding a catalyst loading of only 1% 

with respect to the aldehyde. Subsequently, the suspension obtained was shaken vigorously 

for 24 h. Properly shaking the reaction mixture proved to be crucial for the efficiency of the 

reaction. Methods such as shaking plates and magnetic stir bars were inferior compared to 

the setup shown in Figure 3.5 which is constructed by tying six reaction vials to a flexible 

plastic hose which is pressed down on a vortex. This setup allowed the vigorous shaking of 
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the reaction mixtures creating a fine dispersion of the substrates which proved crucial for 

these reactions.  

 

Figure 3.5 | The experimental setup for aqueous catalysis using the BTA system.  
Six reaction vials are tied to a flexible plastic hose which is pressed down on a vigorously shaking vortex
by a lab clamp.  

 

  To analyze the reactions, the products and remaining substrates were extracted by 

diethyl ether and the organic layer was analyzed by 1H NMR to determine the conversion and 

diastereomeric ratio. Chiral HPLC was applied to determine the enantiomeric ratio. The 

results show that the catalytic activity of 2 and 3 is very similar, with conversions up to 95.6% 

± 1.4 and 96.3% ± 0.3, respectively after 24 h. The diastereomeric selectivity of 3 is slightly 

lower with a ratio (anti/syn) of 90/10 ± 0.5 compared to 97/3 ± 0.3 for 2. However, the 

enantiomeric selectivity is comparable for both BTAs with ratios (SR/RS) of 99/1 ± 0.3 and 

98/2 ± 0.4 for 2 and 3, respectively. The activity and selectivity of the catalysts were not 

dependent on the co-assembly with 1 as no significant differences were found between the 

assemblies containing 100% proline-functionalized BTAs and the assemblies containing 50% 

1 and 50% of the functional BTAs 2 or 3. In phosphate buffered saline (PBS, 137 mM NaCl, 

2.7 mM, KCl, 10 mM phosphate, pH 7.4) the catalysts demonstrate slightly lower conversions 

and diastereomeric ratios but also here, the performance of 2 and 3 are similar (Table 3.1, 

entries 5-8).  
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The kinetics of the catalysis were determined by analyzing the conversion of p-

nitrobenzaldehyde at different time points. For this, polymers of 2 were assembled at 0.5 mM 

in water after which multiple equal reactions were performed by addition of the substrates 

and vigorously shaking the reactions as described. At each time point two of the reactions 

were terminated by extracting the substrates and products with diethyl ether. Figure 3.6 

shows that the conversion of the reaction catalyzed by 2 rapidly increases with 89% 

conversion after 8 h. For 3, two kinetic traces are shown of which one consists of data points 

measured in duplicate and one of a separate series with single data points. Although it is hard 

to confirm, the large difference in the lag-time between the two kinetic traces in combination 

with the small error on the data points within the duplicate series, indicate that the observed 

lag times are caused by sensitivity of the reaction towards differences in the shaking intensity. 

This hypothesis is supported by the fact that for most catalysis experiments with 3 near full 

conversion was observed after 24 h (Table 3.1 entries 3, 4, 7, 8)  

 

 Figure 3.6 | The kinetics of the aldol reaction between p-nitrobenzaldehyde and cyclohexaone 

catalyzed by the proline-functionalized BTAs in time. The conversion of p-nitrobenzaldehyde was 
determined in time for samples of 2 or 3 at 0.5 mM in water. The conversion at each time point was 
determined in duplo for 100% 2 (black squares) and for 100% 3 (red circles). A second experiment using 
100% 3 was performed with single data points (blue triangles). Error bars represent S.E.M. of duplicate
measurements. 
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Table 3.1 | The aldol condensation between cyclohexanone and p-nitrobenzaldehyde catalyzed by 

proline-functionalized BTAs.  

Entry 

# 
Catalystb Solventc [Cat.] 

(mM)d 

Stack funct. 

(%)e 

Load. 

(mol%)f 

Conversion 

(%)g 

dr 

(anti/syn)g,h 

er 

(SR/RS)i 

1 2 MQ 0.5 100 1 94.5 ± 0.3 97/3 ± 0.3 99/1 ± 0.3 

2 2 MQ 0.5 50 1 95.6 ± 1.4 95/5 ± 1.9 99/1 ± 0.5 

3 3 MQ 0.5 100 1 95.6 ± 0.6 90/10 ± 0.5 98/2 ± 0.4 

4 3 MQ 0.5 50 1 96.3 ± 0.3 90/10 ± 0.5 98/2 ± 0.1 

5 2 PBS 0.5 100 1 87.5 ± 10 89/11 ± 0.2 95/5 ± 1.2 

6 2 PBS 0.5 50 1 94.8 ± 1.4 90/10 ± 1.8 96/4 ± 0.8 

7 3 PBS 0.5 100 1 95.0 ± 1.6 87/13 ± 0.5 96/4 ± 0.1 

8 3 PBS 0.5 50 1 91.4 ± 1.0 85/15 ± 3.0 96/4 ± 0.4 

9 2 10% ACN 0.5 100 1 96.2 94/6 n.d. 

10 2 10% ACN 0.5 50 1 96.1 94/6 n.d. 

11 2 15% ACN 0.5 100 1 92.1 93/7 n.d 

12 2 15% ACN 0.5 50 1 81.7 90/10 n.d 

13 2 30% ACN 0.5 100 1 10.7 73/27 n.d. 

14 2 30% ACN 0.5 50 1 13.4 79/21 97/3 

15j 2 MQ 0.5 100 1 5.63 n.d. n.d. 

16j 2 MQ 0.5 50 1 24.4 n.d. n.d. 

17k 2 MQ 0.5 100 1 0 n.d. n.d. 

18k 2 MQ 0.5 50 1 0 n.d. n.d. 
a Reaction conditions: reaction volume = 0.5 mL, [aldehyde] = 50 mM, [ketone] = 500 mM, reactions 
were carried out at room temperature while shaking vigorously (SI) for 24h unless stated otherwise. 
Errors represent s.d. calculated from triplicate measurements. b Type of proline catalyst used in the 
reaction. c Solvent or percentage of co-solvent (to water) used. d Concentration of the (BTA-)proline 
catalyst. e percentage of proline-functionalized BTA relative to the total amount of BTA. f The mol 
percentage of catalyst relative to the aldehyde. g Conversion of the aldehyde determined by 1H NMR. h 
Diastereomeric ratio determined by 1H NMR. i Enantiomeric ratio, determined by chiral HPLC 
equipped with a Chiralpak-IA column in hexane/THF = 75/25. j With acetone as ketone. k With 
tetrahydro-4H-pyran-4-one as ketone. 
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To assess the relation between the performance of the catalytic BTAs and their 

assembly into stable polymers, catalysis was performed in mixtures of water and acetonitrile. 

As seen above, at 10% ACN the UV spectra of polymers containing 2 indicate the assembly 

of stable BTA polymers which are reduced to smaller aggregates at 15% ACN and disassemble 

at 30% ACN.24 As anticipated, 2 exhibits high catalytic activity and selectivity in 10% ACN 

(Table 3.1, entries 9 and 10). However, even at 15% ACN, only a minimal loss in activity and 

selectivity is observed with up to 92.1% conversion and a diastereomeric ratio of 93/7 (Table 

3.1, entries 11 and 12). Only at 30% ACN, the activity decreases with a conversion of 13.4% 

after 24 h (Table 3.1, entries 13 and 14). This shows that the catalytic activity of the system 

depends on the assembly of the BTAs but that the formation of long and well-defined 

polymers is not crucial as smaller aggregates prove to sufficiently provide an environment for 

successful catalysis.  

Proline is a known catalysts for the aldol condensation of a variety of ketones and 

aldehydes.26 The environment of the prolines provided by the BTA assemblies is possibly 

selective for certain substrates based on factors such as the hydrophobicity and size of the 

substrates.27 To explore the selectivity of the BTA system for different substrates, the polar 

substrates acetone and tetrahydro-4H-pyran-4-one were used for the aldol reaction with p-

nitrobenzaldehyde catalyzed by BTA polymers of 100% 2 and 50% 2 with 50% 1, (Table 3.1, 

entries 15-18). Interestingly, the catalysis of the reaction with acetone is much less efficient 

than that with cyclohexanone with conversions of only 5.63 and 24.4% after 24 h. Even more, 

when using the combination of tetrahydro-4H-pyran-4-one with p-nitrobenzaldehyde, no 

product formation is observed. This implies that substrates with an unfavorable log P do not 

enter the hydrophobic environment of the BTA polymers in which the prolines reside. 

Additionally, the water content around the catalysts could play a role in the differences in the 

reaction efficiencies observed for the different substrates.13 

On several occasions, supramolecular catalytic systems have been used to show that 

the spatial distribution of the catalysts affects their performance.28–31 Similarly, the use of 

supramolecular polymers for aqueous catalysis allows the precise control over the 

composition of the polymers by combining inert and functionalized monomers and with 

that, the density of the catalyst within the structures. Here, the effect of the density of L-

proline on its catalytic performance was evaluated by preparing polymers with constant 

concentrations of 2 and increasing amounts of 1. However, increasing the total BTA 

concentration above 1 mM results in an increase of the viscosity of the samples which is 

unwanted as this possibly affects the catalytic performance of the system. Additionally, 
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decreasing the catalyst concentration proved to have negative effects on the efficiency of the 

catalysis. With these limitations, samples were prepared with varying densities of 2 which 

were subsequently used for catalysis experiments. The results from these experiments showed 

trends that indicate a higher efficiency with increasing densities of 2 however, statistically 

these were not significant.  
 

3.5 The dynamic mobility of BTA-conjugated TEMPO labels 

As described in the introduction, two BTA derivatives were synthesized containing a free-

radical TEMPO label with the purpose to study the BTA assemblies by free-radical based 

spectroscopy. Continuous wave electron paramagnetic resonance (CW-EPR) can be used to 

determine the relative density of the TEMPO-labeled BTAs within the polymers as the line 

shapes of the CW-EPR absorption spectra depend on spin-spin interactions between the 

TEMPO labels. For this, polymers were assembled consisting of 1 and increasing amounts of 

4 or 5 at 2.5%, 7.5%, and 15% at a total BTA concentration of 700 μM. The EPR spectra in 

figure 3.7a and b show a broadening of the spectra with increasing amounts of the labeled 

BTAs resulting from an increase in spin-spin interactions. This proves not only the co-

assembly of the labeled and inert BTAs, but also indicates that potential clustering of 4 or 5 

within the polymers does not occur to a significant extent.  

In addition to spin-spin interactions, the EPR line shapes depend on the rotational 

diffusion of the TEMPO labels. A comparison of the EPR spectra of polymers containing 

2.5% 4 or 5 in figure 3.7c shows a clearly visible broader spectrum for 5 compared to that of 

4. This indicates a lower rotational diffusion of the label when placed near the core of the 

BTA than when it is placed at the periphery. 

 

 Figure 3.7 | EPR spectra of co-assemblies of 1 with 4 or 5. (a,b) The spectra of BTA polymers with 15, 
7.5 and 2.5% 4 (a) or 5 (b) in water. (c) A comparison of the EPR spectra of polymers with 97.5% 1 and 

2.5% 4 or 5 in water. All samples were prepared with a total BTA concentration of 700 μM. 
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To study the relation between the translational mobility of the labels and their 

incorporation into the supramolecular polymers, EPR measurements were performed in 

mixtures of water and a “good” solvent, in this case methanol. Figure 3.8a shows the EPR 

spectra of polymers containing 15% 4 in mixtures of water with 0%, 30% and 50% methanol. 

With increasing amounts of methanol, the spectra narrow significantly indicating an increase 

in mobility of the label. A similar trend was observed for 5 shown in Figure 3.8b. However, 

even at 50% methanol the line shape indicates the presence of spin-spin interactions or 

restricted mobility of the label and hence, the presence of (small) aggregates. This was 

confirmed by comparing the spectra of polymers containing 15% and 30% 4 or 5 in a 50/50 

water/methanol mixture (Figure 3.8c and d). Also here, the spectra broaden with increasing 

contents of the labeled BTAs resulting from spin-spin interactions within BTA aggregates. 

Overall this shows that BTA polymers can be assembled consisting of inert 1 and labeled 

BTAs 4 or 5 and that the mobility of the TEMPO labels depends on their positioning in the 

chemical structure of the monomer. Moreover, the mobility of the labels in both variants 

significantly increases when the polymers are disrupted indicating that they are constrained 

in the assembled state however, at different levels.  

 

Figure 3.8 | EPR spectra of BTA polymers in water-methanol mixtures. (a) polymers with 85% 1 and 
15% 4 in 0%, 30%, and 50% methanol in water. (b) Polymers with 85% 1 and 15% 5 in water and in 50% 
methanol in water. (c, d) Polymers of 1 with 15% and 30% 4 or 5 at a total BTA concentration of 700 
μM in water and a 50/50 water/methanol mixture.  
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3.6 Water content and diffusion along BTA polymers 

The efficient and selective catalysis observed for the prolines incorporated in the BTA 

polymers indicate that the catalysts are (partially) shielded from water. However, water drives 

the assembly of the BTA polymers and is likely to be part of the resulting supramolecular 

structures. To gain more insight into the behavior of water in the hydrophobic core and at 

the periphery of the polymers, the techniques of pulsed electron paramagnetic resonance 

spectroscopy (pulsed EPR) and solution state Overhauser dynamic nuclear polarization 

relaxometry (ssODNP) were employed. Electron spin echo envelope modulation (ESEEM) is 

a powerful method of pulsed EPR to study the hydration of free-radicals based on the 

through-space anisotropic hyperfine interactions between the nitroxide and nearby spins.32–

35 The intensity of the Fourier transformed signal in the frequency domain is proportional to 

N/R6 where N is the number of nearby nuclei and R the distance between the nuclear and 

electron spins.36,37 With this, deuterium nuclei can be detected at distances up to 6-8 Å.38 

For this, BTA polymers were assembled containing 15% 4 or 5 and 85% 1 at a total 

BTA concentration of 700 μM in D2O with 30% glycerol as cryoprotectant. The stability of 

the polymers in the presence of glycerol was confirmed as the typical absorption spectra were 

observed for the samples used for ESEEM measurements before and after freezing (not 

shown). Figure 3.9a shows the Fourier transformed ESEEM spectra of BTA polymers in 

which the intensity of the peak at 2.34 MHz (νL(D)) corresponds to the radical electron – 

deuterium nucleus modulation. Interestingly, the intensity is almost equal for the two labeled 

BTA variants, indicating that both labels are on average surrounded by an equal amount of 

D2O molecules. When these measurements are performed in a 50/50 mixture of D2O and 

methanol the intensity of νL(D) is almost double compared to controls in a mixture that 

compensates for the lower amount of D2O consisting of 50% D2O, 30% glycerol and 20% H2O 

as can be seen in figures 3.9b and c. This shows that the labels are more exposed to water 

resulting from the disruption of the fibers by the presence of methanol. This effect is 

independent of the density of the labeled BTAs as the ESEEM intensities of samples 

containing 30% 4 or 5 at a total BTA concentration of 700 μM are equal to those of the 

polymers containing 15% of the labeled BTAs. Surprisingly, these results do not indicate a 

difference in the hydration of the TEMPO labels on the different positions on the BTA 

monomer. However, the increase in hydration upon disassembly of the polymers clearly 

shows that in the assembled state, the labels at both positions reside in an environment that 

is (partially) shielded from water.  
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Figure 3.9 | Fourier transformed ESEEM spectra of BTA polymers. The intensity of the peak at 2.34 
MHz (νL(D)) is proportional to the amount of D2O surrounding the labels in the polymers. (a) Polymers 
consist of 15% 4 or 5 and 85% 1 at a total BTA concentration of 700 μM in D2O with 30% glycerol. (b) 
Polymers containing 15% 4 and 85% 1 in a mixture of 50% D2O, 30% glycerol and 20% H2O and in a 
50/50 mixture of D2O and methanol and polymers containing 30% 4 and 70% 1 in a 50/50 mixture of 
D2O and methanol all at a total BTA concentration of 700 μM. (c) As in (b) but with 5 instead of 4.  

 

The finding that the TEMPO labels at the different positions in 4 and 5 are equally hydrated 

raises the question if the dynamics of the surrounding water is also similar. ssODNP has been 

applied to characterize hydration dynamics in a variety of biological and synthetic 

systems.19,16,20,23 This technique relies on the transfer of the high spin polarization of radical 

electrons to the 1H nuclei of water through dipolar interactions over distances up to 1 nm. 

The dipolar cross relaxation between the electrons and nuclei depends on the diffusion rate 

of water along the radical labels and results in a negative enhancement of the NMR signal of 

water.39 An efficient method to compare the diffusion of water along the labels is by 

determining the relaxivity constant kσ, which describes the dynamics of fast moving water 

and can be measured around 10 GHz.16 Typical values of kσ are <10 M-1s-1 for deeply buried 

sites in proteins or the interior of lipid bilayers, 25-50 M-1s-1 for surface sites of proteins and 

95 M-1s-1 for bulk water.40 

Here, kσ was determined for BTA polymers of 1 with 15 or 30% of 4 or 5 at a total 

BTA concentration of 700 μM in water. Figure 3.10 shows that the water diffusion is 

significantly lower along the label in 5 with kσ = 22.3 ± 0.7 (15% 5) and kσ = 23.4 ± 0.2 (30% 

5) compared to the label in 4 with kσ = 32.7 ± 3.8 (15% 4) and kσ = 32.9 ± 0.3 (30% 4). 

Moreover, this indicates that the water diffusion is independent of the density of 4 or 5. 

Additionally, kσ was determined for polymers containing 30% 4 or 5 and 70% 1 in a 50/50 

mixture of water and methanol-D4. With kσ = 45.1 ± 0.3 for 4 and kσ = 39.1 ± 0.4 for 5 it is 

clear that the water dynamics along the TEMPO labels increase when the polymers are 

disrupted due to the addition of a “good” solvent. However, also in this state, the hydration 
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dynamics near the label in 4 are higher than in 5. Similar as observed by CW-EPR, this 

indicates that although the polymers are disrupted by the presence of methanol, smaller BTA 

assemblies seem to remain. 

These results clearly indicate a difference in the degree of water retardation at the 

periphery of the BTA monomer versus the hydrophobic/hydrophilic interface. This could 

indicate that the level of water diffusion along the proline in 2 and 3 has no influence on its 

catalytic performance as this was equal for both derivatives. However, the kσ values for both 

4 and 5 show that the BTA assemblies create an environment or interface at which significant 

retardation of water occurs which is reduced upon disruption of the assemblies by addition 

of a co-solvent. This suggests that the efficiency of the catalytic BTA system is determined by 

the physicochemical characteristics on the macromolecular scale.  

 

 

Figure 3.10 | kσ values representing fast diffusing water along free-radical TEMPO labels obtained 

by solution state ODNP relaxometry. kσ values are given for BTA polymers containing 15% or 30% 
of 4 or 5 with 1, at a total BTA concentration of 700 μM in water or a 50/50 mixture of water and 
methanol-D4. Error bars represent S.E.M. of duplicate measurements. 
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formed by 2 where the proline is placed at the hydrophobic/hydrophilic interface of the 

monomer. In contrast, no helical bias is observed with the proline placed at the periphery of 

the monomer as in 3.  

The dynamic exchange of 2 and 3 determined by HDX-MS is comparable to that of 

1. By introducing the TEMPO labels into the BTA monomers, CW-EPR could be used to 

show that the translational mobility of the labels is higher when placed at the periphery of the 

monomer as in 4 than when placed near the core as in 5. This technique also enabled us to 

show that the functionalized BTAs can be diluted over the fibers in co-assemblies with 1 and 

that the fibers are disrupted upon addition of a good solvent but that small aggregates remain 

even in mixtures with up to 50% ACN.  

Employing 2 and 3 for the catalysis of aqueous aldol reactions demonstrated that 

the BTAs provide an extremely efficient, robust and selective catalytic system. Although the 

reaction setup proved to be a major factor for the progress of the reactions, the molecular 

design of the catalytic monomers and the composition of the polymers proved to have little 

influence on the catalytic performance. Additionally, the system performed equally well in 

pure water and PBS and even tolerates the addition of a good solvent to a relatively high level. 

Only when the assemblies are disrupted to small, ill-defined aggregates by addition of 30% 

ACN, a clear decrease in the catalytic performance was observed. Using a selection of 

different substrates for the aldol reactions showed a preference of the BTA system for more 

hydrophobic substrates as minor or no conversion was observed when acetone and 

tetrahydro-4H-pyran-4-one were used as substrates. This selectivity is based on the 

hydrophobicity of the substrates and the characteristics of the hydrophobic/hydrophilic 

interface created by the BTA assemblies.  

  Applying supramolecular polymers as a scaffold for aqueous catalysis provides 

direct control over the spatial arrangement of the catalysts in the assemblies which can be an 

important factor for the performance of catalytic systems. The characteristics of the proline-

functionalized BTA system proved to be suboptimal to study this effect as the sample 

preparation is limited by gelation at high BTA concentrations and inefficient catalysis at 

decreased proline concentrations. Within these limitations, no convincing results could be 

obtained that indicated a dependence of the catalytic performance of the proline-

functionalized BTAs and their relative density within the polymers. Nevertheless, the BTA 

polymers could provide a very suitable platform to study this effect by incorporating catalysts 

that are more sensitive to their spacing such as cooperative catalysts.41  
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By ESEEM and ssODNP it was interestingly shown that while the water content 

around the TEMPO labels in 4 and 5 is equal, the diffusion of this surrounding water is higher 

in 4 than in 5. Disruption of the assemblies by addition of a good solvent results in a clear 

increase of both the hydration and the water diffusion around the labels indicating that the 

supramolecular BTA structures create an environment that is shielded from water to a certain 

extent.  

Taken together, the results presented here show that the performance of the catalytic 

BTA system is predominantly determined on the supramolecular level instead of the 

monomeric level as conjugation of L-proline at the different positions in the BTA monomers 

has no major implications for its catalytic performance. Even though the prolines are 

expected to experience a different environment based on the results found for the TEMPO 

labeled BTA analogues, this causes no considerable differences in their functioning. 

Therefore, we conclude that the supramolecular BTA assemblies provide an ideal interface 

which accommodates the proline catalyst and its hydrophobic substrates resulting in a highly 

efficient and selective catalytic system.  
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3.8 Materials and methods 

Materials 

Unless stated otherwise, solvents and reagents were purchased from commercial sources and 
used as received. 1 was provided by A.J.H. Spiering.17 6 was provided by A.J.H. Spiering and 

was synthesized according to soon to be published procedures.42. 10 NH2-C12EG4O-THP was 
provided by A.J.H. Spiering. 15 was synthesized according to previously published methods.43 

16 BTA-NHS was provided by dr. N.M. Matsumoto and was synthesized according to soon 

to be published procedures.44 17 was provided by dr. P.P.K.H. Fransen.45 BTA-C10 was 
provided by dr. N.M. Matsumoto.25 Deuterated solvents where obtained from Cambridge 
Isotope Laboratories. Purification of water was performed on an EMD Millipore Milli-Q 
integral water purification system.  
 

Instrumentation and methods 

Flash column chromatography was performed on a Biotage Isolera One flash 
chromatography system using Biotage SNAP KP-Sil, Biotage SNAP ultra C18, or REVELIS 
C18-WP flash cartridges. Reactions were followed by thin-layer chromatography (precoated 
0.25 mm, 60-F254 silica gel plates from Merck).  

1H-NMR and 13C-NMR spectra were recorded at room temperature on a Varian 
400MR 400 MHz or a Varian Mercury Vx 400 MHz (400 MHz for 1H-NMR and 100 MHz 
for 13C-NMR spectroscopy) spectrometer. The 1H-NMR chemical shifts (δ) are reported in 
ppm downfield from tetramethylsilane (TMS, 0 ppm). 13C-NMR chemical shifts are reported 
downfield from TMS using the resonance of the deuterated solvent as internal standard. 
Splitting patterns are labelled as br = broad, s = singlet, d = doublet, dd = double doublet, t = 
triplet, q = quartet, and m = multiplet.  

High performance liquid chromatography mass spectrometry (LCMS) was 
performed by using a Thermo Finnigan LCQ Fleet ion trap mass spectrometer equipped with 
a Surveyor autosampler and a Thermo Finnigan Surveyor PDA detector. Prior to mass 
analysis, samples were separated on a reversed phase C18 column in acetonitrile/water 
gradients with 0.1% formic acid at 0.2 mL/min using Shimadzu SCL-10A pumps.  

Matrix assisted laser desorption/ionization time of flight mass spectra (MALDI-
TOF-MS) were acquired on Bruker Autoflex Speed spectrometer, using α- cyano-4-
hydroxycinnamic acid (CHCA) and 2-[(2E)-3-(4-tert-butylphenyl)-2-methylprop-2-
enylidene]malononitrile (DCTB) as matrices.  

UV-Vis spectra were collected on Jasco V-650 and V-750 spectrophotometers 
respectively equipped with a Jasco ETCT-762 or PAC-743 temperature controller using 
quartz cuvettes with path lengths of 0.1 and 1 cm.  

CD spectra were collected on a Jasco J-815 circular dichroism spectropolarimeter 
equipped with a PFD-425S/15 Peltier-type temperature controller using quartz cuvettes (1 
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cm). The molar circular dichroism Δε was calculated using Δε = CD effect / 32980 · c · l) in 
which c is the concentration of the proline functionalized BTA and l is pathway length.  

TIRF images were acquired with a Nikon N-STORM system. Nile Red was excited 
using a 561 nm laser. Fluorescence was collected by means of a Nikon 100x, 1.4NA oil 
immersion objective and passed through a quad-band pass dichroic filter (97335 Nikon). 
Images were recorded with an EMCCD camera (ixon3, Andor, pixel size 0.165µm).  

HDX-MS measurements were carried out using a Xevo G2 QTof mass spectrometer 
(Waters) with a capillary voltage of 2.7 kV and a cone voltage of 20 V. The source temperature 
was set at 100 ˚C, the desolvation temperature at 400 ˚C and the gas flow at 500 l/h. The 
sample solutions subjected to HDX were introduced into the mass spectrometer using a 
Harvard syringe pump (11 Plus, Harvard Apparatus) at a flow rate of 50 mL/min. EPR 
samples were prepared by pipetting ~ 5ul of the solution into the 0.6mm ID / 0.84OD 
capillaries.  

The X-band CW EPR spectra were acquired using one of two commercial Bruker 
EMX EPR spectrometers, one installed in the user facility in the Materials Research 
Laboratory and the second one in the laboratory of Prof. Songi Han, both at UCSB. The 
experimental parameters were: modulation frequency 100 kHz; modulation amplitude 1 G; 
conversion time 40 ms / point; time constant 20 ms.  

ODNP measurements were carried out using a home-built add-on module to a 
commercial Bruker EMX EPR spectrometer in the Han Lab laboratory at UCSB or user 
facility at CNSI. The measurements were performed at magnetic field of ~0.35 T 
corresponding to a proton Larmor frequency of ~14.8 MHz and electron Larmor frequency 
of ~9.8 GHz. A 3.5 μl sample was loaded into a 0.6 mm i.d., 0.84 mm o.d. quartz capillary 
tube (VitroCom). The tubes were sealed at one end with beeswax and at the other with 
critoseal polymer. A home-built NMR probe that fits into the EPR resonator and was 
designed to minimally affect the resonator mode was used. The NMR signal was recorded 
using the heteronuclear X-channel of a commercial 300MHz Bruker AVANCE spectrometer. 
To minimize microwave-induced heating the sample was cooled down by continuous flow 
of room temperature nitrogen gas.  

ESEEM measurements were performed using commercial X-band Bruker Elexsys 
E380 Spectrometer equipped with MS3 flexline resonator and a continuous flow cryostat 
(Oxford Instruments). The sample for ESEEM measurements was prepared by packing ~50μl 
of the sample solution into a 3mm O.D. quartz EPR tube (Vitrocom) that was flash-frozen in 
liquid nitrogen and inserted into a precooled cryostat. The pulse sequence was π/2-τ-π/2-T-
π/2-τ-echo. The echo intensity was recorded as function of interpulse delay T. Experimental 
parameters were: π/2 = 16 ns; τ = 204 ns; T was incremented from 96 ns with 24 ns 
increments; sample temperature was maintained at to 85K using evaporated-liquid nitrogen 
flow. Data processing: the background decay was subtracted using a bi-exponential fit, the 
resulting trace was zero filled to 4096 points, apodized by a hamming function and Fourier 
transformed to obtain FT-ESEEM spectrum.  
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ODNP measurements and analysis were performed according to procedure detailed 
in Franck et. al. which includes sample heating correction.40 Briefly, In an ODNP experiment 
an enhancement of the 1H NMR signal E is measured as function of applied microwave power 
p on-resonance with the central EPR transition of the nitroxide radical to obtain the �(�). In 
addition spin-lattice relaxation (��) is measured at a subset of the microwave powers used for 
the enhancement curve to arrive at ��(�). From these two datasets the concentration-
normalized cross-relaxation rate �� is calculated: 

 

�� = lim(���(�)��(�)
|��|
|��|

� �
�����

     (1) 

 

Where C is the radical concentration, �� ! ≈ 1 is the maximum extent of saturation 
attainable for the EPR spectrum of the tethered nitroxide spin label; C is the spin label 
concentration; $% and $& are electron and proton gyromagnetic ratios respectively.  
 
Assembly of BTA polymers 

From stock solutions in methanol, an appropriate volume of each BTA derivative was added 
(and mixed for co-assemblies) into a glass vial and dried under vacuum. Next, an appropriate 
amount of MilliQ grade water was added after which the mixture was stirred at 80 ˚C for 15 
min. The mixtures were then vortexed for 15 sec and left to equilibrate at room temperature 
overnight. For samples in PBS (137 mM NaCl, 2.7 mM KCl, 10 mM phosphate, pH 7.4), the 
appropriate amount of a 10x stock solution was injected. 
 

Catalysis 

BTA samples were prepared using the described method. To this, a mixture of the substrates 
was added to obtain a 100x excess of the aldehyde and a 1000x excess of the ketone. The 
reaction vials were then tied to a plastic hose and pressed down on a vigorously shaking 
vortex. For analysis of the performance of the reactions, the reaction mixtures were extracted 
with diethyl ether (3 x 1 mL) and dried under nitrogen flow. The products were then analyzed 
by 1H NMR (400 MHz. CDCl3) for the determination of the conversion and diastereomeric 
excess and by chiral HPLC for the determination of the enantiomeric excess (Chiralpack-IA-
3 column (100 × 2.1 mm, 3 μm) from Daicel, 25% THF in hexane). 

 
Synthetic procedures 

 
NH2C10C=OOCH3  (7) 
11-Aminoundecanoic acid was suspended in methanol and cooled on ice. To this, 
thionylchloride was dropwise added resulting in the formation of a clear solution which was 
stirred for 3 h resulting in the formation of a white precipitate. The pH of the solution was 
adjusted to 9 by addidion of K2CO3 (20 wt% in water). The mixture was dried in vacuo and 
the residu extracted with EtOAc (3 x 75 mL). After drying with MgSO4 the mixture was 
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filtered and the organic solvents were removed in vacuo after which 7 was obtained in 94% 
yield (2.5 g). 
1H NMR (400 MHz, chloroform): δ = 7.68 (br, 2H NH2), 3.66 (s, 3H, CH3), 2.68 (t, 2H, 
NH2CH2), 2.30 (t, 2H, CH2C=OO), 1.68-1.59 (m, 4H, NH2CH2CH2, CH2CH2C=OO), 1.26 
(m, 12H, aliphatic). 
 
BTA-C10-COOH (8) 

(a) 6 (1.98 mmol, 2.2 g) was dissolved in chloroform (40 mL) to which the Ghosez reagent 
(2.83 mmol, 375 µl) was added and stirred for 3 h. Subsequently, the organic solvents were 
removed in vacuo. 
(b) The product was redissolved in chloroform (20 mL) and added dropwise to a solution of 
7 and trimethylamine in 40 mL chloroform, which was cooled on ice. The reaction was stirred 
overnight and subsequently washed with HCl (1M, 2 x 50 mL) and brine (50 mL). After 
drying with MgSO4, the mixture was filtered and the organic solvents were removed in vacuo.  
Purification was performed by column chromatography (SiO2, 90 g, 4% isopropanol in 
DCM) providing the methyl ester protected product at 66% yield (1.7 g).  
(c) The methyl ester protected BTA (1.3 mmol, 1.7 g) was dissolved in methanol (24 mL) and 
water (6 mL) with LiOH (3.9 mmol 190 mg) and stirred overnight. Next, HCl (2 M) was 
added until the pH of the solution was ~2 after which an extraction was performed by 
washing with chloroform (2 x 75 mL). The organic layer was subsequently washed with HCl 
(50 mL) and brine (50 mL). The solution was then dried with Na2SO4, filtered and the organic 
solvents were removed in vacuo providing 8 at quantitative yield (1.7 g). 
1H NMR (400 MHz, chloroform): δ = 8.60 (s, 2H, Ph-H), 8.42 (s, 1H, Ph-H), 7.49 (t, 1H, 
C=ONHCH2) 7.33-7.24 (m, 10H, Bz-H) 6.86 (br, 2H, C=ONHCH2), 4.55 (s, 4H, OCH2Ph), 
3.68-3.55 (m, 32H, OCH2CH2O), 3.49-3.41 (m, 10H, C=ONHCH2CH2, CH2CH2CH2O), 2.36 
(m, 2H, CH2COOH), 1.66-1.26 (m, aliphatic). 
MALDI-TOF-MS: Calculated: [M+Na]+ = 1314.87. Observed: m/z = 1314.87. 

 

BTA-C10-proline (protected) (9) 
8 (1.3 mmol, 1.68 g) was dissolved in chloroform (5 mL) to which DPTS (0.52 mmol, 64 mg) 
was added. The reaction was subsequently cooled on ice and EDC (1.95 mmol, 374 mg) was 
added. After stirring for 30 min, the BOC protected proline (1.7 mmol, 485 mg) was added 
and stirred overnight. The mixture was then concentrated in vacuo and purification was 
performed by column chromatography (100 g SiO2, 4% isopropanol in DCM) providing 9 in 
40% yield (800 mg). 
1H NMR (400 MHz, chloroform): δ = 8.36 (s, 3H, Ph-H BTA), 7.33-7.24 (m, 10H, Bz-H), 
7.33-7.24 (m, 10H, Bz-H), 6.70-6.57 (m, 3H, C=ONHCH2), 5.25 (b, 1H, OCH(CH2)2), 4.55 
(s, 4H, OCH2Ph), 4.22 (m, 1H, NHCHCOOH), 3.69-3.40 (m, 44H, OCH2CH2O, 
OCHCH2NH, C=ONHCH2CH2, CH2CH2CH2O), 2.34-2.15 (m, br, 4H, 
CH2C=OOCHCH2CH), 1.65-1.26 (m, 74H, CH3, aliphatic).  
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MALDI-TOF-MS: Calculated: [M+Na]+ = 1584.03. Observed: m/z = 1584.06. 
 

BTA-C10-proline (2) 
(d) 9 (0.512 mmol, 800 mg) was dissolved in dioxane and bubbled with nitrogen gas. 
Palladium on carbon support (10 wt%, 80 mg, 10% loading) was added and the mixture was 
stirred overnight under hydrogen gas. The reaction mixture was filtered over a glass filter 
with celite which was thoroughly washed with dioxane. The organic solvents were 
subsequently removed in vacuo. 
MALDI-TOF-MS: Calculated: [M+Na]+ = 1403.94. Observed: m/z = 1403.94. 
(e) 630 mg (0.46 mmol) of the product from step d was dissolved in DCM to which TFA (40.4 
mmol, 3 mL) was added. The mixture was stirred overnight after which it was dried in vacuo.  
Subsequently, water (5 mL) was added, and the mixture was stirred for 1 h after which a 
reddish precipitate formed. The obtained suspension was dried by lyophilization and the 
product was purified by reversed phase column chromatography (50-70% acetonitrile in 

water) providing 2 as a white fluffy solid at 36% yield (203 mg).  
1H NMR (400 MHz, chloroform): δ = 8.23 (s, 3H, Ph-H), 7.59-7.45 (br, 3H, C=ONHCH2), 
5.33 (s, 1H, OCH(CH2)2), 4.32 (br, 1H, NHCHCOOH), 3.72-3.56 (m, 34H, OCH2CH2O, 
OCH2CH2OH, OCHCH2NH), 3.49-3.35 (m, 10H, C=ONHCH2CH2, CH2CH2CH2O), 2.41-
2.21 (br, 4H, CH2C=OOCHCH2CH), 1.56-1.25 (m, 56H, aliphatic). 
LCMS: Calculated: [M+H]+ = 1225.83. Observed: m/z = 1225.67. 
 

BTA-C12EG3O-THP (11) 
6 (1.36 mmol, 1.52 g) was dissolved in chloroform (35 mL) to which Ghosez reagent (2.1 
mmol, 280 µl) was added. The mixture was stirred overnight under argon after which the 

reaction was dried in vacuo. 10 (1.77 mmol, 738 mg) was dissolved in chloroform (20 mL) 
and triethylamine (2.72 mmol, 378 µl) was added to this. To this, 6 (acid chloride in 
chloroform) was added dropwise and stirred for 4 h. The reaction mixture was washed with 
brine and the organic layer was dried with MgSO4 and filtered. Organic solvents were 
removed in vacuo. Purification was performed by column chromatography (100 g SiO2, 5% 

isopropanol in dichloromethane) providing 11 at 68% yield (1.4 g).  
1H NMR (400 MHz, chloroform): δ = 8.37 (s, 3H, Ph-H), 7.35-7.25 (m, 10H Bz-H), 6.62 (br, 
3H, C=ONHCH2), 4.62 (t, 1H OOCHCH2), 4.55 (s, 4H, OCH2Ph), 3.89-3.83 (m, 2H, 
OCH2CH2 THP) 3.71-3.40 (m, 58H, OCH2CH2O, OCH2CH2OH, C=ONHCH2CH2, 
CH2CH2CH2O, OOCHCH2), 1.76-1.26 (m, 66H, C=ONHCH2CH2, CH2CH2CH2O, 
OCH2CH2 THP, aliphatic). 
MALDI-TOF-MS: Calculated: [M+Na]+ = 1531.04. Observed: m/z = 1530.93. 
 

BTA-C12EG3OH (12)  
11 (0.86 mmol, 1.3 g) was dissolved in methanol (20 mL), p-toluenesulfonic acid (0.113 
mmol, 19 mg) was added and the mixture was stirred overnight. NaHCO3 was added until 
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the mixture was at basic pH and the organic solvents were subsequently removed in vacuo. 
The crude material was dissolved in dichloromethane (75 mL) and washed with water and 
brine. The organic layer was dried with Na2SO4 and after filtration, the organic solvents were 
removed in vacuo providing 12 (1.1 g). 
1H NMR (400 MHz, chloroform): δ = 8.37 (s, 3H, Ph-H), 7.35-7.25 (m, 10H Bz-H), 6.68-6.64 
(t, 3H, C=ONHCH2), 4.55 (s, 4H, OCH2Ph), 3.74-3.54 (m, 44H, OCH2CH2O, OCH2CH2OH), 
3.47-3.40 (m, 12H, C=ONHCH2CH2, CH2CH2CH2O), 2.62 (br, 1H, OH), 1.82-1.51 (m, 12H, 
C=ONHCH2CH2, CH2CH2CH2O), 1.34-1.26 (m, 48H, aliphatic). 
MALDI-TOF-MS: Calculated: [M+Na]+ = 1446.98. Observed: m/z = 1447.02. 
 
BTA-C12EG3Suc (13) 
12 (0.49 mmol, 700 mg) was dissolved in dry chloroform (20 mL, dried on molsieves) and 
trimethylamine (093 mmol, 0.13 mL) and succinic anhydride (0.74 mmol, 75 mg) were 
added. The mixture was subsequently heated under reflux and stirred overnight. Purification 
was performed by extraction via the addition of brine and HCl (1 M) to the reaction mixture. 
The organic layer was separated and washed a second time with HCl (1 M) and methanol. 
The organic layer was separated, dried with NaSO4 and filtered. Subsequently, the organic 

solvents were removed in vacuo providing 13 in 96% yield (724 mg).  
1H NMR (400 MHz, chloroform): δ = 8.37 (s, 3H, Ph-H), 7.35-7.25 (m, 10H Bz-H), 6.68-6.64 
(t, 3H, C=ONHCH2), 4.55 (s, 4H, OCH2Ph), 4.23 (t, 2H CH2CH2OC=O), 3.74-3.54 (m, 44H, 
OCH2CH2O, OCH2CH2OH), 3.47-3.40 (m, 12H, C=ONHCH2CH2, CH2CH2CH2O), 2.67-
2.63 (m, 4H, C=OCH2CH2C=O), 2.62 (br, 1H, OH), 1.82-1.51 (m, 12H, C=ONHCH2CH2, 
CH2CH2CH2O), 1.34-1.26 (m, 48H, aliphatic). 
LCMS: Calculated: [M+H]+ = 1525.02, [M+Na]+ = 1547.00. Observed: m/z = 1524.67 and m/z 
= 1546.83. 
 

BTA-C12EG3Suc-Proline (Protected) (14) 
13 (0.460 mmol, 700 mg) was dissolved in chloroform and proline(BOC)2 (0.6 mmol, 171 
mg) and DPTS (0.23 mmol, 28 mg) were added. When dissolved, DCC (0.69 mmol, 142 mg) 
was added and the mixture was stirred for 44 h. The reaction mixture was subsequently 
filtered over a glass filter which was washed with chloroform. The organic solvents were 
removed in vacuo. Purification was performed by column chromatography (75 g SiO2 (4.5% 

isopropanol in dichloromethane) providing 14 in 46% yield (381 mg) as a clear oil.  
1H NMR (400 MHz, chloroform): δ = 8.36 (s, 3H, Ph-H), 6.68-6.66 (t, 3H, C=ONHCH2), 5.28 
(br, 1H, NHCHCH2COOH), 4.24 (m, 2+1H, CH2CH2OC=O + OCH(CH2)2), 3.72-3.56 (m, 
42H, OCH2CH2O, OCH2CH2OH), 3.49-3.33 (m, 14H, C=ONHCH2CH2, CH2CH2CH2O, 
OCHCH2NH), 2.82 (br, 2H, OH), 2.70-2.59 (m, 4H, C=OCH2CH2C=O), 2.37-2.15 (br, 2H, 
CHCH2CH), 1.67-1.26 (m, 78H, C=ONHCH2CH2, CH2CH2CH2O, CH3, aliphatic). 
MALDI-TOF-MS: Calculated: [MW+Na]+ = 1817.40. Observed: m/z = 1817.13. 
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BTA-C12EG3Suc-Proline (3) 

(a) 14 (0.198 mmol, 355 mg) was dissolved in dioxane and sparged with N2 (g). To this, 
palladium on carbon support (55 mg, 15 wt.% loading) was added and stirred overnight 
under H2 atmosphere using a balloon. The reaction mixture was filtered over a glass filter 
with celite which was washed with dioxane. The organic solvents were subsequently removed 
in vacuo. (b) Next, 320 mg (0.198 mmol) of the resulting product was dissolved in 
dichloromethane (4 mL) and trifluoroacetic acid (1 mL) and stirred overnight. (c) The 
organic solvents were removed in vacuo after which water was added and the mixture was 
stirred for 1 h. The reaction mixture was finally dried by lyophilization. Purification was 
performed by reversed phase column chromatography (15 – 100% acetonitrile in water). 
Seperation from starting material was not optimal. Therefore, pure 3 was obtained at 15% 
yield (44 mg).  
1H NMR (400 MHz, CHCl3): δ = 8.37 (s, 3H, Ph-H), 7.21-7.17 (m, 3H, C=ONHCH2), 5.33 
(br, 1H, NHCHCH2COOH), 4.23-4.20 (m, 2+1H, CH2CH2OC=O + OCH(CH2)2), 3.72-3.56 
(m, 42H, OCH2CH2O, OCH2CH2OH), 3.49-3.33 (m, 14H, C=ONHCH2CH2, CH2CH2CH2O, 
OCHCH2NH), 2.63-2.25 (b, 8H, C=OCH2CH2C=O, CHCH2CH, OH), 1.61-1.51 (m, 12H, 
C=ONHCH2CH2, CH2CH2CH2O), 1.40-1.19 (m, 48H, aliphatic). 
MALDI-TOF-MS: Calculated: [MW+Na]+ = 1480.93. Observed: m/z = 1479.97. 
 
BTA-C12EG4-TEMPO (4) 
DMTMM (0.103 mmol, 24.9 mg) and 4-carboxy-TEMPO (0.053 mmol, 10.6 mg) were 
suspended in DMF and added to 15 (0.041 mmol, 52.7 mg). The suspended DMTMM 
dissolved and the solution turned orange overtime. The reaction was stirred overnight under 
argon and the organic solvents were subsequently removed in vacuo. Purification was 
performed by reversed phase column chromatography (40 – 100% acetonitrile in water) 

providing 4 at 86% yield (51.6 mg). 
MALDI-TOF-MS: Calculated: [MW+K]+ = 1509.01 g/mol. Observed: m/z = 1509.04. 
LCMS: Calculated: [M+2H]2+ = 735.54 g/mol and [M+Na]+ = 1492.05 g/mol. Observed: m/z 
= 736.17 and m/z = 1492.08. 
 

BTA-C12-NH2-Cbz (18)  
17 (0.109 mmol, 36.6 mg) and 16 (0.1 mmol, 121 mg) were dissolved in chloroform to which 
a few drops of di-isopropylethylamine (DIPEA) were added. The mixture was stirred 
overnight under argon after which the organic solvents were removed in vacuo. Purification 
was performed by column chromatography (0 – 10% methanol in chloroform) providing 18 
at 95.6% yield (136.3 mg).  
1H NMR (400 MHz, CHCl3): δ = 8.37 (s, 3H, Ph-H), 7.36 – 7.29 (m, 15H, Ar. Bz-H, Cbz-H), 
6.72 – 6.49 (br, 3H, C=ONHCH2), 5.09 (s, 2H, OCH2Ph, Cbz), 4.55 (s, 4H, OCH2Ph), 3.70 – 
3.54 (m, 32H, OCH2CH2O), 3.51-3.38 (m, 10H, C=ONHCH2CH2, CH2CH2CH2O), 3.18 (dd, 
2H, CH2NH-Cbz), 1.64 – 1.47(m, 10H, C=ONHCH2, OCH2CH2OH), 1.69-1.46 (m, 10H, 
C=ONHCH2CH2, CH2CH2CH2O) 1.41-1.21 (m, 52H, aliphatic). 
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LCMS: Calculated: [M+Na]+ = 1447.94 g/mol and [M+2Na]2+ = 735.46 g/mol. Observed: m/z 
= 1448.25 and m/z = 735.75.  
 
BTA-C12-amine (19) 

18 (0.039 mmol, 125.3 mg) was dissolved in 12 mL acetic acid. To this, 23 mg palladium 
hydroxide on carbon (20 wt.% loading) was added and the mixture was shaken overnight 
under H2 (g) in a Parr reactor/pressure vessel at room temperature. The mixture was filtered 
over celite and subsequently dried in vacuo. Purification was performed by column 
chromatography (0 – 10% methanol in chloroform, changed to 0 – 10% (isopropylamine : 

methanol (1:3) in chloroform) providing 19 with minor amounts of mono protected 19 (43.3 
mg). 
LCMS: Calculated: [M+H]+ = 1111.85 g/mol and [M+2H]2+ = 556.43 g/mol. Observed: m/z = 

1111.92 and m/z = 556.58. A minor amount of 19 with one benzyl protected alcohol was 
observed. Calculated: [M+H]+ = 1201.90 g/mol and [M+2H]2+ = 601.45 g/mol. Observed: m/z 
= 1201.92 and 601.58. 
 

BTA-C12-TEMPO (5) 
DMTMM (0.106 mmol, 25.6 mg) and 4-carboxy-TEMPO (0.051 mmol, 10.3 mg) were 
suspended in DMF and added to 19 (0.039 mmol, 43.3 mg). The suspended DMTMM and 

19 dissolved and the solution turned orange overtime. The reaction was stirred overnight 
under argon and the organic solvents were subsequently removed in vacuo. Purification was 
performed by reversed phase column chromatography (50 – 100% acetonitrile in water) 

providing 5 at 44% yield (22.1 mg).  
MALDI-TOF-MS: Calculated: [MW+Na]+ = 1316.83 g/mol, [MW+K]+ = 1332.80 g/mol. 
Observed: m/z = 1316.98 and m/z = 1332.96.  
LCMS: Calculated: [M+2H]2+ = 647.49 g/mol and [M+Na]+ = 1315.95 g/mol. Observed: m/z 
= 647.75 and m/z = 1316.08. 
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Chapter 4 
 

DNA-grafted supramolecular polymers  
 

 

Abstract  

The potential of supramolecular polymers for the development of functional dynamic 

platforms has been widely recognized. However, the controlled introduction of functionality 

in these often complex multicomponent systems can be challenging. Recently, several 

examples have shown how the introduction of DNA nanotechnology techniques to synthetic 

chemical systems provides new opportunity in the structural control and function of these 

systems. Here we show that a DNA-grafted water-soluble benzene-1,3,5-tricarboxamide 

derivative can be assembled into stable polymers in water and buffered solutions. The 

introduction of DNA-handles on the BTA polymers enabled the characterization of their 

assembly process by atomic force microscopy confirming the cooperative polymerization 

from ill-defined aggregates of monomers. Additionally, it was shown that the DNA-grafted 

supramolecular polymers can be selectively tethered to glass surfaces via DNA hybridization, 

allowing visual analysis of complex multicomponent mixtures by super resolution 

fluorescence microscopy. Furthermore, the polymers were used as a scaffold for DNA 

computing reactions which were significantly accelerated due to the increased local 

concentrations of recruited DNA reactants.  

 

 

 

 

 

 

Parts of the work in this chapter were performed in collaboration with dr. Mykhailo Vybornyi (BTA-
DNA assembly) and a manuscript based on this work is in preparation for publication. 

Parts of the work in this chapter were performed in collaboration with ir. Wouter Engelen (DNA-

computing) and have been published as:  

W. Engelen, S.P.W. Wijnands, M. Merkx, J. Am. Chem. Soc., 2018, 140 (30), 9758–9767 
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4.1 Introduction 

Over the last two decades, the research field of DNA nanotechnology has grown 

tremendously driven by an increasing understanding of oligonucleotide hybridization and a 

significant reduction of the production costs of synthetic DNA.1,2 The high programmability 

of DNA has been employed for the construction of a variety of structures with remarkable 

precision but also for the development of complex reaction circuits and networks.  

Recently, researchers have started to integrate DNA technology with synthetic 

systems which yields hybrid systems with interesting properties and functions. Precisely 

defined DNA cages have for example been used to control the formation of synthetic particles 

with nanoscale precision by crosslinking polymers within the cages.3 Furthermore, DNA 

origami structures have been used to direct the formation of polymeric nanostructures. This 

was done by decorating DNA tubes with an atom transfer radical polymerization initiator to 

template the formation of precisely defined polymeric nanotube reactors.4 Similarly, DNA 

origami tiles were functionalized with patterns of a DNAzyme which catalyzes the 

polymerization of dopamine. Due to the precise patterning of the DNAzyme enabled by the 

DNA origami platforms, polydopamine nanostructures could be constructed with 

nanometer precision.5 Another successful combination of DNA and synthetic systems is that 

of DNA-grafted polymers and block copolymers. Combining the properties of the polymer 

backbones and conjugated oligonucleotides has created new possibilities for existing 

polymeric systems such as controlled drug delivery, DNA sensing and delivery and the 

development of stimuli responsive DNA crosslinked hydrogels.6 The high level of control that 

DNA hybridization can provide was demonstrated by the group of Gothelf who used DNA-

origami platforms to control the geometry of a polymer grafted with DNA-handles.7 Due to 

carefully designed handle patterns on the origami platforms, the polymers could be deposited 

in these exact patters via hybridization of the grafted DNA-strands with the origami handles. 

By implementing strands that enabled strand displacement reactions, the conformation of 

the deposited polymers could be switched via the addition of specific DNA-strands.8 

As discussed in the introduction of this thesis, several DNA-grafted supramolecular 

polymer systems have recently been developed. The introduction of DNA to these dynamic 

systems enabled for example the specific binding, release and delivery of cargo on the 

polymers via the sequential hybridization and separation of oligonucleotide handles on the 

monomers and cargo.9,10 Moreover, it was shown that DNA hybridization could be used to 

control the distribution of monomers within supramolecular assemblies, create rigid 
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crosslinks between supramolecular fibers, and control the reversible formation of 

supramolecular crosslinked networks via blunt-end stacking.11–16  

Here we investigate the supramolecular characteristics of a DNA functionalized 

benzene-1,3,5-tricarboxamide (BTA) derivative. The conjugation of an oligonucleotide to the 

BTA monomer introduces charges and increases its water solubility. These changes in the 

physicochemical characteristics of the monomer potentially affect its assembly behavior, its 

co-assembly with inert BTAs and the properties of the resulting supramolecular polymers. 

Therefore, we studied the assembly behavior of the standard BTA 1 and a DNA 

functionalized variant 2 which are shown in Figure 4.1. The (co-)assembly mechanisms and 

structural characteristics of these supramolecular monomers in water and buffered 

conditions were studied by UV-Vis, total internal reflection fluorescence microscopy (TIRF) 

and atomic force microscopy (AFM). In addition to this, the oligonucleotide handles were 

used to specifically tether BTA polymers to glass surfaces and the DNA-grafted BTA 

polymers were employed as an adaptable platform for acceleration of DNA computing 

reactions. 
 

Figure 4.1 | The structures and co-assembly of benzene-1,3,5-tricarboxamide (BTA) derivatives 1 

and 2. (a) The arms of 1 and 2 consist of a dodecyl spacer and four ethylene glycol units with a terminal 

alcohol group. In 2, one arm is functionalized with an oligo nucleotide obtained by copper mediated 

click chemistry between an azide on one BTA arm and an alkyne functionalized cytosine. (b) By mixing 

these BTAs, DNA-grafted supramolecular polymers can be obtained with varying densities of the oligo 

nucleotide handles. 
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4.2 Structural characterization of DNA-grafted BTA polymers  

The synthesis of the DNA-grafted BTA monomer 2 was performed by dr. ir. Janus Leenders. 

In short, an alkyne functionalized 10 nucleotide oligo was conjugated to a water-soluble BTA 

derivative equipped with a terminal azide on one of its arms via copper mediated 

cycloaddition.17 The product was subsequently purified by dialysis and analyzed by mass 

spectrometry which showed that a minor amount of unreacted mono-azide BTA was left. 

However, no further purification was performed as it was not expected that the presence of 

this BTA would interfere with the planned experiments and, more importantly, no 

unconjugated oligonucleotide was observed. 

A primary method to study the assembly of water-soluble BTA derivatives is UV-

Vis spectroscopy. Figure 4.2 shows the absorption spectra of different mixtures of BTAs 1 

and 2 in water and phosphate buffered saline (PBS, 137 mM NaCl, 2.7 mM KCl, 10 mM 

NaPO4, pH 7.4) at 20 and 90˚C. At 20 ˚C the spectra of 1 and those of mixtures containing 2 

and 8 mol% 2 with 1, respectively (Figure 4.2a-c), show the distinct shape of stable aqueous 

BTA assemblies with a maximum around 210 nm and a shoulder around 229 nm.18 Heating 

the samples to 90 ˚C results in a hyperchromic shift and a single maximum around 209 nm 

which is ascribed to the disassembly of the BTAs.18 The spectrum of 2 in Figure 4.2d is 

completely dominated by the absorption of the oligonucleotide handles with a maximum at 

254 nm, which is typical for DNA. Increasing the temperature to 90 ˚C does not lead to large 

shifts in this spectrum.  

In addition to the hyperchromic shift at 90 ˚C, an increase of the absorption at 

higher wavelengths (> 300nm) can be observed in Figures 4.2a-c caused by scattering from 

undefined aggregates formed due to lower critical solution temperature (LCST) behavior of 

the ethylene glycol segments on the BTA monomers. With increasing content of 2, this effect 

decreases and the spectra for pure 2 in Figure 4.2d do not display the LCST behavior at all 

showing that the addition of 2 affects the solubility and potentially, the assembly 

characteristics of the supramolecular polymers. This effect is even more pronounced for the 

samples prepared in PBS. The stability of assemblies of 1 in buffered conditions is low as 

aggregation and precipitation are often observed over time. Surprisingly, the addition of only 

2% 2 already significantly improves the tolerance of the assemblies towards PBS.  
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Figure 4.2 | UV-Vis spectra of assemblies of 1 and 2 in water and PBS at 20 and 90 ˚C. (a) Spectra of 

1. (b) Spectra of a mixture of 2% 2 and 98% 1. (c) Spectra of a mixture of 8% 2 and 92% 1. (c) Spectra 

of 2. All samples were prepared at a total BTA concentration of 20 µM in MilliQ water or PBS. 

 

Although the UV-Vis results indicate the formation of stable BTA assemblies, no 

conclusions about the structural characteristics of the assemblies formed by 1 and 2 can be 

drawn from this. Therefore, total internal reflection microscopy (TIRF) was performed. To 

this end, samples were prepared containing 10, 25, 75, and 100% 2 with 1 in water at 50 µM 

to which the solvatochromic dye Nile Red was added at 5 mol% with respect to the total BTA 

concentration. After overnight incubation, these solutions were diluted to 10 µM total BTA 

concentration in PBS for an improved adsorption to the glass surface and directly flown over 

a microscope coverslip. The resulting TIRF images in Figure 4.3 confirm the formation of 

fibers with lengths up to tens of micrometers showing that despite the functionalization with 

a relatively large, hydrophilic oligonucleotide, the hydrophobic interactions between the BTA 
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monomers are sufficient to maintain their directional assembly even at high densities of the 

DNA-handles.  

 

 

Figure 4.3 | TIRF images of DNA-grafted BTA polymers. (a-c) Polymers of 10, 25, and 75% 2 with 1

respectively, (d) Polymers of 2. All polymers were stained with 5% Nile Red (relative to the total amount 

of BTAs) and diluted to a total BTA concentration of 10 µM in PBS. The scale bars represent 10 µm.  

 

4.3 The assembly mechanisms of DNA-grafted BTA polymers. 

The assembly processes of supramolecular polymers is a highly interesting and complex 

research topic.19 An understanding of the assembly mechanisms of a supramolecular system 

can be used to control the processes involved, for example via sample preparation methods. 

This can subsequently provide control over the characteristics of the assemblies formed.20,21 

For the water-soluble BTA system, extensive course-grained and all-atom molecular 

dynamics simulations of the BTA assembly have been performed.22,23 These simulations 

predict the initial formation of disordered assemblies driven by hydrophobic interactions 

after which reorganization of the monomers results in cooperative assembly of BTAs into 

polymers. However, it is challenging to experimentally confirm these findings due to the 

limited size of the initial assembly states and a lack of techniques that are suitable for their 

visualization. TIRF is for example an excellent technique to study micrometers long BTA 

fibers as shown above, but is not suitable to study BTA assemblies at sizes below 100 nm at 
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increased temperatures. Furthermore, AFM studies on BTA assemblies showed that these 

structures are fragile and easily disrupted by the AFM tip.24 Dr. Mykhailo Vybornyi showed 

that the introduction of the DNA-grafted monomers to the BTA polymers overcomes this 

problem as it enables the use of 3-aminopropyl triethoxy silane (APTES) functionalized mica 

wafers. Due to electrostatic interactions between the APTES and the DNA-handles, the BTA 

assemblies could be visualized by AFM without disruption due to mechanical forces of the 

AFM tips. Additionally, by applying a sample preparation method developed for the 

characterization of the folding process of DNA-origami structures, it was possible to study 

the assembly processes of aqueous BTA polymers.25  

To this end, UV-Vis annealing experiments were performed by cooling three BTA 

mixtures in PBS at a rate of -0.2 °C/min to determine the temperatures which correlate to the 

different assembly stages. For this, the absorption at 229 nm was monitored as this 

wavelength reports on both the formation of ill-defined aggregates which cause scattering as 

well as the formation of stable BTA assemblies due to the formation of the shoulder in the 

absorption spectra as can be seen in Figure 4.2. During the cooling of the BTA samples, an 

APTES coated mica wafer was immersed in the BTA solution at strategic temperatures. 

Subsequent washing and drying of the wafer froze the structures which were then imaged by 

AFM at room temperature.25 

Figure 4.4 shows the UV-Vis annealing curves at 229 nm for a mixture of 2% 2 with 

1, a mixture of 8% 2 with 1 and a sample of 100% 2. Several differences can be observed 

between these curves. The increasing amount of DNA present in the samples makes it 

difficult to determine if these originate from different assembly processes. Nevertheless, all 

curves initially display a decrease in the absorption upon cooling and a distinct final 

transition which is likely the formation of well-defined BTA polymers. Dipping of the mica 

wafers had no observable impact on the absorption spectra, thus possible changes in 

temperature are expected to be minor and not effecting the assembly processes. 

For 2% 2, the AFM image correlated to the transition at 52 °C shows globular 

aggregates which, for the first time, experimentally confirms the presence of non-polymeric 

BTA aggregates in aqueous solutions at elevated temperatures. At 49 °C, the co-existence of 

globular aggregates and fibers is observed. The spectroscopic data indicates that at 42 °C, the 

majority of BTAs are incorporated in well-defined aggregates which is supported by the AFM 

image that predominantly shows fibrous structures. This indicates that ordering of BTA 

monomers starts within globular aggregates and is followed by fast polymerization. For 

assemblies with 8% 2, a similar assembly process is observed as the AFM images at 56 and 52 
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°C show that the decrease in the absorption is caused by a transition from globular aggregates 

to fibrous structures which are both observed at 52 °C. Further cooling to 48 °C leads to the 

assembly into fibers.  

 

  Figure 4.4 | AFM images of BTA-DNA assemblies correlated to UV-Vis cooling curves. The UV-

Vis cooling curves (-0.2 °C/min) at 229 nm are shown for assemblies of 1 with 2% and 8% 2 (total BTA 

concentration = 100 µM) and 100% 2 (20 µM) in PBS (100 mM NaCl, 10 mM PO4, pH 7). For the 

assemblies, AFM images are shown which were prepared at temperatures representing different 

transition states in the assembly process of the BTA polymers as marked in the cooling curves.  
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Interestingly, a different process is observed when studying a solution of 100% 2. At 

temperatures above 38 °C, no observable structures were found on the mica surfaces (not 

shown). At 38 °C, several fibers with lengths below 1 micrometer were observed. Decreasing 

the temperature to 35 and further to 29 °C results in the growth of the fibers up to several 

micrometers.  

The results observed for the co-assemblies of 1 and 2 strongly agree with the 

assembly mechanisms found by the molecular dynamic simulations as it is observed that the 

transition from ill-defined globular assemblies to fibers occurs via the coexistence of both 

structures. Interestingly, the experiments with 100% 2 describe a different assembly process 

as no globular aggregates are observed at increased temperatures. Previously, a similar 

behavior was found for BTA derivatives functionalized with monosaccharides instead of 

ethylene glycol for water compatibility.26 Lacking the ethylene glycol segments, these BTA 

derivatives did not display LCST behavior. However, temperature dependent NMR analysis 

of the carbohydrate-BTAs indicated the presence of aggregates containing only several BTAs 

at temperatures up to 90 °C, which cooperatively assembled into polymers when cooled 

down. This behavior closely resembles that of 2 and possibly explains the absence of 

observable structures at elevated temperatures. Overall this shows that with increasing 

contents of 2, the overall assembly mechanism shifts as no globular aggregates are formed, 

perhaps due to the stabilization of extremely small BTA aggregates resulting from the 

increased water-solubility of DNA functionalized BTA monomers.  

 

4.4 DNA-mediated tethering of BTA polymers to glass surfaces 

TIRF and super resolution microscopy are important techniques to visually study the 

structural and dynamic properties of BTA polymers.27,28 Until now, sample preparation 

methods for microscopy studies predominantly relied on the physical adsorption of the BTAs 

on glass surfaces. This adsorption freezes the dynamics of the BTA polymers and therefore 

only snap-shots of dynamic processes can be obtained. Additionally, this method of sample 

preparation can make it challenging to find suitable conditions for the imaging of complex 

multicomponent samples due to background binding of labeled components. When 

conditions are not optimal, imaging can be of low quality due to badly adsorbed fibers and 

high background signals.  

The presence of the DNA-handles on the BTA assemblies enabled the use of new 

sample preparation methods to avoid these problems. These methods are based on protocols 
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used for super resolution imaging of DNA-origami structures and rely on the treatment of 

the glass to obtain anti-fouling properties after which DNA-handles can be introduced to 

specifically recruit the DNA-grafted BTA polymers from solution.29 As shown in Figure 4.5, 

an anti-fouling surface was obtained by first incubating a glass coverslip with bovine serum 

albumin (BSA). By using biotin functionalized BSA, streptavidin can subsequently bind to 

the protein covered surface which creates binding sites for biotin functionalized structures 

and molecules. Here, a biotin-functionalized DNA oligo (antihandle-biotin) was designed 

complementary to the handle on BTA-DNA. Finally, DNA-grafted BTA polymers consisting 

of a mixture of 1 and 2 were flown over the functionalized coverslip after which hybridization 

of the DNA-handles on 2 and antihandle-biotin resulted in specific recruitment of the BTA 

polymers to the surface.  

 

Figure 4.5 | Schematic representation of the specific recruitment of BTA-DNA polymers on a glass 

surface. The coverslip is incubated with BSA-biotin conjugates (0.5 mg/ml) to create an anti-fouling 

layer. Subsequently, the surface is functionalized by introducing streptavidin (0.5 mg/ml). Next, a biotin 

functionalized oligonucleotide complementary to the DNA-handle on 2 is added (100 nM) which binds 

to streptavidin and acts as specific tethers for BTA polymers containing 10% 2 at a total BTA 

concentration of 5 µM. (Although an excess of 2 to antihandle-biotin is used, the final ratios of the 

components on the surface are unknown.)  

  

Figure 4.6 shows the TIRF images of BTA polymers consisting of 10% 2 and 90% 1 

at a total BTA concentration of 5 µM in PBS after overnight incubation with 5 mol% Nile 

Red. Figure 4.6a shows that when the glass surface is treated as described above, fibers of 

several micrometers long can be observed. These fibers were completely tethered to the 

surface as no motion was observed, confirming the selective recruitment of the DNA-grafted 

BTA polymers. Figure 4.6b shows a control experiment in which the surface was treated with 

BSA-biotin and streptavidin while the antihandle-biotin was omitted. After flowing the BTA 

solution over this surface, only few fibers could be observed. These polymers were only 

partially adsorbed to the surface and displayed Brownian motion. With additional washing 

Microscope  coverslip

BSA-biotin Streptavidin antihandle-biotin BTA 2
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of the sample chamber, these fibers could be removed leaving a clean surface. These results 

show that the biotin-antihandles can be used to specifically recruit the DNA-grafted BTA 

polymers to the surface. By optimization of the DNA-handle density on the surface and in 

co-assemblies of 1 and 2, these methods could be used to retain the dynamic processes 

enabling real-time visualization of dynamic BTA exchange. Additionally, the high specificity 

of DNA hybridization can be exploited to selectively recruit components from complex 

mixtures. 

 

 

Figure 4.6 | TIRF imaging of the specific recruitment of BTA-DNA polymers to glass surfaces.  

The glass surfaces were treated with BSA-biotin and streptavidin. BTA polymers were added consisting 

of 10% 2 and 90% 1 at a total BTA concentration of 5 µM which have been incubated overnight with 5 

mol% Nile Red in PBS. (a) Antihandle-biotin is added for the specific tethering of polymers on the 

surface. (b) A control where antihandle-biotin is omitted. The red circles mark fibers that are partially 

adsorbed to the surface. The scale bars represent 10 µm. 

  

4.5 DNA-grafted BTA polymers as scaffolds for DNA computing 

DNA computing is a technique that uses oligonucleotides to perform logic operations. For 

this, carefully designed DNA strands act as in- and outputs in series of sequential DNA 

hybridization reactions such as strand displacement and the opening of hairpin loops 

enabling the construction of complex circuits and networks that can perform calculations, 

act as switches and contain feedback loops.30–32 These DNA reactions are mostly performed 

in solution at low concentrations to avoid side reactions resulting from non-intended 

interactions between oligonucleotides. As the reaction rates of the DNA networks depend on 

the concentration of the reactants, the operations are slow taking several hours or even days. 

To overcome this, the reactions can be templated which increases the local concentrations of 

the reactants and subsequently, the efficiency of the reactions. DNA-origami based scaffolds 

have been designed which provide great spatial and stoichiometric control over the 

recruitment of the DNA reactants through the use of specific oligonucleotide handles. 

a b
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However the rigid nature of the origami platforms requires careful design for every network 

and defects in the scaffolds and the limited size of the origami platforms restrict their broad 

application. 

In a collaboration with ir. Wouter Engelen, we have explored the use of dynamic 

BTA polymers as easily adaptable scaffolds for DNA reactions. By recruiting the DNA 

reactants, the kinetics of the hybridization reactions could be accelerated up to two orders of 

magnitude. One of these reactions is the hybridization chain reaction (HCR). In this reaction, 

two metastable hairpins are used that can form assemblies through binding each other in an 

alternating fashion. The hairpins are designed to remains stable in solution. Therefore, to 

instigate the reaction, an input oligonucleotide is added which binds to toehold a’ on the first 

hairpin (H1) and subsequently opens the stem of the hairpin, making sequence b’ available 

for hybridization (Figure 4.7a). Next, toehold b on the second hairpin (H2) binds to b’ which 

results in the opening of H2 and makes sequence a available for binding. Consequently, a new 

H1 can bind, resulting in the alternating hybridization of the hairpins into a linear assembly.  

In order to template the HCR on the BTA polymers, the sequence of H1 as reported 

by Pierce and coworkers was elongated with a 10 nucleotide handle complementary to the 

handle on 2. H2 was not functionalized with the anti-handle and thus freely diffuses in 

solution. With these designs, H1 is recruited to the polymers and after being opened by the 

input, H2 is recruited and incorporated in the growing DNA assembly templated by the 

polymers. In order to monitor the HCR in real-time, H1 was internally modified with a Cy3 

fluorophore and H2 was modified with a Cy5 at its 5’-end. Assembly of the strands brings the 

dyes in close proximity of each other resulting in an increase of Förster Resonance Energy 

Transfer (FRET).  

First, the influence of the concentration of the supramolecular polymer on the 

performance of the templated HCR was evaluated. To this end, the HCR was monitored in 

time directly after adding 10 nM input to a pre-incubated mixture containing BTA polymers 

composed of 10% 2 at a total BTA concentration ranging from 1 to 50 µM with 50 nM H1 

and 200 nM H2. A large excess of H2 was added to make sure that the opening of H2 by H1 

is not rate limiting. Figure 4.7b shows that in absence of the polymer scaffold, the yield of the 

HCR is only 30% after 3 hours. In the presence of sufficiently high concentrations of the BTA 

polymers, the HCR is strongly accelerated and reaches full conversion within one hour. Both 

the rate and the final yield of the BTA templated HCR are clearly dependent on the 

concentration of supramolecular polymer. This can be explained by a trade-off between a 

sufficiently large polymer surface to accommodate all HCR products and the inversely 



| DNA-grafted supramolecular polymers 

 

101 

correlated effective concentration of the HCR reactants recruited to the supramolecular 

polymer, with an optimal BTA concentration of 5 μM. 

 

Figure 4.7 | The hybridization chain reaction templated by BTA polymer scaffolds. (a) Schematic 

representation of the HCR templated by BTA polymers recruited on a glass surface. Hairpin H1 is 

recruited to the BTA polymers consisting of 1 and 2. Binding of toehold a on the input strand opens 

H1, making sequence b’ available for binding to toehold b on hairpin H2. Opening of H2 subsequently 

makes sequence a available for binding to sequence a’ on H1 which leads to the formation of a DNA 

assembly via alternating opening and hybridization of H1 and H2 templated by the BTA polymer. (b) 

HCR kinetics templated on various BTA concentrations containing 10% BTA-DNA directly after 

adding 10 nM input. (c) The FRET ratio between Cy5 and Cy3 on H2 and H1, respectively, resulting 

from the BTA templated HCR as a function of input concentration. All performed with BTA assemblies 

containing 10% 2 at a total BTA concentration of 5 µM with 50 nM H1 and 200 nM H2. 10% 2 with 

90% 1 at a total BTA concentration of 5 μM, 50 nM H1 and 200 nM H2 were used in TAE/Mg2+ (40 

mM Tris-HCl, 20 mM acetic acid, 2 mM EDTA, 12.5 mM Magnesium acetate at pH 8.0). Shaded areas 

represent SEM of duplicate measurements. 

  
 

Performing the BTA templated HCR with varying concentrations of input showed 

that in the absence of input, no product formation can be observed confirming the stability 

of H1 and H2 (Figure 4.7c). Interestingly, increasing the input concentration from 1 to 10 

nM results in increasing amounts of product formation. This is surprising as it was expected 

that the amount of product formation would be independent from the input concentration 

and that this only could determine the amount of initiated reactions. In this case, variations 

in the input concentration would merely determine the number and subsequently the length 
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of the formed products. The observed relation between the input concentration and product 

formation raises the question if the latter is limited by the length of the BTA polymers or 

results from defects in the DNA assemblies which would be more predominant with 

decreasing input concentrations. In an attempt to answer this question, fluorescence 

microscopy was used to visualize the formation of HCR product on the BTA polymers via 

the Cy3 and Cy5 labeled H1 and H2 respectively.  

To visualize the HCR product formation on the BTA fibers, it is crucial to 

specifically recruit the fibers to the glass surface of the coverslips as the adsorption of the 

excess of Cy5 labeled H2 used for the HCR leads to a high background signal. Therefore, 

coverslips were coated with BSA-biotin and subsequently functionalized with streptavidin 

and handle-biotin as described above. Finally, the mixtures prepared for the HCR reactions 

were flown into the sample chamber. To visualize the BTA polymers, the Cy3 labels were 

imaged by TIRF microscopy. Figure 4.8a shows that for samples containing 0 or 0.1 to 100 

nM input, micrometer long fibrous structures were observed confirming the recruitment of 

H1 on the polymers. To visualize the HCR product, the Cy5 labels on H2 were imaged by 

stochastic optical reconstruction microscopy (STORM). Figure 4.8b shows that when the 

input is omitted, no Cy5 localizations are recorded confirming the absence of HCR 

assemblies. With increasing concentrations of input however, increasing amounts of Cy5 

localizations are observed that co-localize with the Cy3 fluorescence. At 0.1 nM input, 

clusters of localizations are observed up to several hundreds of nanometers in size.  

Increasing the input concentration to 1 nM results in more observable clusters of 

which several co-localize to the same fiber in the Cy3 channel. At 5 and 100 nM input, the 

full length of the polymers is reconstructed by Cy5 localizations. To quantify the observed 

differences in localization number and density, a previously developed custom made Matlab 

script was used to trace the backbone of individual fibers and determine the localization 

densities along the polymers (Figures 4.8c-f). With 1 nM input, multiple separated clusters 

are observed on the fiber whereas the localization density along the fiber is more continuous 

when 5 nM input is added. Additionally, the average number of localizations per micrometer 

fiber increases with upon increasing the input concentration up to 5 nM (Figure 4.8g). Taken 

together, the presence of multiple separate HCR products on a single fiber shows that the 

polymer length is not limiting the HCR product formation. Therefore, the correlation 

between the HCR product formation and the input concentration is likely caused by either 

assembly defects in the HCR product itself which act as chain stoppers or by structural 

characteristics of the polymers.  
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Figure 4.8 | Super resolution imaging of BTA templated HCR products. (a) TIRF images of Cy3 

labelled H1 recruited on BTA polymers in the presence of increasing concentrations of input. (b) 

STORM localizations of Cy5 labelled H2 incorporated in HCR products templated by the BTA 

polymers correlated to the TIRF images in (a). (c, e) The polymer backbones traced by a custom 

Matlab script (blue lines) from the localization clusters marked by the boxes in (b) for 1 nM and 5 nM 

input respectively. (d, f) The localization counts along the fiber backbones as shown in (c) and (e) 

determined with a binsize of 50 nm. (g) The average number of localizations per micrometer fiber for 

multiple fibers as function of input concentration. Errorbars represent s.d.. 

 

4.6 Discussion and conclusions 

The functionalization of a water-soluble BTA derivative with a 10 nucleotide DNA-handle 

has provided the interesting BTA monomer 2. Despite the introduction of the relatively large, 

hydrophilic and charged DNA strand, the intermolecular interactions of the monomers are 

sufficiently strong to allow the formation of stable, micrometer long DNA-grafted fibrous 

assemblies. Moreover and highly interestingly, the addition of just a few percentages of 2 in 

a mixture with 1 enables the formation of stable BTA assemblies in buffered conditions which 

was previously not possible with 1 and other BTA derivatives as is described in Chapter 2. 
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This enables the use of the BTA-DNA system in conditions that mimic biological 

environments and creates opportunity for biochemical applications.  

 The BTA polymers grafted with DNA-handles could be stabilized on functionalized 

mica surfaces. This enabled the use of temperature dependent AFM to show that at low 

content of 2, ill-defined globular aggregates are formed at high temperature which transform 

to cooperatively growing fibers upon cooling. This experimentally confirms for the first time 

previously performed molecular dynamics simulations although these were fully based the 

inert BTA.22,23 Additionally, the DNA modification of the BTA reduces its LCST behavior 

and it was observed that for high contents of 2, the formation of globular aggregates at high 

temperatures is prevented. This indicates that the DNA-handles have a stabilizing effect on 

the BTA monomer or very small BTA assemblies at high temperatures which resembles the 

behavior previously observed for monosaccharide functionalized BTA derivatives.26  

 Additionally it was shown that the DNA-handles on the polymers can be used for 

the specific recruitment of BTA polymers to glass surfaces for fluorescent microscopy 

imaging. The modular approach of creating an antifouling surface using BSA-biotin which is 

reactivated using streptavidin and a biotin functionalized DNA-antihandle complementary 

to the handle on 2 provides ample opportunity to adapt the density of the anchoring points 

on the surface. With this, the recruitment and the freedom of the polymers can be controlled 

and optimized for different applications such as studying of the supramolecular dynamics in 

real-time.  

Here, this method was applied for the imaging of the formation of hybrid DNA 

assemblies resulting from the hybridization chain reaction (HCR) templated by the BTA 

polymers. Recruiting the reactants (DNA hairpins) on the BTA polymers significantly 

accelerated the HCR but a maximal conversion was observed depending on the input 

concentration. Using TIRF and super resolution microscopy, we were able to determine that 

the length of the DNA assemblies formed on the BTAs is not dependent on the length of the 

BTA fibers indicating that the total conversion of the reaction is controlled by other factors. 

These can be defects in the DNA assemblies or structural features of the BTA assemblies that 

stop the growth of the HCR product. 

Having access to stable DNA-grafted supramolecular polymers creates new 

opportunity for the development of highly adaptable systems and materials that provide a 

high level of control over for example molecular dynamics and interactions with secondary 

structures and components. The dynamic exchange kinetics can for example be tuned by 

simply combining different BTA derivatives to increase or decrease the monomer exchange 
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rates between the fibers.33,34 Moreover, the programmability of DNA hybridization can be 

employed for specific interactions with DNA functionalized structures, proteins and small 

molecules. For the development of supramolecular materials, crosslinker strands 

complementary to the handles on the BTA could be designed to obtain crosslinked aqueous 

networks. This can be combined with DNA computing networks and/or crosslinker strands 

sensitive to natural inputs, enzymes and motor proteins for applications such as drug 

delivery, protein recruitment/delivery and the development of stimuli responsive 

materials.6,10,35 Altogether this makes DNA-grafted supramolecular polymers highly 

interesting as a new platform for a variety of applications. One of these applications is the 

recruitment and assembly of proteins which will be discussed in depth in the following 

chapter.  
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4.7 Materials and methods 

General 

Unless stated otherwise, solvents and reagents were purchased from commercial sources and 

used as received. The alkyne functionalized handle oligonucleotide was purchased from Base 

Click GmbH. All other oligonucleotides were obtained HPLC purified from Integrated DNA 

Technologies and dissolved upon arrival in TE buffer (10 mM Tris-HCl, 1 mM EDTA at pH 

8.0). The concentration was determined by UV-VIS and the extinction coefficients specified 

by the manufacturer, after which the oligonucleotides were further diluted to a stock 

concentration of 50 μM and stored at -30 °C. Purification of water was done on an EMD 

Millipore Milli-Q integral water purification system. 

 

BTA sample preparation 

From a stock solution of 1 in methanol, an appropriate volume was added into a glass vial 

and dried under vacuum. An appropriate amount of MilliQ grade water and stock solution 

of 2 (500 µM) in MilliQ grade water was added after which the mixture was stirred at 80 ᵒC 

for 15 min. The mixtures were then vortexed for 15 s and left to equilibrate at room 

temperature overnight.  

DNA strands  

Strand name Sequence 

BTA-DNA-handle (x’) 5’- GTAACGACTC-Alkyne -3’ 

H1-cy3 (x-a’-S’-b’-S) 5’-GAGTCGTTAC TTTTT TTAACC CACGCCGAATCCTA 

GACT-cy3-CAAAGT AGTCTAGGATTCGGCGTG -3’ 

H2-cy5 (S-a-S’-b) 5’-cy5-AGTCTAGGATTCGGCGTG GGTTAA CACGCCGA 

ATCCTAGACT ACTTTG -3’ 

Input (S-a) 5’- AGTCTAGGATTCGGCGTG GGTTAA -3’ 

Antihandle-biotin (x’) 5’- GAGTCGTTAC TTTTT – Biotin -3’ 

 

UV-Vis spectroscopy 

UV-Vis spectra were collected on Jasco V-650 and V-750 spectrophotometers equipped with 

a Jasco ETCT-762 or PAC-743 temperature controller respectively using quartz cuvettes with 

path lengths of 0.1 and 1 cm. 

 

Temperature dependent UV-Vis – AFM studies 

Absorption spectra were recorded on a Varian Cary-300 Bio-UV/Vis. All measurements were 

performed in quartz cuvettes with an optical path of 1 cm. Supramolecular BTA polymers 

were prepared by injecting appropriate volumes of stock solutions of BTAs 1 and 2, 100 mM 

NaH2PO4, and 5 M NaCl in a 500 μL cuvette containing an appropriate volume of MilliQ 

water to achieve desired concentrations of all components. The mixtures were heated to 90 
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°C with a rate of 0.5 °C/min in a conventional heating block thermostat and were cooled to 

20 °C at a controlled rate of 0.2 °C/min. At the indicated temperatures, an APTES-modified 

mica wafer was immersed in a cuvette containing aggregates for 1 sec and quickly removed. 

The obtained sheet was further dipped in PBS and gently washed with cold water. The mica 

sheet was further dried under nitrogen flow and used for AFM measurements. AFM imaging 

was acquired with a Nanosurf FlexAFM using Tap190Al-G cantilevers from BudgetSensors 

(resonance frequency ≈ 190 kHz, force constant = 48 N/m). 

 

BTA templated HCR 

All hairpin forming oligonucleotides for the HCR were diluted in TAE/Mg2+ (40 mM Tris-

HCl, 20 mM acetic acid, 2 mM EDTA, 12.5 mM magnesium acetate at pH 8.0) to a final 

concentration of 2.5 μM and annealed from 90 °C to 15 °C in 1 hour. From these stock 

solutions, fresh dilutions were made in TAE/Mg2+ supplemented with 1 mg mL-1 BSA or 

TNaK buffer (20 mM Tris-HCl, 140 mM NaCl, 5 mM KCl at pH 7.5) supplemented with 1 

mg mL-1 BSA. All kinetic experiments were performed in a 384 well plate with a final volume 

of 50 μL and measured with a Tecan infinite 500 plate reader equilibrated at 25 °C. The HCR 

was monitored by measuring ratio of the Cy5 (λem,Cy5 = 670 nm) and Cy3 (λem,Cy3 = 590 nm) 

emissions while exciting at λex = 535 nm. 

 

TIRF and STORM microscopy of tethered BTA polymers and templated HCR products 

The flow chamber for fluorescence microscopy was prepared similar to previous reports for 

super resolution imaging of DNA origami structures.36 In short, a flow chamber was 

constructed by adhering a glass microscope coverslip (Menzel-Gläser, no. 21 x 26 mm) to a 

glass slide separated by double-sided tape. Next, 25 μL of 0.5 mg ml-1 BSA-biotin (Thermo 

Fisher) in buffer A+ (10 mM Tris-HCl, 100 mM NaCl and 0.05 vol% Tween 20 at pH 8.0) 

was flown in the chamber and incubated for 5 minutes. Subsequently, the flow chamber was 

washed with 40 μL buffer A+ and 25 μL of a 0.5 mg mL-1 streptavidin (in buffer A+) was 

added and incubated for 2 minutes. After washing with buffer A+ and buffer B+ (5 mM Tris-

HCl, 10 mM MgCl2, 1 mM EDTA and 0.05 vol% Tween 20 at pH 8.0), 25 μL of a 100 nM 

antihandle-biotin solution in buffer A+ was flown in the chamber and incubated for 2 

minutes. Finally, after washing with 40 μL buffer A+ and 40 μL buffer B+, 25 μL sample was 

flown in the chamber and incubated for 2 minutes. Before STORM analysis the flow chamber 

was washed with 40 μL imaging buffer (50 mM Tris-HCl, pH 7.0, 0.5 mg mL-1 glucose 

oxidase, 50 μg mL-1 catalase, 10% (w/vol) glucose and 10 mM 2-aminoethanethiol).  

STORM and TIRF images were acquired with a Nikon N-STORM system. Nile Red and Cy3 

were excited using a 561 nm lased and Cy5 with a 647 nm laser. Fluorescence was collected 

by means of a Nikon ×100, 1.4NA oil immersion objective and passed through a quad-band 

pass dichroic filter (97335 Nikon). Images were recorded with an EMCCD camera (ixon3, 

Andor, pixel size 0.165 μm). In STORM mode, the movies were subsequently analyzed with 

the STORM module of the NIS element Nikon software. The localizations generated by the 
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Nikon software were subsequently analyzed using a previously described custom-made 

Matlab script.27 

 

Synthesis of 2 (BTA-3’- CTCAGCAATG -5’) 

The synthesis of 2 as performed by dr. ir. C.M.A. Leenders has previously been reported in 

his thesis. In short: a two-neck flask (10 mL) was charged with a CuSO4 (0.006 mmol, 0.9 mg) 

solution in H2O (0.2 mL), followed by BimPy2 ligand.29 (0.005 mmol, 1.7 mg) dissolved in 

DMF (0.5 mL). To the resultant green mixture, a solution of sodium ascorbate (0.05 mmol, 

10 mg) in H2O (0.3 mL) was added, followed by a spoon tip of solid sodium ascorbate, turning 

the color of the solution yellow. BTA-N3 (0.04 mmol, 50.5 mg) was dissolved in DMF (2 mL) 

and mixed with a solution of 5’-GTAACGACTC-Alkyne-3’ (0.025 mmol, 83 mg) in water (2 

mL) producing a fine dispersion. This dispersion was carefully added to the yellow reaction 

mixture resulting in a total reaction volume of 6 mL after rinsing with additional H2O (0.5 

mL) and DMF (0.5 mL). The reaction mixture was stirred at room temperature, and over 

time, gradually became clear. After 6.5 hours, EDTA solution in water was added (1.8 mL, 

0.04 mmol) resulting in a color change from bright yellow to deep yellow. Subsequently, 

BTA-DNA was purified from remaining BTA-N3 by dialysis (MW cut-off = 1 kD, 

Spectra/Por 7, Spectrumlabs) against water, after which the material was dried by 

lyophilization, yielding BTA-DNA as a fluffy white material which was analyzed by mass 

spectrometry. by flow injection analysis on a LCQ Fleet (Thermo Finnigan) ion-trap mass 

spectrometer in negative mode. BTA-DNA was dissolved at 10 μM in 1:1 isopropanol/water 

+ 1% triethylamine (pH 10) of which 5 μL was directly injected. The mass-to-charge spectrum 

was deconvoluted using MagTran software. Starting material BTA-N3: calculated MW = 

1313.81 g mol-1. BTA-DNA: calculated MW = 4429.99 g mol-1, observed deconvoluted MW 

= 4430.5 g mol-1. Complex of BTA-N3 and BTA-DNA: calculated MW = 5743.80 g mol-1, 

observed deconvoluted MW = 5742.1 g mol-1.  
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Chapter 5 
 

Controlling protein activity by dynamic 

recruitment on a supramolecular polymer 

platform 
 

 

Abstract 

Nature uses dynamic molecular platforms for the recruitment of weakly associating proteins 

into higher order assemblies to achieve spatiotemporal control of signal transduction. 

Nanostructures that emulate this dynamic behavior require features such as plasticity, 

specificity and reversibility. Here we introduce a synthetic protein recruitment platform that 

combines the dynamics of supramolecular polymers with the programmability offered by 

DNA-mediated protein recruitment. Assembly of benzene-1,3,5-tricarboxamide (BTA) 

derivatives functionalized with a 10-nucleotide receptor-strand into µm-long supramolecular 

BTA polymers is remarkably robust, even with high contents of DNA-functionalized BTA 

monomers and associated proteins. Specific recruitment of DNA-conjugated proteins on the 

supramolecular polymer results in a 1000-fold increase in protein complex formation, while 

at the same time enabling their rapid exchange along the BTA-polymer. Our results establish 

supramolecular BTA polymers as a generic protein recruitment platform and demonstrate 

how assembly of protein complexes along the supramolecular polymer allows efficient and 

dynamic control of protein activity. 
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5.1 Introduction 

Adaptive nanostructures based on supramolecular self-assembly are crucial constituents of 

life. Natural supramolecular protein polymers such as actin filaments and microtubules 

provide structural integrity and mobility to the cell, whereas cellular membranes allow for 

compartmentalization of cellular processes.1 Moreover, signaling pathways that govern 

processes such as cytoskeletal remodeling, proliferation, gene expression and metabolic 

regulation all involve the transient formation of higher order protein complexes. These signal 

transduction cascades use specific scaffold proteins, membrane surfaces or micro-phase-

separated states as dynamic recruitment platforms to engage weakly associating proteins into 

higher order assemblies.2–4 By modulating the effective local concentration of proteins rather 

than their absolute concentration, supramolecular protein recruitment provides an efficient 

mechanism to gain spatiotemporal control over protein activity in the highly crowded 

environment of the cytoplasm.5,6 Moreover, the intrinsic plasticity of supramolecular 

organization allows reversible remodeling and adaptation to the requirements of a specific 

signaling pathway.7–9 

The unique properties of natural supramolecular protein assemblies has inspired 

scientists to create (semi-)synthetic systems that capture characteristic features of their 

natural counterparts, including (supramolecular) polymers, vesicles and DNA-origami 

structures.10–13 For example, synthetic vesicles have been used to encapsulate or reversibly 

recruit proteins and their substrates to increase their local concentrations, providing control 

over reaction specificity and kinetics.11 One-dimensional templates consisting of covalent 

copolymers of styrene sulfonate and methyl methacrylate with poly(ethylene glycol) side 

chains have been used as heparin mimics by decorating them with basic fibroblast growth 

factors, hereby significantly increasing the stability and activity of the growth factor.14 More 

recently, Stupp and coworkers reported the development of sulfated glycopeptide 

nanostructures as highly active, adaptive scaffolds for the binding of various growth factor 

proteins, efficiently promoting bone regeneration in the spine.15 Another noticeable example 

is the work of Brunsveld and coworkers, who explored the use of supramolecular polymers 

consisting of amphiphilic discotics to control the assembly of fluorescent proteins, using 

FRET to study the dynamic exchange of protein monomers between different polymer 

chains.16,17 Synthetic platforms based on DNA-origami enable excellent control over the 

spatial orientation and stoichiometry of the recruited proteins, allowing the assembly of 

protein cascades with increased pathway specificity and turnover rates.13,18–20 While the 
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attachment of protein-DNA conjugates on DNA-origami scaffolds is in principle reversible 

through DNA strand exchange, the origami scaffold itself is highly static, hampering the 

dynamic rearrangement of recruited proteins to e.g. accommodate mismatches in receptor 

distances and assembly defects.21,22 Systems that combine the programmability of DNA 

hybridization with the self-assembly properties of synthetic polymers have received increased 

attention, but primarily with the aim of developing materials with tunable properties.13,23,24 

Thus far it has remained challenging to develop synthetic protein recruitment systems that 

combine the reversibility and orthogonality offered by DNA-based nanotechnology with the 

dynamics found in natural systems.25–27 

Here we introduce a novel protein recruitment platform that combines the 

dynamics of supramolecular polymers with the programmability and orthogonality of DNA 

hybridization. Our platform is based on the well-characterized supramolecular 

polymerization of water-soluble benzene-1,3,5-tricarboxamide derivatives (BTA).28 Using a 

combination of threefold hydrogen bonding and hydrophobic interactions these BTA 

monomers form micrometer-long one-dimensional polymers in water that allow the 

incorporation and homogenous exchange of various (functional) BTA monomers.29–31 

Supramolecular assembly allows straightforward tuning of the density of functional BTA 

monomers within these BTA polymers and previous work has also shown that the 

distribution of functional monomers can be externally controlled, e.g. via interaction with 

multivalent templates.32 To allow specific recruitment of multiple proteins on the BTA-

polymer scaffold, the BTA monomer functionalized with a 10 nucleotide single strand DNA-

handle (2) introduced in Chapter 4 is used which serves as a receptor in the supramolecular 

polymer. By employing the programmable and reversible nature of oligonucleotide 

hybridization, protein-DNA conjugates can be recruited on the BTA polymer with high 

specificity and temporal control. Our results establish supramolecular BTA polymers as a 

remarkably robust platform for DNA-mediated recruitment of proteins and demonstrate 

how the assembly of protein complexes along the supramolecular polymer allows efficient 

and dynamic control of protein activity. 
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5.2 DNA-directed recruitment of proteins on supramolecular BTA polymers 

Figure 5.1 shows the principle of DNA-directed protein recruitment on BTA polymers. To 

study specific recruitment of proteins to the BTA polymers, we used the enzyme TEM1-β-

lactamase and its inhibitor protein (BLIP), a well-characterized enzyme-inhibitor pair whose 

affinity is readily tunable by the introduction of various point mutations.33  

 

Figure 5.1 | Recruitment of β-lactamase and BLIP on a supramolecular BTA polymer via DNA 

hybridization. (a) Schematic representation of the selective recruitment of proteins to BTA polymers. 

(i) BTA monomers functionalized with a 10 nucleotide handle-strand (2) are co-assembled in a desired 

ratio with inert BTA monomers (1) to yield supramolecular polymers decorated with DNA receptors. 

(ii) To allow sequence specific oligonucleotide directed recruitment of the enzyme (β-lactamase) and 

its inhibitor protein (BLIP), each protein is functionalized with a unique 21 nucleotide handle-strand. 

(iii) Addition of a specific recruiter oligonucleotide which is complementary to the handle-strand on 

the BTA polymer and the enzyme (Enzyme recruiter (RE)), results in selective recruitment of the 

enzyme to the supramolecular polymer. (iv) Addition of the inhibitor recruiter-strand (RI) results in 

the recruitment of the inhibitor to the supramolecular platform. (v) The dynamic nature of the platform 

allows the rearrangement of the proteins along the polymer to allow enzyme-inhibitor complex 

formation, resulting in decreased enzyme activity. (b) The hydrolysis of a β-lactam containing substrate 

which is catalyzed by β-lactamase. 
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β-lactamase and BLIP were both conjugated to a unique 21 nucleotide DNA handle using 

thiol-maleimide chemistry.34 To recruit the proteins on the supramolecular BTA polymer, 

two recruiter-strands were designed to be complementary to both the sequence of the DNA 

handle on the 2 and to those on the enzyme (RE) or the inhibitor (RI). Hybridization of the 

protein- and BTA handle-strands to the recruiter-strand should result in the selective 

recruitment of the respective protein on the supramolecular polymer via formation of a 

nicked dsDNA duplex. This system thus allows reversible control over supramolecular 

protein assembly at 3 different levels: (1) the ratio of 2 and inert BTA (1), which controls the 

density of 2 within the BTA polymer, (2) the concentration of recruiter-strands, and (3) the 

concentration of the DNA-protein conjugates. 

 

5.3 Structural characterization of DNA- and protein-functionalized BTA polymers 

In the previous chapter it is shown that despite the introduction of the relatively large, 

charged and hydrophilic oligonucleotides, stable polymers can be formed by co-assembly of 

1 and 2 and even of pure 2. However, the hybridization with the recruiter strands and the 

proposed recruitment of the proteins could affect the BTA assemblies. Therefore, cryogenic 

transmission electron microscopy (Cryo-TEM) was used to study the structural properties of 

the BTA polymers in these conditions. Figure 5.2a shows that in the presence of 25% of 2, 

micrometer-long fibrous structures were formed that closely resemble the fibers formed by 

100% of 1.28 Moreover, similar fibers were observed upon addition of the two recruiter-

strands and DNA functionalized β-lactamase and BLIP (Figure 5.2b, c). These results confirm 

that the directional assembly of BTAs is maintained upon incorporation of 2, both in the 

absence and presence of recruited proteins. When only the recruiter-strands were added to 

the BTA polymers, also tubular structures were observed as can be seen in Figures 5.2d-f. It 

is unclear why these structures were formed in addition to the one-dimensional fibers, but 

similar structures have been observed when studying charged BTAs.  
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Figure 5.2 | Structural characterization of DNA-decorated BTA polymers and recruitment of 

proteins. Cryo-TEM images of DNA-decorated BTA polymers in PBS (50 mM sodium phosphate, 500 

mM NaCl, pH 7.0) with (a) 150 μM 1 and 50 μM 2 (25% 2), (b, d-f) 195 μM 1 and 5 μM 2 (2.5% 2), 2 

μM RE and RI and (c) 195 μM 1 and 5 μM 2 (2.5% 2), 2 μM RE and RI, 10 nM β-lactamase and 100 nM 

BLIP. The dark spherical objects present in the images are crystalline ice particles. (d, e) These images 

show tubular structures formed by DNA decorated BTAs which coexist with standard one-dimensional 

BTA fibers as can be observed in (f). The scale bars represent 200 nm. 

 

While Cryo-TEM clearly shows that supramolecular polymers are formed in the 

presence of both the recruiter-strands and proteins, these experiments do not provide direct 

evidence for successful recruitment of the proteins on the supramolecular scaffold. Stochastic 

optical reconstruction microscopy (STORM) has proven to be a powerful technique to study 

both the structure and dynamics of a variety of supramolecular polymers, including 

BTAs.29,35,36 Here, STORM was used to study the recruitment of the proteins to the BTA 

polymers. Cy3-labeled BTA monomers (3) were incorporated in the DNA-decorated 

supramolecular polymers to visualize the BTA backbone, while β-lactamase and BLIP were 

labeled with the dyes Atto488 and Cy5, respectively. The labeled proteins and respective 

recruiter-strands were mixed with the BTA polymers and annealed on glass slides by physical 

adsorption. Multi-color STORM was performed by consecutive excitation of the three dyes 

a b c

d e f



  | Controlling protein activity by dynamic recruitment on a supramolecular polymer platform 

 

117 

and analysis in separate channels. In agreement with the Cryo-TEM data, micrometer-long 

fibrous structures were observed in all three channels (Figure 5.3). These results confirm the 

successful co-assembly of 2 and 1 and subsequent DNA-hybridization driven recruitment of 

both proteins to the polymers, demonstrating the ability of the supramolecular BTA 

polymers to assemble large, water-soluble structures while conserving their fibrous 

morphology.  

 

Figure 5.3 | Structural characterization of DNA-decorated BTA polymers and recruitment of 

proteins. Stochastic optical reconstruction microscopy imaging of BTA polymers in TE/Mg2+ (10 mM 

Tris-HCl, 1 mM EDTA, 12.5 mM MgCl2, pH 8.0) with 1.4 μM 1, 0.5 μM 2 and 0.1 μM 3 (70% 1, 25% 2

and 5% 3), 100 nM RE and RI, 100 nM Atto488-labeled β-lactamase and 7.5 nM Cy5-labeled BLIP. The 

individual dyes were imaged sequentially and reconstructed in separate channels. The scale bars 

represent 2 µm. 

 

5.4 BTA-templated enzyme-inhibitor complex formation 

Having established the successful recruitment of both the enzyme and the inhibitor protein 

on the BTA polymers, we next explored whether the recruitment on the supramolecular 

platform promotes their interaction. To this end, the E104D mutant of β-lactamase was used 

which binds to wild-type BLIP with an inhibition constant (Ki) of 1.5 µM.37 This affinity was 

chosen such that no enzyme-inhibitor complexes are formed when both proteins are present 

in solution at low nanomolar concentrations. The extent of BTA-templated complex 

formation, and thus enzyme inhibition, was quantified by monitoring the hydrolysis of a β-

lactam-containing fluorescent substrate (CCF2-FA, Figure 5.1b). First, the enzymatic activity 

of 1 nM β-lactamase recruited on the BTA-platform (25% 2 and 20 nM RE) in the absence of 

inhibitor protein was determined (Figure 5.4a). Subsequently, substantial inhibition of 

enzymatic activity was observed upon addition of 10 nM BLIP and 20 nM of recruiter-strand 

RI, consistent with efficient formation of the enzyme-inhibitor complex as a result of the 

recruitment of both proteins on the supramolecular polymer. Importantly, no inhibition of 



Chapter 5 | 

118 

enzyme activity was observed when either one or both of the recruiter-strands, or the BTA 

polymers were omitted or when only the 10 nucleotide handle strand was added, either in 

absence or presence of BTA polymers consisting of 100% of 1 (Figure 5.4b). These results 

prove that the formation of the enzyme-inhibitor complex critically depends on the presence 

of both the BTA polymers containing 2 as well as the specific recruitment of each of the two 

proteins on the supramolecular platform.  

 To quantify the increase in effective concentration resulting from recruitment of the 

proteins on the BTA polymer, the enzyme activity was evaluated as a function of inhibitor 

concentration. To this end, 1 nM β-lactamase was recruited on the BTA polymer together 

with increasing concentrations of BLIP (0.5 to 100 nM). Figure 5.4c shows that upon 

increasing inhibitor concentrations, the enzyme activity rapidly decreases reaching a 

maximal enzyme inhibition of ~75% at saturating inhibitor concentrations. Fitting the 

normalized enzyme activity as function of inhibitor concentration (Equation 1) yielded an 

apparent inhibition constant (Ki,app) of 2.3 ± 0.2 nM, which is 3 orders of magnitude lower 

than the Ki observed for the enzyme-inhibitor pair in solution.  

� = �� + �� ∗
��,
��

�� + ��,
��

           (1) 

In Equation 1, V represents the measured normalized enzyme activity, Vb the residual enzyme 

activity at saturating inhibitor concentrations, V0 the normalized enzyme activity in absence 

of inhibitor minus the residual enzyme activity at saturating inhibitor concentrations, [I] the 

inhibitor concentration and Ki,app the fitted apparent inhibitor constant. 

Figure 5.4c shows that even at saturating inhibitor concentrations a substantial 

amount of residual enzyme activity is observed. As the DNA-handle on the BTA monomer 

is relatively short, it is likely that the binding of the recruiter strands to these handles is not 

quantitative, hence not all enzyme is recruited to the polymer platform. To determine the 

efficiency of binding of the recruiter strand to the polymer, the fraction of unbound recruiter 

strand was calculated as a function of total recruiter strand concentration. To this end, the 

dissociation constant (Kd,duplex) of the duplex formed between the handle on the BTA and the 

recruiter strand was calculated based on the Gibbs free energy determined with NUPACK.38,39 

Because the 3’-cytosine was modified for conjugation to the BTA, we assumed that this 

nucleotide would not be available for DNA hybridization. Therefore, this cytosine was 

excluded from calculating the duplex stability, yielding ΔGᵒ = -11.98 kcal mol-1 and Kd,duplex = 

111 nM. Using this dissociation constant, a recruiter concentration of 220 nM (20 nM RE and 

200 nM RI) and a 2 concentration of 500 nM, it can be calculated that 24.8% of the recruiter 
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strands, and thus 24.8% of the enzyme is not recruited to the polymer platform. This number 

corresponds well with the amount of residual enzyme activity observed in the presence of 

saturating amounts of BLIP. 

Figure 5.4 | Characterization of BTA-templated enzyme-inhibitor complex formation. (a/b) 

Substrate conversion as a function of time by the recruited enzyme in the absence of BLIP (-inhibitor), 

the fully assembled system (+) and controls lacking one or both of the recruiter-strands (-RI, -RE and -

RI & -RE, respectively) or the BTA polymers (-BTA). Turnover of a fluorescent substrate (CCF2-FA, 2 

μM) was monitored by measuring the fluorescence intensity at 447 nm. Experiments were performed 

using 25% 2 (0.5 μM 2, 1.5 μM 1), 20 nM RE and RI, 1 nM β-lactamase and 10 nM BLIP. Enzyme 

activities (b) were obtained from the kinetic traces shown in (a) by deriving the slope of the initial 

increase in fluorescence. Enzyme activities were normalized to a control omitting the inhibitor protein. 

Error bars represent SEM of duplicate measurements. (c) Normalized enzyme activity as a function of 

inhibitor concentration (black dots). The enzymatic activities were fitted to Equation 1, which was 

derived using the Michaelis-Menten model for competitive inhibition, yielding an apparent inhibition 

constant (Ki,app) of 2.3 ± 0.2 nM (red line). Experiments were performed using 25% 2 (0.5 μM 2, 1.5 μM 

1), 20 nM RE and 200 nM RI, 1 nM β-lactamase and 0 - 100 nM BLIP. Error bars represent s.d. calculated 

from triplicate measurements. (d) Normalized enzyme activities as a function of 2 receptor density. 

Polymers with receptor densities between 100% and 0.25% 2 were obtained by assembling a fixed 

concentration of 2 (0.5 μM) with varying concentrations of 1 (0 – 199.5 μM). Experiments were 

performed using 20 nM RE and RI, 1 nM β-lactamase and 10 nM BLIP. Error bars represent s.d. 

calculated from triplicate measurements.  
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To assess whether the increase in apparent affinity can be understood by a higher 

local concentration of the proteins upon recruitment on the supramolecular polymer, we 

calculated the effective concentration of the inhibitor protein using a model that describes 

the BTA polymer as a cylinder with a radius of 15 nm (Figure 5.5). This radius is based on 

the diameter of the proteins (Ø = 2 nm), the radius of the BTA polymers (r = 3 nm) and 

length (10 nm) of the double helix formed by the DNA-handles and recruiter strands.40 An 

intermolecular spacing of 0.35 nm for adjacent BTA monomers is based on previously 

performed simulations.40  

 

Figure 5.5 Estimation of the effective concentration of BLIP on the BTA polymers. A polymer 

containing 25% 2 is represented as a cylinder with a radius of 15 nm and a length determined by the 

amount of BTAs. The radius of the BTA polymers is determined to be 3 nm, the length of a 31 base-

pair double strand DNA helix is 10 nm and the diameter of the proteins is about 2 nm.40 

 

If we use the experimental conditions as used for Figure 5.4a and b, with 10 nM 

BLIP, 500 nM 2 and 1500 nM 1 and take the 25% unbound BLIP into account, on average 7.5 

inhibitors are recruited to 2000 BTAs. Given the intermolecular spacing of 0.35 nm for 

adjacent BTA monomers the volume of a cylinder with a radius of 15 nm and height of 2000 

BTA monomers therefore equals: 

��� ∙ ℎ =  �(15 ∙ 10��)� ∙ 0.7 ∙ 10�� m  

= 4.95 ∙ 10��� m = 4.95 ∙ 10�#� L 

10 nm 2 nm

0.35 nm

r = 15 nm
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Converting the amount of BLIP molecules to moles and dividing this over the volume of the 

cylinder containing the BLIP molecules, yields an effective concentration of 26 μM which is 

2600-fold higher than the actual inhibitor concentration of 10 nM: 

7.5

%&

= 1.275 ∙ 10��  moles 

1.275 ∙ 10�� 

4.95 ∙ 10�#�
= 2.6 ∙ 10�- M = 26 μM 

This 2600-fold increase in effective concentration corresponds to the increase of the apparent 

affinity observed in Figure 5.4c. The model additionally predicts that the effective inhibitor 

concentration is determined by the ratio of the amount of inhibitor protein and the total 

amount of BTA monomers. To test this prediction, BTA polymers were assembled by mixing 

a constant concentration of 2 of 0.5 μM with concentrations of 1 ranging between 0 to 199.5 

μM, yielding BTA polymers containing 0.25% to 100% 2. Figure 5.4d shows that the enzyme 

activity is clearly dependent on the amount of 1 present in the polymers. While inhibition 

remains constant between 25% and 1% of 2, enzymatic activity increases when the amount 

of 2 decreases below 0.75%. Table 5.1 shows that the calculated effective inhibitor 

concentration decreases below the dissociation constant (1.5 μM) of the enzyme-inhibitor 

complex at a percentage of 2 of 1% or lower.  

 
Table 5.1 | Estimated effective concentrations (Ceff) of BLIP on BTA polymers with varying densities 

of 2.  

Density of 2 Ceff (µM) 

0.25 % 0.258 

0.5 % 0.515 

0.75 % 0.773 

1.0 % 1.03 

2.5 % 2.58 

5.0 % 5.15 

10 % 10.3 

25 % 25.8 

50 % 51.5 

75 % 77.3 

100 % 103 

 

Taking an enzyme concentration of 1 nM with the known inhibitory constant (Ki) 

of 1.5 μM between β-lactamaseE104D and BLIP, the fraction of enzyme that is not complexed 

with an inhibitor protein can be simulated as a function of effective inhibitor concentration. 
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Figure 5.6 shows the simulated fraction of uncomplexed enzyme as a function of effective 

inhibitor concentration, where the effective inhibitor concentration was calculated based on 

the 2 density. Additionally, the enzyme activities as a function of 2 density shown in Figure 

5.4d are plotted over the simulated fraction of unbound enzyme. Overall, the effective 

concentrations calculated using the model correspond very well with the observed amount 

of enzyme inhibition. 

 

 Figure 5.6 | Estimation of the effective concentration of BLIP on the BTA polymers. A polymer 

containing 25% 2 is represented as a cylinder with a radius of 15 nm and a length determined by the 

amount of BTAs. The radius of the BTA polymers is determined to be 3 nm, the length of a 31 base-

pair double strand DNA helix is 10 nm and the diameter of the proteins is about 2 nm.40 

 

Remarkably, the enzyme activity also increases at 2 densities above 25%. This effect 

is not due to destabilization of the BTA fibers at high densities of 2 as fibrous structures were 

observed of up to 100% 2 by total internal reflection fluorescence microscopy (TIRF) as is 

showed in the previous chapter. We therefore attribute the inefficient formation of enzyme-

inhibitor complexes to steric hindrance caused by the high density of DNA handles on the 

BTA polymers above 25% 2. 
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5.5 Dynamics of protein complex assembly 

The results presented above show that the increase in apparent affinity can be quantitatively 

understood by the higher effective concentration of the enzyme and inhibitor proteins when 

recruited on the BTA polymer. While this provides a satisfying thermodynamic explanation, 

the model assumes that a protein can freely ‘diffuse’ within the cylindrical confinement of the 

BTA fiber. However, when we take the experimental conditions as used in Figure 5.4a and b, 

with 1.5 µM 1, 0.5 µM 2, 1 nM β-lactamase, 10 nM BLIP and 20 nM RE and RI, the average 

distance between a single recruited enzyme and the nearest inhibitor protein can be 

calculated as follows: Assuming that one enzyme and 10 inhibitors are homogeneously 

recruited on 2000 BTAs (1 nM β-lactamase, 10 nM BLIP and 2 μM total BTA), the proteins 

are distributed over 2000 · 0.35 nm = 700 nm. Meaning that on average, the proteins are 

separated by ~63.5 nm. Taking into account that 25% of each protein is not recruited on the 

polymer, this spacing increases as there are 0.75 enzymes and 7.5 inhibitor proteins per 2000 

BTAs. This results in an average spacing of ~85 nm between the proteins.  

Since this distance is too large to allow efficient complex formation, it is clear that 

the dynamic character of the system should allow redistribution of the recruited proteins 

along the BTA polymer. To gain more insight into the molecular origin of this redistribution 

we studied the kinetics of complex formation in three different experiments. In the first 

experiment we started with enzyme-inhibitor complexes assembled on BTA-polymers 

containing 5% 2 and subsequently added an excess of BTA polymers containing 100% 1, 

decreasing the overall 2 content to 0.25%. According to the results shown in Figure 5.4d, this 

dilution of inhibitor protein over a larger volume of BTA polymers should result in a 

disruption of the enzyme-inhibitor complex and an increase in enzymatic activity. This 

experiment thus probes the redistribution of 2 between BTA polymers and should inform 

about the kinetics of BTA monomer exchange. Figure 5.7 shows the measured enzyme 

activity as a function of time after addition of the inert BTA polymers, revealing a gradual 

increase in activity over the course of 5 hours. The kinetics observed here closely resemble 

those previously determined for the exchange of (functional) BTAs, suggesting that DNA-

functionalization does not significantly affect BTA exchange dynamics.30–32  
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Figure 5.7 | Characterization of the dynamics of enzyme-inhibitor recruitment on the 

supramolecular polymer. Enzyme activity as a function of time after the addition of pre-assembled 

polymers containing 100% 1 (9.5 μl, 1 mM) to polymers composed of 5% 2 (0.5 μM 2, 9.5 μM 1), 20 nM 

RE and RI, 1 nM β-lactamase and 10 nM BLIP (total volume = 40.5 μl), yielding a final 2 fraction of 

0.25% (0.5 μM 2, 199.5 μM 1, final total volume = 50 μl). The dashed line represents the fitting of a 

single exponential with fixed values at t = 0 of the activity in the 5% 2 reference sample and at t = ∞ of 

the activity in the reference sample omitting BLIP yielding t1/2 = ~3h. The green diamonds represent 

the activity of a sample without inhibitor. The red diamonds represent the activity of the system 

containing 5% 2, which was not diluted by addition of 100% 1. Enzyme activities were normalized to a 

control omitting the inhibitor protein (green diamonds). Error bars represent the s.d. calculated from 

triplicate measurements.  

  

In the second kinetic experiment we monitored the rate of enzyme-inhibitor 

complex formation upon recruitment of the proteins on the supramolecular polymers. In this 

experiment enzyme activity was monitored over time after adding pre-assembled DNA-

decorated BTA polymers to a mixture of β-lactamase, BLIP, RE and RI. Figure 5.8a shows that 

protein recruitment and subsequent formation of the enzyme-inhibitor complex is 

remarkably fast, reaching equilibrium within minutes. As the observed kinetics are faster 

than the time-scale of BTA monomer exchange, we conclude that this rapid protein complex 

formation is not controlled by the exchange of 2 monomers. Instead we hypothesize that the 

efficient reorganization of proteins along the BTA-polymer is enhanced by rapid association 

and dissociation of the recruiter-strands with/from the 2 handle-strands. A dissociation rate 

of 0.2 s-1 has been reported for DNA duplexes consisting of 10 base pairs which is thus 

consistent with such a mechanism.41 

To probe the kinetics of protein exchange between BTA fibers, a third experiment 

was done where we prepared separate BTA polymers that were functionalized with either the 

enzyme or the inhibitor protein (Figure 5.8b). Rapid equilibration of proteins was observed 

between the BTA polymers as the decrease in enzyme activity was complete within 5 minutes 

after mixing of the two BTA assemblies. Again, the fast enzyme-inhibitor complex formation 
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cannot be explained by exchange of BTA monomers between fibers, but is likely mediated by 

rapid, reversible hybridization of the recruiter-strands to the handle-strands on the 

supramolecular polymers. Additionally, in this case we can also not exclude the possibility of 

multivalent interactions between multiple enzymes on one fiber with multiple inhibitors on 

another fiber.  

 

Figure 5.8 | Characterization of the dynamics of enzyme-inhibitor recruitment on the 

supramolecular polymer. (a) Kinetics of enzyme-inhibitor complex formation upon recruitment to 

the DNA-decorated polymers. Enzyme activity was measured at different time-point after adding the 

BTA polymers to a mixture of β-lactamase, BLIP RE and RI. Experiments were performed using 25% 2

(0.5 μM 2, 1.5 μM 1), 20 nM RE and RI, 1 nM β-lactamase and 10 nM BLIP. (b) Enzyme activity as a 

function of time after mixing pre-assembled polymers containing either enzyme and RE or inhibitor 

and RI. Experiments were performed using final concentrations of 25% 2 (0.5 μM 2, 1.5 μM 1), 20 nM 

RE and RI, 1 nM β-lactamase and 10 nM BLIP. Enzyme activities were normalized to a control omitting 

the inhibitor protein (green diamonds). Error bars represent the s.d. calculated from triplicate 

measurements. 

 

5.6 Reversible protein recruitment via DNA exchange reactions 

Toehold mediated strand displacement plays a central role in dynamic DNA nanosystems 

such as DNA-based actuators and molecular computers as also was shown in Chapter 4.39,42,43 

Since protein assembly on the BTA scaffold is based on DNA hybridization, we explored 

whether toehold-mediated strand displacement could be used to reversibly recruit proteins 

on the BTA polymers. To this end, the enzyme recruiter-strand was redesigned to include a 
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10 nucleotide overhang (RET). Addition of RET to BTA polymers pre-incubated with RI, BLIP 

and β-lactamase induced the expected decrease in enzyme activity by promoting the 

formation of an enzyme-inhibitor complex. Next, a two-fold excess of a displacer-strand (D) 

was added which was designed to be fully complementary to RET. Addition of the displacer-

strand resulted in the complete restoration of enzyme activity, consistent with dissociation of 

β-lactamase from the BTA-polymer (Figure 5.9a). Figure 5.9b shows that sequential addition 

of increasing concentrations of RET and D resulted in cycling between high and low enzyme 

activity, proving that the reversible recruitment of β-lactamase can be performed multiple 

times. The attenuation of reversibility observed after several cycles is likely caused by the high 

concentrations of recruiter and displacer-strands that may result in alternative association or 

folding of the toehold on RET, making it unavailable for strand displacement.44 

 

Figure 5.9 | Reversible control of enzyme recruitment via DNA strand exchange. (a) The enzyme is 

recruited to polymers pre-assembled with inhibitor protein by the addition of recruiter-strand RET. A 

10 nucleotide overhang (toehold) appended to the recruiter-strand (RET) allows its displacement by a 

fully complementary displacer-strand (D) via toehold-mediated strand displacement. (b) Normalized 

enzyme activity upon the sequential addition of recruiter and displacer oligonucleotides. Each iteration, 

a 2-fold molar excess of either recruiter- or displacer-strand is added with respect to the previous stage. 

Enzyme activities were normalized to a control without inhibitor protein. Experiments were performed 

using 25% 2 (0.5 μM 2, 1.5 μM 1), 20 nM RI, 1 nM β-lactamase and 10 nM BLIP, 0 – 340 nM RE and 0-

168 nM D. Error bars represent s.d. of triplicate measurements. 

  

6.7 Discussion and conclusions 

This work represents the first example of orthogonal and reversible recruitment of proteins 

on a synthetic supramolecular polymer. Our finding that supramolecular interactions 

between the relatively small BTAs are sufficient to coordinate the assembly of protein 

complexes via DNA hybridization is quite remarkable. The robust nature of this 

supramolecular platform is reflected by the observation that the characteristic µm-sized 

supramolecular polymer chains are maintained even with extremely high contents of DNA 
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functionalized BTAs, the addition of the recruiter strands and the recruitment of proteins. 

DNA-mediated assembly of proteins on the BTA-scaffold resulted in a large increase in local 

protein concentration, effectively enhancing complex formation between the reporter 

enzyme β-lactamase and its inhibitor protein BLIP by 3 orders of magnitude. BTA-templated 

protein complex formation was also found to be surprisingly fast, reaching equilibrium 

within minutes. Since exchange of BTA monomers between polymer chains was found to 

require multiple hours, protein complex formation on the BTA-scaffold probably results 

from rapid association and dissociation of DNA duplexes along the polymer, possibly 

accelerated by the high local density of DNA handles. The 10-nucleotide DNA-receptor 

strand used in this study thus provides sufficient thermodynamic driving force to ensure 

efficient recruitment of low nanomolar concentrations of proteins on the BTA-polymer, 

while at the same time allowing rapid exchange of DNA-conjugated proteins along the BTA-

scaffold. A more thorough understanding of the importance of supramolecular polymer 

dynamics and the kinetics of DNA hybridization may be obtained by tuning the length of the 

DNA receptor strand, and/or by changing the exchange kinetics of the BTA monomer.  

 While we restricted ourselves in this study to the co-assembly of two proteins to 

allow straightforward read-out of protein activity, the number of different proteins that can 

be recruited is limited only by the physical size of the BTA polymer chain, allowing the 

assembly and characterization of much more complex signaling cascades. A unique feature 

of the 2 platform is the dynamic nature of the complexes, enabling the efficient formation of 

transient complexes without prior knowledge over the exact structure and stoichiometry of 

such complex signal transduction cascades. Moreover, the supramolecular nature of the BTA 

platform allows one to efficiently tune the density of DNA-handles on the BTA polymer, 

which in turn allows precise control of the effective local concentration and optimization of 

the system for different protein complexes. The introduction of DNA-mediated protein 

recruitment should also allow the integration of supramolecular protein assembly with 

various forms of dynamic DNA nanotechnology such as DNA-based molecular circuits that 

allow logic operations, amplification, thresholding, and feedback control as was shown in 

Chapter 4. In addition to these fundamental applications, dynamic recruitment of proteins 

on BTA polymers could also be used for the development of responsive biomaterials and 

dynamic multivalent ligands, employing molecular recognition based on the presence of 

multiple target receptors.45 Finally, we propose that BTA-DNA scaffolds may be applied to 

control intracellular signaling pathways, as efficient RNA transfection with BTA polymers 

has already been demonstrated in mammalian cell lines.46 Once inside the cell, their 
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integration with intracellular pathways could involve the interaction of proteins, aptamers, 

and small molecules pre-assembled on the BTA-DNA scaffold with mRNA, regulatory RNAs 

and proteins endogenous to the cell. 
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5.8 Materials and methods 

Materials 

Unless stated otherwise, reagents and solvents were purchased from commercial sources and 

used as received. The inert BTA (1) was provided by A.J.H. Spiering and synthesized 

according to previously published procedures.28 BTA-Cy3 (3) was provided by dr. N.M. 

Matsumoto and synthesized according to previously published procedures.29 The alkyne 

functionalized oligonucleotide (5'-GTAACGACTCalkyne-3') was obtained from Base Click 

GmbH. Other oligonucleotides were obtained HPLC-purified from Integrated DNA 

Technologies (oligonucleotide sequences can be found in Table 5.2). Oligonucleotides were 

dissolved in TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0) to an approximate 

concentration of 100 μM as suggested by the manufacturer. Subsequently the concentration 

was determined by UV-VIS (NanoDrop 1000, Thermo Scientific), using the extinction 

coefficients at 260 nm calculated with the DNA UV spectrum predictor tool (Integrated DNA 

Technologies).47 Finally, the oligonucleotide stock solutions were diluted in TE buffer to a 

final concentration of 50 μM and stored at -30°C. Purification of water was done on an EMD 

Millipore Milli-Q integral water purification system. 

 

DNA strands  

Table 5.2 | The sequences and modifications of oligonucleotides used in this work. 

Strand name Sequence 

Handle 5’- GTAACGACTC -3’ 

2 handle 5’- GTAACGACTC-Alkyne -3’ 

β-Lactamase handle 5’- TGTCACCGATGAAACTGTCTA-NH2 -3’ 

BLIP handle 5’- H2N-GTGATGTAGGTGGTAGAGGAA -3’ 

Enzyme Recruiter strand (RE) 5’- GAGTCGTTACTAGACAGTTTCATCGGTGACA -3’ 

Inhibitor Recruiter strand (RI) 5’- GAGTCGTTACTTCCTCTACCACCTACATCAC -3’  

Enzyme Recruiter strand + 

Toehold (RET) 

5’- GAGTCGTTACTAGACAGTTTCATCGGTGACATGCATC 

CAGA -3’ 

Enzyme Displacer strand (D) 5’- TCTGGATGCATGTCACCGATGAAACTGTCTAGTAACG 

ACTC -3’  
 

Instrumentation and methods 

 

Cryogenic transmission electron microscopy  

Samples were vitrified using a computer controlled vitrification robot (FEI VitrobotTM Mark 

III, FEI Company). Quantifoil grids (R 2/2, Quantifoil Micro Tools GmbH) were surface 

plasma treated with a Cressington 208 carbon coater. Vitrified films were transferred into the 

vacuum of a Tecnai Sphera microscope with a Gatan 626 cryoholder. The microscope is 
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equipped with a LaB6 filament that was operated at 200 kV, and a bottom mounted 1024x1024 

Gatan charged-coupled device (CCD) camera. Co-assemblies of 1 and 2 were prepared as 

stated above at a total BTA concentration of 1 mM with 25% 2. After overnight equilibration, 

these were diluted to 200 µM in PBS for Cryo-TEM analysis. The effect of the addition of the 

recruiter strands and subsequently the recruitment of the proteins on the morphology of the 

BTA polymers was studied by assembling polymers containing 2.5 % 2. After overnight 

equilibration these were diluted to 200 µM in PBS with 2 µM RE and RI and additionally with 

100 nM BLIP and 10 nM β-Lactamase for the latter. Vitrified films containing the BTA 

polymers were prepared in the ‘Vitrobot’ that was operated at 22°C, and at a relative humidity 

of 100%. In the preparation chamber of the ‘Vitrobot’, a 3 μL sample was applied on a 

Quantifoil grid which was surface plasma treated for 40 s at 5 mA just prior to use. Excess 

sample was removed by blotting using two filter papers for 3 s at –3 mm, and the thin film 

thus formed was plunged (acceleration about 3 g) into liquid ethane just above its freezing 

point. Vitrified films were transferred to the cryoholder and observed in the Tecnai Sphera 

microscope, at temperatures below -170 °C. Micrographs were recorded at low dose 

conditions, and at a magnification of 25000 with typical defocus settings of 5 µm (Figure 

5.2a,b,d,e,f) and 10 µm (Figure 5.2c). 

Stochastic Optical Reconstruction Microscopy  

STORM images were acquired with a Nikon N-STORM system. Atto488, Cy3 and Cy5 were 

excited using a 488, 561 and 647 nm laser, respectively. Fluorescence was collected by means 

of a Nikon 100x, 1.4NA oil immersion objective and passed through a quad-band pass 

dichroic filter (97335 Nikon). Images were recorded with an EMCCD camera (ixon3, Andor, 

pixel size 0.17µm). The movies were subsequently analyzed with the STORM module of the 

NIS element Nikon software. BTA polymers were prepared as stated above at a total BTA 

concentration of 50 µM with 5% 3, 25% 2 and 70% 1. After equilibration overnight, the 

samples were diluted to 2 µM total BTA in TE/Mg2+ buffer (10 mM Tris-HCl, 1 mM EDTA, 

12.5 mM MgCl2, pH 8) and mixed with 100 nM RE, 100 nM RI, 100 nM β-Lactamase-Atto488 

and 7.5 nM BLIP-Cy5. The sample was flown in a chamber between a glass microscope 

coverslip (Menzel-Gläser, No. 1, 21x26 mm) and a glass slide which were separated by 

double-sided tape. After annealing for several minutes, the chamber was washed twice with 

TE-Mg buffer and twice with imaging buffer containing 50 mM Tris-HCl pH 7, an oxygen 

scavenging system (0.5 mg mL-1 glucose oxidase, 40 μg mL-1 catalase), 10% (w/v) glucose and 

10 mM 2-aminoethanethiol.  

Enzyme activity assays  

For enzyme activity assays, samples were prepared in 384 well plates (Optiplate-384 Black, 

Perkin Elmer, cat. no.: 6007270) using a final sample volume of 50 μL in PBS supplemented 

with 1 mg mL-1 bovine serum albumin (BSA). After the step-wise addition of each 

component, the samples were mixed by repetitive pipetting. In the final step, 5 μl substrate 

(CCF2-FA, Thermo Fisher, cat. no.: K1034) was added to a final concentration of 2 μM, the 
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samples were mixed and the plates were spun down at 100 g for one minute at room 

temperature. This resulted in a total “dead time” of about two minutes. The plates were then 

transferred to a Tecan Safire 2 Microplate Reader equilibrated to 25°C. Fluorescence 

intensities were measured every 15 seconds using an excitation and emission wavelength of 

410 nm and 447 nm, respectively.  

 

Assembly of BTA polymers 

From a stock solution of 1 in methanol, an appropriate volume was added into a glass vial 

and dried under vacuum. An appropriate amount of MilliQ grade water and stock solution 

of 2 (500 µM) in MilliQ grade water was added after which the mixture was stirred at 80 ᵒC 

for 15 min. The mixtures were then vortexed for 15 s and left to equilibrate at room 

temperature overnight. For the incorporation of 3 into the polymers, appropriate volumes of 

1 and 3 from stock solutions in methanol were mixed and dried after which the protocol 

described above was continued. 

 

Synthetic procedures 

 

BTA-3’- CTCAGCAATG -5’  (2) 

The synthesis of 2 as performed by dr. ir. C.M.A. Leenders is described in Chapter 4. 

 

Expression, conjugation and labeling of β-Lactamase-DNA and BLIP-DNA 

(performed by ir. Wouter Engelen) 

The mutagenesis and expression of β-Lactamase and BLIP and conjugation to 

oligonucleotides have been reported by Janssen and coworkers.34 For the labeling of the β-

Lactamase- and BLIP-DNA conjugates for STORM imaging, the proteins were buffer 

exchanged to PBS (100 mM sodium phosphate, 150 mM NaCl, pH 7.2) using Zeba spin 

desalting columns (7k MWCO, 0.5 mL, Thermo Fisher). The resulting protein 

concentrations were determined by measuring the absorbance at 260 nm (NanoDrop 1000, 

Thermo Scientific) and using the extinction coefficient of the handle oligonucleotides 

conjugated to the proteins (β-Lactamase = 20.39 ∙ 104 M-1 cm-1, BLIP = 22.54 ∙ 104 M-1 cm-1). 

To the solutions of β-Lactamase and BLIP, 20 molar equivalents of respectively Atto488-NHS 

(Atto-TEC) and Cy5-NHS (Lumiprobe) from stock solutions in DMSO were added (final 

DMSO content = 2%) and the reactions were shaken at 850 rpm for 1 hour at room 

temperature. Finally, the labeled proteins were purified from unreacted fluorophores by gel 

filtration using Zeba spin desalting columns. The average labeling efficiency of the proteins 

was determined by measuring the absorbance at 260 nm for the proteins and at 500 and 646 

nm for Atto488 and Cy5 respectively, given extinction coefficients of the protein-DNA 

conjugates and the fluorophores (β-Lactamase = 20.39 ∙ 104 M-1 cm-1, BLIP = 22.54 ∙ 104 M-1 
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cm-1, Atto488 = 9 ∙ 104 M-1 cm-1, Cy5 = 25 ∙ 104 M-1 cm-1). This yielded average labeling 

efficiencies of 4.2 labels per β-Lactamase and 1.02 label per BLIP.  
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Chapter 6 
 

Epilogue 
 

 

6.1 Introduction 

The aim of this thesis was to create functional supramolecular systems based on water-soluble 

benzene 1,3,5-tricarboxamide (BTA) derivatives. The dynamics observed in the BTA 

polymers resemble those observed in many natural systems and by introducing functional 

groups capable of interacting with secondary structures, multicomponent systems were 

constructed that display life-like properties and functions. Here, it is discussed how this work 

has led to new insights into the properties of the BTA system and how the progress made 

here brings opportunities for the further development of this system for various applications.  

 

6.2 Consequences of introducing functionality to BTA monomers 

An apparent method to introduce function into supramolecular polymer systems is by 

covalently conjugating functional moieties to the monomers used. However, with the nine 

different functionalized BTA derivatives discussed in this thesis, we have demonstrated that 

the introduction of such groups to the BTAs can have significant effects on their 

(supramolecular) properties and the assemblies in which they are incorporated. Several 

variants proved to be insoluble or caused the formation of ill-defined BTA aggregates. In 

contrast, several other functional BTAs could be used to form stable assemblies including a 

derivative functionalized with a 10 nucleotide DNA handle. With the current knowledge 

about the implications of small differences in the molecular structure of the BTA on its 

supramolecular characteristics, it is surprising that the hydrophobic interactions are 

sufficient to drive the assembly of this DNA decorated BTA. Moreover, the incorporation of 

just a few percentages of this derivative in co-assemblies with the inert BTA increases the 

stability of the polymers in buffered conditions. When comparing the different designs used 

in this thesis, it seems that the introduction of hydrophilic groups such as (oligo)nucleotides 

is more tolerated by the BTA monomer than hydrophobic groups such as thiazole orange 

and naphthalene diaminotriazine. However, previously it has been shown that by increasing 

the hydrophilicity of the BTA by the introduction of dendronized polyglycerols resulted in 



Chapter 6 | 

136 

monomers incapable of forming assemblies by themselves.1 This demonstrates the 

importance and intricacy of the balance between the hydrophobic and hydrophilic qualities 

of supramolecular components. Although this BTA system is one of the most extensively 

studied supramolecular polymer systems of which many derivatives have been synthesized, 

it remains highly challenging to predict the properties of the monomers based on their 

structural characteristics. 

 

6.3 Macromolecular properties can affect the performance of functional BTAs 

In Chapter 2, it is described how we attempted to introduce functional groups to the BTA 

polymers to enable specific interactions between the BTAs and DNA-based template 

structures. Although different functional groups such as a thymine and a naphthalene 

diimide (NDI) derivative could be introduced to the BTA assemblies, this did not result in 

specific interactions with the DNA templates. Most likely, structural and geometrical 

characteristics of the BTA assemblies result in unavailability of (a fraction) of the functional 

groups for binding to the template structures. 

The topic of the structural characteristics of the BTA assemblies on the 

macromolecular scale is highly important for the development of functional supramolecular 

polymers. In schematic figures, the BTA polymers are typically represented as perfectly 

ordered (helical) assemblies although simulations have shown that hydrophobic interactions 

drive the collapse of the fibers.2 Additionally, simulations have shown that the dynamic 

exchange of BTA monomers is a complex process that involves the traveling of monomers 

across the surface of the BTA assemblies and the release of monomers from defects in the 

assemblies.3 Although it remains challenging to experimentally investigate these properties, 

they can play a crucial role in the performance of functional systems. The assembly of the 

BTA monomers functionalized with the DNA binding groups can for example lead to 

burying of these groups within the micro-environments created by the collapsed assemblies 

and divergent exchange behavior of these monomers. As a result, these groups can be 

unavailable for binding to the DNA template structures. Especially when relying on 

multivalent weak interactions this would be highly undesirable as the binding of a multivalent 

template is unfavorable when only few interactions can be formed.  

A strong indication that functional groups conjugated to the BTA monomers reside 

in specific micro-environments, is the excellent performance of L-proline functionalized 

BTAs in the catalysis of aldol reactions. For this, proline and its hydrophobic substrates 
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require to be accommodated in an environment that is (to a certain extend) shielded from 

water, as proline is an ineffective catalyst in water. Studying the water dynamics along the 

BTA fibers by Overhauser dynamic nuclear polarization relaxometry indeed indicated a 

significant water retardation around the BTAs. Moreover, different degrees of water 

retardation were observed at the periphery and the hydrophilic/hydrophobic interface of the 

BTA monomers. However, when placing proline at either of these positions, its catalytic 

performance was similar. This shows that the assembly of BTAs creates a micro-environment 

which perfectly facilitates the catalysis of aldol reactions by L-proline and that variations on 

the molecular level are not influential in this case.  

These results show that the properties of the assemblies can have effects on the 

functioning of incorporated groups. Therefore, it is crucial to understand the structural and 

dynamic characteristics of the assemblies and the balance between the supramolecular 

interactions for the rational design of future functional BTA systems. 

 

6.4 The introduction of DNA provides new opportunities for supramolecular polymers 

The ability to form stable DNA decorated BTA co-assemblies has provided new possibilities 

in the characterization of the BTA system as well as for the development of complex 

functional systems. For the first time, atomic force microscopy could be used to show that 

the assembly of BTAs starts with the formation of unordered globular aggregates which order 

into fibrous structures. These studies were enabled by the stabilization of the BTA assemblies 

on functionalized mica surfaces via electrostatic interactions with the grafted DNA handles. 

AFM studies additionally showed that at high contents of DNA-grafted BTA monomers, no 

large unordered aggregates could be observed at high temperatures. This indicates the 

stabilization of the BTA monomers or small aggregates of only few monomers by the 

presence of the DNA handles, likely due to an increased water-solubility. Additionally, the 

DNA handles were successfully used to selectively tether BTA fibers on glass surfaces for 

fluorescence microscopy studies which enabled characterization of BTA fibers and recruited 

components in complex mixtures. Furthermore, this brings opportunity to study the 

dynamics of (functional) BTA assemblies in real-time by tuning the surface density of the 

tethers to obtain only a few tethers per fiber. 
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6.5 Complex supramolecular polymer systems with life-like properties and function 

The programmability of DNA hybridization has enabled the construction of highly complex 

assemblies based on DNA-grafted BTA polymers. By designing so-called recruiter strands, 

proteins grafted with DNA handles could be selectively recruited to the polymers. The fact 

that the oligonucleotides conjugated to the BTA monomer are available to hybridize with the 

recruiter strands in solution indicates that factors such as the size, hydrophilicity and charge 

of these groups drive their presentation into solution.  

Due to the dynamic nature of the system, it is not required to precisely design the 

scaffold on the nanometer level which makes it suitable as a scaffold for a variety of proteins 

or other components. When characterizing the dynamics that play a role in this system, it 

was found that the rearrangement and exchange of proteins within and between fibers occurs 

on the minute time scale whereas the BTA dynamics are known to be in the hour range. 

Therefore, it is suggested that hybridization between the 10 nucleotide DNA handle 

conjugated to the BTA and the recruiter strands of the proteins is dynamic, which is in 

agreement with a dissociation rate of 0.2 s-1 reported for DNA duplexes consisting of 10 base 

pairs.4 This dynamic hybridization could allow “strand hopping” of the recruited proteins 

along the DNA-grafted polymers.  

To investigate this, a second BTA-DNA conjugate can be used that is decorated with 

a 14 nucleotide DNA handle which enables the use of recruiter strands with up to 14 

complementary bases with respect to the BTA-DNA handle. This would disable the suggested 

dynamic exchange of the recruited protein via dynamic hybridization of the recruiter strands. 

In this case, the dynamic exchange and rearrangement of recruited proteins would be dictated 

by the dynamics of the BTAs. 

The read-out for the assembly of the enzyme-inhibitor pair used in Chapter 5, is the 

rate at which a fluorescent product is formed via the enzymatic hydrolysis of a substrate. This 

is not an optimal read-out for studying the kinetics of protein assembly as we are measuring 

the accumulation of this product instead of directly determining the protein activity.  

Alternatively, the use of the bioluminescent enzyme NanoLuc could provide a more direct 

read-out. This protein belongs to the luciferase family which produces luminescence upon a 

reaction with the substrate furimazine in the presence of molecular oxygen.5 Dixon and 

coworkers, showed that a split variant of the protein can be produced by engineering a 

derivative of the enzyme of which a fragment is removed.6 This fragment, called the SmallBit, 

is a peptide of 13 amino acids which, when reassembled with the LargeBit of the enzyme, 
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forms the active form of the protein. Moreover, it was shown that the affinity of the SmallBit 

to the LargeBit can be tuned by applying variations in the amino acid sequence resulting in a 

range of Kd’s from 0.19 mM to 0.7 nM. By studying the assembly of split NanoLuc driven by 

the recruitment of the Large- and SmallBit on the BTAs, the luminescence of the assembled 

NanoLucs provides a direct signal suitable to determine the kinetics of the protien assembly 

and disassembly at a high time resolution. To enable the recruitment of the NanoLuc Large- 

and SmallBit to the DNA-grafted BTAs, these can be conjugated to unique DNA handles via 

a succinimidyl-maleimide (SMCC) crosslinker. 

 

Figure 6.1 | A library of supramolecular components for the construction of complex life-like 

systems. Supramolecular BTA copolymers can be assembled via the modular combination of different 

BTA derivatives to control the dynamics of the assemblies. Additionally, BTA monomers decorated 

with DNA handles of different lengths can be introduced to enable the specific recruitment of the 

NanoLuc large- and small-bits by unique recruiter-strands of various lengths. With these components, 

the kinetics of BTA-templated protein assembly can be studied in detail. 

  

With the availability of DNA functionalized split Nanoluc, two BTA-DNA 

conjugates and a variety of inert BTA derivatives, complex dynamic systems can be 

constructed as is shown in Figure 6.1. Via the modular combination of components from this 

library, it can be explored how BTA system can be used to control the interactions between 

the recruited components. The dynamics of the BTA polymers can for example be tuned by 

co-assembly of the DNA-grafted variants with different inert BTA variants. These BTAs can 

be variants with different hydrophobic-hydrophilic balances which were obtained by 

implementing variations in the length of the aliphatic spacer (BTA-C10 – BTA-C13) or by 

using dendronized polyglycerols instead of the linear polyethylene segments (dBTA).1,7 By 

varying the ratios of these derivatives, (co-)assemblies can be obtained that display different 
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exchange dynamics.1 Furthermore, by using the described DNA-grafted BTA monomers 

with either a 10 or a 14 nucleotide handle, the dynamics of the hybridized recruiter strands 

can be tuned to allow and investigate the suggested “strand hopping” of the recruited proteins 

along the fibers. Finally, variants of the NanoLuc small-bit with different affinities can be 

used to study the effects of the increased local protein/peptide concentrations on their 

assembly.  

Altogether, with these components, the fundamental knowledge of BTA assemblies 

can be combined with the programmability of DNA to rationally create systems that resemble 

the complexity and specificity found in natural systems.  

 

6.6 Towards tunable, stimuli-responsive multicomponent biomaterials 

The possibility to construct dynamic fibers in aqueous solutions via the modular combination 

of functional and inert monomers, makes the BTA system an interesting platform for 

biomedical applications. Previously it has for example been shown that BTA co-assemblies 

containing cationic derivatives can be used for the intracellular delivery of siRNA and small 

molecules.8 With the availability of DNA-grafted derivatives, BTA assemblies could be 

further developed to integrate with intracellular signaling pathways. By decoration of the 

assemblies with proteins, aptamers, and small molecules these could interact for example 

with intracellular RNA and proteins. 

BTA assemblies could also act as interesting scaffolds for the culturing of cells by 

presenting bioactive compounds. The natural cellular environment of the extracellular 

matrix is a highly complex hydrated fibrous network that allows the active rearrangement of 

components by the cells. Materials such as hydrogels constructed of dynamic, functionalized 

BTA polymers could provide interesting mimics of these natural cell environments. 

Additionally, the use of supramolecular polymers provides the opportunity to combine 

different monomers to tune the material properties as was shown previously for the BTA 

system as well as for other systems.9–11 For these applications, the availability of the DNA 

decorated BTA monomers is highly interesting as was shown by a variety of DNA-grafted 

covalent and supramolecular polymers which have been used to obtain stimuli-responsive 

and DNA-crosslinked hydrogels.9,12 By implementing specifically encoded DNA-strands, 

materials have been developed that undergo volume changes or solution-gel transitions in 

the presence of specific biomolecules, release drugs in the presence of target molecules and 
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DNA-strands and can perform logic gate operations based on DNA-hybridization 

reactions.12  

 

Figure 6.2 | Supramolecular hydrogels of DNA crosslinked BTA polymers.  

(a) Fibrous networks of DNA-grafted BTA polymers can be prepared by using crosslinker DNA strands 

with overhangs complementary to the DNA handles on the BTAs. (b) TIRF images of BTA polymers

containing 8% BTA-DNA before and after addition of crosslinker strands in PBS (100 mM NaCl, 10 

mM PO4, pH 7). The scale bar represents 10 µm (c) Preparing DNA crosslinked BTA networks at higher 

concentrations resulted in phase separation and the formation of clear, stable hydrogels.  

 

To explore the potential of DNA-grafted BTA polymers for the development of 

dynamic hydrogels, crosslinker strands with overhangs complementary to the DNA handles 

on the BTA can be used (Figure 6.2a). By using crosslinker strands of various lengths, material 

properties such as the mesh size and the mechanical properties can be tuned. In addition to 

this, characteristics such as the crosslink density can be controlled by adapting the 

composition of the BTA polymers via mixing of different BTA derivatives. As a proof of 

concept, TIRF microscopy was performed on BTA polymers containing 8% BTA-DNA at a 

total BTA concentration of 10 µM incubated with 5 mol% of Nile Red in PBS (10 mM 

phosphate buffer, 100 mM NaCl). After incubation with crosslinker strands with a length of 

33 nucleotides, large aggregates were observed indicating the crosslinking of the fibers as can 

be seen in Figure 6.2b. To obtain physical gels, BTA polymers containing 2% BTA-DNA at a 

total BTA concentration of 5 mM in a water-methanol mixture were slowly concentrated by 

Crosslinker strands
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a nitrogen flow, which resulted in the formation of a viscous solution. Subsequently, the 

addition of the crosslinker strands results in a phase separation and the formation of a 

physical gel (Figure 6.2c) 

These preliminary experiments indicate the potential of the BTA-DNA system for 

the development of tunable hydrogels. By the incorporation of BTA monomers 

functionalized with peptides and proteins such as growth factors, these materials can 

resemble natural cellular environments. Finally, by implementing DNA-based molecular 

circuits such as those described in Chapter 3, stimuli-responsive materials can be developed 

that are able to detect external inputs and release molecular cargo.  
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Summary 
 

Functional supramolecular polymers  

in water 
 

 

Aqueous supramolecular polymers provide an interesting platform for the development of 

molecular systems with life-like properties. The assembly of these polymers is mainly driven 

by hydrophobic interactions which are often accompanied with other non-covalent 

interactions such as hydrogen bonding, electrostatics, and metal coordination. Due to a great 

variety in the chemical design of the monomers used, supramolecular characteristics such as 

the assembly and exchange mechanisms and the structural properties of the resulting 

polymers vary significantly. An increased understanding of these characteristics has enabled 

the design of complex systems with specific properties.  

In this thesis, the potential of supramolecular polymers based on water-soluble 

benzene-1,3,5-tricarboxamide (BTA) derivatives for the development of complex functional 

systems is investigated. Various functionalized BTA monomers were synthesized and the 

complex interplay between their molecular design, function, supramolecular, and structural 

properties was studied. The functionalities used include small molecules, oligonucleotides, 

and proteins, which were coupled covalently and non-covalently to BTA derivatives. With 

this, we aimed to construct complex multicomponent systems that display life-like properties 

and function.  

In Chapter 1, an introduction is given to the developments in the field of aqueous 

supramolecular polymers and especially water-soluble BTAs are discussed in detail. 

Furthermore, it is shown that the introduction of DNA to supramolecular polymers has 

provided hybrid systems with interesting structural properties and functions.  

In Chapter 2, BTA derivatives were functionalized with chemical groups capable of 

specific interactions with other (bio)molecular structures via hydrogen bonding or 

hydrophobic interactions which were: naphthalene diaminotriazine, thymine, thiazole 

orange and a naphthalene diimide (NDI) derivative. The introduction of these groups proved 

to have significant effects on the physicochemical and supramolecular properties of the BTA 

monomers. A thymine functionalized BTA could be assembled into stable polymers, 
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however, the proposed multivalent interactions with adenine oligonucleotide templates were 

not observed. This is likely caused by low availability of the BTA-conjugated thymine for 

binding and conformational mismatches between the BTA assemblies and the DNA 

templates. With an NDI functionalized BTA, co-assemblies could be obtained in which the 

high local concentration of the grafted NDIs resulted in their assembly and clustering within 

the BTA polymers. This interesting behavior resembles the formation of lipid rafts in cellular 

membranes and proved to be complex and challenging to control.  

Chapter 3 describes how BTA polymers can be used as a scaffold for aqueous 

organo-catalysis. Two BTA derivatives were functionalized with an L-proline derivative, 

which was positioned either at the hydrophobic interface or at the hydrophilic periphery of 

the monomer. It was shown that both BTA derivatives performed equally well as catalysts for 

aldol reactions and upon disruption of the BTA assemblies, the catalytic activity of the 

systems was lost. By synthesizing two TEMPO labeled BTA analogues, free-radical based 

spectroscopy techniques such as EPR and solution-state ODNP could be employed to study 

the BTA assemblies. This showed a decreased water diffusion along the BTA polymers which 

is comparable to the water retardation observed at the surfaces of proteins. Moreover, a 

higher translational mobility of the labels and water diffusion along the labels were observed 

when placed at the periphery of the BTA monomer compared to labels placed at the 

hydrophobic interface of the BTA. Interestingly, the water content surrounding the labels 

was similar at both positions. For both variants the translational mobility, water diffusion and 

content increased significantly upon disruption of the BTA assemblies. As both BTA-proline 

variants were highly efficient catalysts, these results indicate that their catalytic performance 

is determined by the macroscopic characteristics of the BTA assemblies and that the 

differences observed at the molecular level have no noticeable effect.  

In Chapter 4, a BTA derivative functionalized with a 10 nucleotide ssDNA handle 

was used to create hybrid BTA-DNA systems. The incorporation of this functionalized BTA 

enabled the formation of stable DNA-grafted BTA assemblies in buffered conditions which 

could be deposited on cationic mica surfaces enabling temperature-dependent AFM studies. 

This showed that at increased temperatures, globular aggregates are formed which order into 

fibrous structures upon cooling. Additionally, it was shown how a biotin-antihandle could 

be used to specifically tether the DNA-grafted BTA fibers to glass surfaces treated with BSA-

biotin and streptavidin. It was additionally shown that the BTA-DNA system can be used to 

accelerate DNA-computing reactions by scaffolding the reactants on the BTA polymers. By 

specifically tethering the BTA polymers on glass surfaces, super resolution microscopy could 
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be used to study the formation of the products resulting from these DNA reactions. These 

results demonstrate the potential of the DNA-grafted BTA polymers for the development of 

complex multi-component systems which was further explored in Chapter 5.  

The BTA-DNA polymers were employed as dynamic scaffolds for protein 

recruitment and assembly. For this, a DNA-functionalized enzyme-inhibitor couple was 

selectively recruited to the polymer scaffolds driven by DNA hybridization. The 

supramolecular nature of the system allowed optimization of the density of the DNA handles 

to control the local concentration of the recruited proteins. This high local concentration 

enhanced the assembly of the enzyme-inhibitor complex a 1000-fold. Additionally, the 

programmability of DNA allowed highly specific recruitment and release of the proteins from 

the BTA polymers which provided reversible control over the enzyme activity.  

Finally, the Epilogue describes the implications of these findings and potential 

future applications of supramolecular (BTA) polymers and the challenges to arrive at these.  
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