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Chapter 1 
 

Integrating supramolecular chemistry with 

biology 
 

 

Abstract: Supramolecular interactions are essential in life and form the basis of the 

dynamic, responsive and adaptive properties found in molecular biology. Studying these 

non-covalent interactions in nature laid the foundation for the design of complex synthetic 

supramolecular systems in water, featuring characteristics rarely found in covalent organic 

molecules. Organic chemistry has further expanded the scope of functionalization, thereby 

fading the boundaries between naturally-occurring and synthetic macromolecules. In this 

chapter an overview is provided of the design and properties of supramolecular polymers, 

ranging from systems composed of natural building blocks and hybrid structures, to synthetic 

mimics and de-novo synthetic molecules. Their self-assembly into superstructures in aqueous 

media is vital for the broad implications of supramolecular chemistry in biology. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Parts of this chapter have been published: van Dun, S., Ottmann, C., Milroy, L.-G. & 
Brunsveld, L. Supramolecular Chemistry Targeting Proteins. J. Am. Chem. Soc. 139, 13960–
13968 (2017). 
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1.1 Introduction  

 

In normal cellular processes as well as malignancy, non-covalent interactions are 

essential to regulate recognition, modulation and assembly processes via the supramolecular 

interplay of macromolecules. The dynamics between proteins, lipids and DNA are key to 

nearly every process within the cell including cell division, compartmentalization, cellular 

transport and signaling processes.[1] Many of these systems attain their function by the 

formation of higher order structures, such as the cellular membrane that in the first place 

keeps the inside “in” and the outside “out” but also is involved in the organization of cellular 

processes via the formation of lipid rafts. The responsive and adaptable nature of the cellular 

membrane emerges from the non-covalent interactions of its building blocks, enabling 

dynamic movement of transmembrane proteins. Similarly, proteins exert oligomerization to 

gain functional control, stability and allosteric regulation, allowing for the formation of 

complex quaternary structures that would be impossible to be produced in a covalent 

manner.[2] Structural proteins like actin and tubulin form rod-like structures of several 

micrometers that give cells shape and mechanical resistance. The non-covalent interactions 

allow for the remodeling of these filament in response to environmental stimuli. 

Dysregulation of the formation of these highly ordered structures is connected to many 

neurodegenerative diseases including Alzheimer’s, Parkinson’s and amyotrophic lateral 

sclerosis (ALS).[3]  

The non-covalent nature of supramolecular interactions gives rise to complex 

nanostructures featuring attractive and unique characteristics rarely found in classical, 

covalent organic macromolecules and has therefore sparked the interest of organic chemists 

to generate synthetic structures with comparable properties. 

The self-assembly of biomolecules is driven by a combination of weak, non-covalent 

interactions like the solvophobic effect, hydrogen bonding and electrostatic-interactions. 

These interactions have successfully been deployed for the construction of synthetic 

supramolecular nanostructures in organic solvents.[4] To apply synthetics supramolecular 

chemistry in biology, self-assembly, recognition or catalysis needs to function in aqueous 

solution. The translation to synthetic supramolecular polymers in water has shown to be more 

demanding due to the additional challenges posed by the polar protic properties of aqueous 

solutions. The high polarity and  strong intermolecular hydrogen bonding in water, weaken 

electrostatic interactions and hydrogen bonding.[5] However, hydrophobic interactions can be 

very strong and  play a fundamental role in the shielding of secondary interactions from the 

water.[6] This requires supramolecular systems to not only be soluble in water but also 

minimize the involvement of water thereby adding to the complexity, diversity and 

robustness of supramolecular systems in water.[7] Similar to nature, where the amino acid 
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sequence dictates the complex tertiary structure of proteins, supramolecular chemistry allows 

for the bottom-up generation of large, responsive nanostructured assemblies. The smaller, 

reversibly interconnected monomers each have their own function which, combined with 

similar or different monomers, establishes the formation of multivalent or multifunctional 

nanostructures, respectively. In contrast to covalent polymers, the reversible nature of 

supramolecular polymers averts repeated synthesis and facilitates the fine-tuning of ligand 

and density composition in a modular fashion by mixing different monomers with variable 

ratios.  

Supramolecular chemical biology has matured into a field with a broad range of 

supramolecular materials by studying and mimicking essential properties of biological 

systems. Size, shape, stability and valency of supramolecular nanostructures can be controlled 

with high precision and materials can interact in a controlled manner with biological targets 

in water.[8] The unique properties of synthetic supramolecular systems, originating from their 

reversible interactions, has opened up the path for the creation of complex adaptive materials 

including supramolecular surfaces,[9,10] hydrogels[11–13] and nanoparticles[14,15], applied to 

develop novel concepts like self-healing, biodegradability, regeneration and a responsiveness 

to external factors (pH, temperature, ionic strength, ligands).[14]  

Synthetic supramolecular assemblies are based on the same interactions found in 

naturally occurring systems, but are novel in their design, which allows for added 

functionalities and improved properties. This chapter provides an overview of several 

supramolecular polymers that self-assemble in aqueous media and the wide range of 

functional superstructures derived from them. Starting from systems fully based on naturally 

occurring supramolecular polymers (DNA, proteins, peptides), the focus will gradually shift 

via artificial mimics of nature (e.g. foldamers) and hybrid systems, towards fully synthetic 

molecules that are able to self-organize into supramolecular polymers. These examples 

together illustrate how synthetic supramolecular chemistry is inspired by biology, and can in 

its turn be applied to influence and study biological processes. 

 

1.2 Supramolecular polymers 

 

1.2.1 DNA assemblies 

Double-stranded DNA (dsDNA) can be considered as one of the most well studied 

supramolecular systems found in nature. Our understanding of the supramolecular 

interactions of dsDNA on a structural level laid the foundation for the design of more complex 

systems that now allow us to use DNA hybridization as a tool to create higher order 

nanostructures in almost every imaginable shape[16] and to modulate the interactions between 

proteins.[17] The reversible, highly modular self-assembly of two complementary strands into 
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double stranded DNA along with the imposed rigidity, make it an ideal scaffold to precisely 

control the distance between protein partners. As such, split proteins[18]  were reassembled 

and multi-enzyme complexes[19] could be composed by the induced proximity driven by DNA 

hybridization. More complex designs are developed by making use of the flexibility of single 

stranded DNA. This allows for more complicated designs where protein-protein interactions 

(PPI) can be disrupted and induced again by imposing mechanical strain, controlled by DNA 

hybridization. In this manner, a DNA-based protein actuator was developed that controlled 

the enzyme-inhibitor complex formation of TEM1-β-lactamase and the β-lactamase inhibitor 

protein (BLIP).[20]  

The well-understood supramolecular interactions at play, along with its modularity, has led 

to a revolution in the control of structurally complex nanoscale structures by making use of 

DNA-origami. These nanostructures can be scaled up even further via hierarchical self-

assembly using the single origami structures as building block.[21] Hao Yan and co-workers 

used the DNA-origami platform to precisely organize the spacing between enzyme pairs to 

systematically evaluate the importance of proximity in enzymatic cascades (Figure 1.1).[22,23]  

 
Figure 1.1: Glucuse oxidase (GOx), horseradish peroxidase (HRP) enzyme cascade organized on a DNA 

origami tile. A non-catalytic inserted protein bridge connects the hydration layers of the enzyme pair 

resulting into an enhanced activity of the enzyme cascade. Image adapted from reference 22.  

 

Recently, also dynamic origami structures have been designed, which enable the 

precise tuning of distance between macromolecules. For example, Tonggang Ke et al. used a 

dynamic DNA-protein hybrid nanostructure to re-assemble split eGFP.[24] Furthermore, 

DNA-based nanostructures have been deployed for controlled delivery of antibody payloads 

to tissue cultures, making use of aptamers functioning as locks which enabled the release 

upon the right combination of input proteins.[25] 

 

 

 

DNA origami tile

GOx bridge HRP
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1.2.2 Protein assemblies 

 

Many proteins inherently dimerize or form larger oligomers by interacting with co-

factors, substrates, inhibitors or protein partners. These natural supramolecular elements of 

proteins can also be manipulated to generate supramolecular protein based materials. [26,27] 

Hayashi and co-workers used the interactions between a heme protein and its heme cofactor 

to design different supramolecular polymeric protein networks (Figure 1.2).[28] Fibrous, one-

dimensional self-assembled protein polymers were generated by covalently attaching a heme 

to a heme protein, resulting in a head-to-tail self-assembly motif, as confirmed by AFM. The 

structure could be controlled thermodynamically or via the addition of native heme and could 

be regulated by varying the pH, thus rendering them promising stimuli-responsive functional 

nanobiomaterials.[28,29] Intermixing of heme protein with a heme triad induced the formation 

of two-dimensional networks of which the branching patterned could be controlled by 

alternating the stoichiometry.[30] Furthermore, linear heterotrophic protein assemblies of 

alternating dimeric myoglobin and tetrameric streptavidin were realized with a heme–biotin 

conjugate designed as the artificial cofactor.[31]  

 

 

Figure 1.2: Assembly of proteins into protein nanowires via protein-co-factor interactions between heme-
functionalized hemoproteins. Image was adapted from reference 32.[32] 

Another example that shows the potential of protein oligomers are the GFP 

nanopolygons explored by Young Eun Kim et al.[33] Driven by the in vitro self-assembly of 

split-GFP fragments, protein nanopolygons or linear GFP oligomers could be produced. A 

multivalent antibody presenting nanopolygon was realized via the incorporation of protein-

G elements in the protein building blocks, enabling uptake of the complex via clustering of 

the epidermal growth factor receptor. These examples show that, especially at the interface of 

synthetic supramolecular systems and protein engineering, many opportunities exist to 

control protein assembly and make new protein materials by combining the best of both 

worlds. 

pH 7.0 heme triad

     heme-heme

pocket interaction

hydrophobic
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1.2.3 Peptide assemblies 

 

The unlimited structural diversity of proteins results from the linear combination of 

only a very limited set of amino acids that interact with one another on several levels, resulting 

into the hierarchical structure of proteins. Specific domains within these polypeptides most 

commonly fold into secondary structures like α-helices or β-sheets which together form the 

tertiary structure, determined by interactions between these motifs. The accessible chemistry 

required for synthesizing these peptide fragments provides various opportunities for rational 

design at multiple levels, in order to create novel supramolecular assemblies.[34,35] 

The formation of α-helices is stabilized by the intramolecular propagation of 

hydrogen bonds inside the peptide backbone between the amide hydrogen and carbonyl (i, 

i+3) resulting into an almost full turn per 4 amino acids. However, the design of small peptide 

α-helices has shown to be very difficult when not part of a protein and requires additional 

stabilization via self-assembly into coiled-coils structures, driven by hydrophobic interactions 

between hydrophobic patches (Figure 1.3A).[36]  Charged residues have been introduced to 

further stabilize the coiled-coiled structure or extend the assembly in the axial direction by 

creating sticky ends, resulting in the formation of pH sensitive fibrils (Figure 1.3B).[37] 

Remaining residues enabled control over the flexibility and thickness of the fiber by 

controlling potential weaker inter-molecular interactions and prompted the formation of 

hydrogels.[38,39] Furthermore, spherical and tetrahedron shaped cages have been created via a 

rational design of different coiled-coil peptide motifs.[40,41]. Woolfsen et al decorated such cages 

by fusing proteins to the coiled-coil peptides, thereby adding function to these assemblies.[42] 

 

 
Figure 1.3: A) Helical wheel diagram of coiled-coil structured helical peptides with hydrophobic groups 

in gray and charged groups in red (cationic) or blue (anionic). B) Two complementary helical 

polypeptides dimerize into a structure with  sticky ends that extend the assembly in the axial direction 

and associate further to hexagonally packed bundles. Image adapted from reference 37.  
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β-strands are amphiphilic peptide motifs with an alternating sequence of 

hydrophobic and hydrophilic amino acids. Driven by intermolecular hydrogen bonding 

interactions within the peptidic backbone, β-strands self-assemble into β-sheets that can 

further associate into fibrils via lateral stacking.[43] By changing the charge distribution of β-

sheet peptides, the assembly could be directed toward either one-dimensional fibers or 

globular assemblies.[44] Through co-assembly of these peptides with  β-tail fusion proteins, 

functional fibrils were formed[45]. Co-assembly has also been used to create multicomponent 

materials displaying motifs like hexahistidine, ECM mimics, antigenetic peptide sequences or 

peptide nucleic acids that targeted biomolecules[35] or to alter the fiber structure an network 

topology.[46]  

Stupp and coworkers used peptide hybrids, alias peptide amphiphiles (PA), to 

develop a wide range of supramolecular nanostructures by introducing a hydrophobic group, 

often an alkyl chain, to a β-sheet peptide followed by a charged, hydrophilic sequence and a 

peptide signaling epitope (Figure 1.4).[47] Due to the introduction of a hydrophobic group, the 

self-assembly is initiated by a hydrophobic collapse followed by intermolecular interactions 

between the water exposed head groups.  

 

 
Figure 1.4: A) Chemical structure and space filling model of a PA containing a RGD epitope. The 4 

structural domains of a PA are highlighted; I) hydrophobic moiety, II) β-sheet peptide, III) polar head, 

often charged, IV) bioactive epitope. B) Illustration of PA self-assembled into a cylindrical fiber. Image 

adapted from reference 52.[52] 

 

The sequence of the β-sheet peptide is of great significance for determining the self-

assembled supramolecular architecture. Even the order of the short tetrapeptide amphiphilies 

containing two valines (V) and glutamic acid (E) amino was shown to be of great importance 

where the one-dimensional nanostructure altered from nanobelts (VEVE) and rigid 

cylindrical fibers (VVEE) to twisted ribbons (EVEV) and flexible nanofiber (EEVV) as a result 

of differences in molecular packing.[48] PA assemblies maintain their shape upon extension 

with biologically relevant recognition motifs. The introduction of RGD epitopes improved the 

adhesion of 3T3 cells on PA matrices for which a maximum cell attachment was achieved for 
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copolymers containing the non-bioactive PA.[49] (KLAKLAK)2 functionalized PA assemblies  

induced cell death in transformed breast epithelial cells in a selective manner.[50] Co-

assemblies with pegylated PA demonstrated an increased proteolytic resistance without 

impeding its in vitro cytotoxicity by tuning the copolymer composition.[51] Both examples 

show the importance of controlling epitope density which is facilitated by the reversible 

nature of these supramolecular polymers by simply mixing different PA’s.  

 

Besenius and co-workers designed amphiphilic dendritic peptides that, dependent 

on the pH, assembled into copolymers or monopolymers.[53] These dendritic peptides consist 

out of a tri-subsituted aromatic core that is decorated with β-sheet pentapeptides containing 

either a positive (FKFKF) or negative charge (FEFEF) and a hydrophilic head group (Figure 

1.5A). Due to charge repulsion, these dendritic peptides only undergo assembly into nanorods 

in neutral aqueous solutions at high salt concentrations.  However, mixing of cationic and 

anionic dendritic peptides in a 1:1 ratio enabled the formation of alternating copolymers at a 

neutral pH as a result of the electrostatic interactions. Furthermore, the assembly process 

could be tuned by controlling the pH. Governed by the charge removal, either supramolecular 

monopolymers containing the cationic or anionic dendritic peptide were assembled under 

basic and acidic conditions respectively (Figure 1.5B). By adjusting the interactions between  

β-sheet peptides, the stability as well as the pH-triggered disassembly could be altered.[54] 

 

 
Figure 1.5: A) Chemical structure of dendritic peptide amphiphiles. B) Schematic representation of pH-

regulated supramolecular polymerization. Image adapted from reference 54.  
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1.2.4 Foldamer assemblies 

 

Foldamers are sequence-specific polymers that, similarly to oligonucleotides, 

proteins and peptides, fold into designed structures by using a wide range of synthetic 

monomeric building blocks. Inspired by natural polymers, novel synthetic oligomeric 

backbones have been designed that blend in with natural α-amino acids or mimic higher order 

architectures in a completely synthetic manner thereby fading the line between natural and 

synthetic polymers. 

Most similar to natural peptides are the β-peptides, where the bond with the amino 

group of the peptide backbone is shifted from the α-carbon to the β-carbon. This small change 

greatly influences the secondary structure and enables the design of secondary structures 

with different helical topographies and an improved proteolytic and conformational 

stability.[55] Also higher order foldamer assemblies have been reported, guided by the 

introduction of electrostatic interactions.[56,57] Aromatic oligoamide foldamers are another 

interesting class of foldamers. The rotational restrictions, enforced by the conjugation between 

the aryl  and amide group or the formation of hydrogen bonds, allows for a predictable 

folding, an essential feature for a foldamer.[58] As a result, these foldamers can adopt a wide 

range of conformations from strictly linear to strongly bent and self-assemble into diverse 

secondary structures like β-sheets, helical structures, loops and turns.[58,59]  

The resemblance between foldamers and folded peptides has ignited their use as 

orthogonal supramolecular inducers of protein assembly. Huc and co-workers made use of 

these aromatic oligoamide foldamers (Figure 1.6A) to induce the dimerization of human 

carbonic anhydrase II (HCA).[60] A nanomolar HCA ligand was tethered to the helical 

aromatic oligoamide foldamers to allow for the screening and visualization of foldamer–

protein interactions and acquire key features for protein–foldamer recognition. After a small 

screening campaign, a crystal structure was solved showing a substantial number of 

interactions between the foldamers and proteins themselves as well as between the protein 

and foldamer (Figure 1.6B). The foldamers protruded from the HCA to establish interactions 

with the opposite HCA protein and induced a clipped conformation between the first 

quinoline units of the foldamers. Additionally, protein–protein interactions occur through the 

formation of hydrogen bonds, bridged by water molecules, and the coordination of Zn2+, 

which induce the formation of the quaternary complex. 
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Figure 1.6: A) Chemical structure of 8-amino-2carboxy-quinoline aromatic foldamer, folding into a helical 

formation characterized through X-ray crystallography. Image adapted from reference 61.[61] B) Crystal 

structure of foldamer-induced dimerization of HCA (PDB entry 4LP6). Image was adapted from 

reference 32.  

 

Recently, structural solution studies using NMR spectroscopy revealed an 

interesting buffer-dependent formation of HCA–foldamer dimers.[62] Additionally, there is a 

strong foldamer sequence dependence of the assembly behavior.[63] Novel protein–foldamer 

stoichiometries were observed with, as an exceptional highlight, the structural elucidation of 

a protein–foldamer complex consisting of two proteins and three foldamers. Two of the 

foldamers are bound to the HCA via a ligand, with the third foldamer sandwiched between 

these two others as a sort of molecular glue. 
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1.2.5 Perylene bisimide assemblies 

 

All of the previously discussed supramolecular biopolymers including DNA 

assemblies, heme-driven protein assemblies and peptide- or foldamer-based systems, contain 

aromatic rings as a common motif. These moieties play a significant role in the self-assembly 

process either through their imposed conformational constrains, or their tendency to stack 

together via π-π interactions, and are therefore also often used in synthetic supramolecular 

polymers. 

The polycyclic aromatic perylene bisimide (PBI) is an illustrative example that in the 

last decade made its transition from a self-assembled structure in organic solvent to aqueous 

media and for which the used design principles can be applied in a large extend to other π-

conjugated oligomers.[64,65] Due to the accessible chemistry involved in modifying these 

molecules, many chemistry-structure relationship studies were carried out. Furthermore, 

PBIs have excellent fluorescent properties, making them an interesting new class of probes in 

biology.  

PBIs contain two 1,8-imidenaphthalenes linked in the peri-positions, making them highly 

hydrophobic molecules that are poorly water soluble. To induce the self-assembly of PBIs in 

water, the right balance between the distribution of hydrophobic and hydrophilic moieties is 

important and defines the self-assembly.[66] Hydrophilic substituents improve the solubility 

of PBIs but prevent shielding of the π surfaces, responsible for the directed self-assembly. For 

example, hydrophilic substitution at both imide positions created small, unstable aggregates 

for high generation polar dendrons whereas low generation dendrons induced the self-

assembly into columnar stacks.[67] In contrast to these bolaamphiphiles that in general self-

assemble into columnar stacks, the introduction of a combination of hydrophobic and 

hydrophilic side chains resulted in more stable assemblies which self-assembled into micelles 

or bilayered vesicles, controlled by the molecular shape of the substitutions and ratio of two 

PBIs (Figure 1.7).[68] Substitution at the bay position altered the packing of the self-assemblies 

as a consequence of twisting of the π-system thereby recovering the excellent fluorescent 

properties of PBIs that usually are lost as the packing of oligomers becomes tighter.[69] 

Recently, we reported on a new efficient, 1 step synthesis of these 1,12-bay-substituted PBIs 

to create a cationic PBI that self-assembled into non fluorescent small aggregates in water. 

Upon incorporation of this PBI in a lipophilic bilayer, the fluorescence was recovered, which 

makes it an interesting on-off probe for lipophilic bilayers.[70] 
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Figure 1.7: The self-assembly of PBI’s is affected by the distribution and shape of hydrophilic and 

hydrophobic substituents. A) Chemical structure of bola amphiphilic (PBI 1), cone (PBI 2) and dumbbell 

shaped (PBI 3) PBI. PBI 1 and PBI 2 self-assemble into columnar structures (B) and micelles (C) 

respectively. Intermixing of dumbbell shaped PBI 2 with PBI 3 directed the self-assembly towards the 

formation of bilayered vesicles (D). Image adapted from reference 68.  

 

1.2.6 Discotic amphiphiles 

 

Discotic amphiphiles are another interesting class of synthetic supramolecular 

structures, which due to a combination of its molecular shape and the substitution pattern of 

polar moieties, favors the formation of rod-like assemblies. Here, we highlight the example of 

the C3-symmetric discotic amphiphilic, built around the benzene-1,3,5-tricarboxamide (BTA) 

core that due to its simple structure and comprehensive insights into the assembly process 

allows for its use in the biomedical field.[71] In order to enable the self-assembly in aqueous 

solutions, BTAs are typically decorated with polar moieties such as ethylene gycol side chains 

or charge ligands to provide water solubility. A hydrophobic spacer is introduced in between 

the BTA core and polar moieties to shield the hydrophobic core from water. This facilitates 

the formation of  triple intermolecular hydrogen bonding between amines from neighboring 

monomers that together with hydrophobic interactions drive the self-assembly into helical, 

one-dimensional columnar aggregates (Figure 1.8A). The dynamics and geometry of the 

assemblies could be altered by only minimal adjustments in molecular structure. Methylation 
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of the amide close to the core completely disrupted the assembly stretching the importance of 

hydrogen bonding in the self-assembly of BTA nanostructures. Methylation of the 

neighboring carbon affected the internal packing resulting into assemblies with a preferred 

helical orientation and decreased exchange rate.[72,73] Similarly, alterations at the periphery 

affected the self-assembly. The introduction of charged ligands could change the dynamics[74] 

or completely disrupt the self-assembly dependent on the ionic strength of the solution 

(Figure 1.8B).[75]  

 

 
Figure 1.8: Gd(III)-DTPA functionalized BTA (A) self-assembles into small discrete objects or rod-like 

structures dependent on the salt concentration (B). Image is adapted from reference 75.  

 

The reversible and multivalent characteristics of BTA assemblies have shown to be 

of great use for biomedical applications. BTA-terpolymers of amine-, dye- and un-labeled 

BTA have shown to be an efficient delivery platform for hydrophobic guest molecules as well 

as siRNA.[76] Recently, Wijnands et al applied this platform as a scaffold for the recruitment of 

proteins by decorating the BTA with different DNA handles. Protein activity could be 

governed by controlling the composition of the polymer leading to an increase in protein 

complex formation up to a 1000-fold.[77] 

The recent work on a BTA building block which is extended with three 2,2’-

bipyridine-3,3’-diamine moieties will be highlighted next. This molecular structure will be the 

main focus of the research described in this thesis (Figuur 9A; will be further referred to as 

‘bipy-disc’ or simply as ‘disc’). Similar to the aromatic oligoamide foldamers,[58] this motif is 

rotationally restricted via hydrogen bonding between the amide N-H groups and bipyridine 

self-assembly in water

no NaCl 3 M NaCl 5 M NaCl

A

B
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N-atoms. Hence, a planar conformation of the core that favors intra- over inter-molecular 

hydrogen bonding. This allows for the tight packing of monomers through π- π stacking into 

columnar assemblies and grants aggregation induced fluorescent properties to the disc. Each 

of the bipyridine-diamine moieties is extended with a gallic acid unit containing three 

ethylene glycol chains to provide water solubility (Figure 1.9A). Interestingly, asymmetrical 

distribution of ethylene glycol and alkyl chains at the periphery of the bipy-disc induced the 

formation of supramolecular fibers into bundles.[78] Recently, positional control over the disc 

inside the columnar stack was accomplished, actuated by DNA hybridization. Due to the 

programmability of DNA-mediated dimerization the intra-columnar dimerization could be 

modulated through DNA discplacement, salt concentration and polymer composition.[79] 

 

 
Figure 1.9: A) Molecular structure of bipy-disc and its self-assembly into columnar structures in aqueous 

solutions. Ball and stick model trimer and side view of filled space model adapted from reference 80.[80] 

B) Supramolecular mediated assembly of proteins along the bipy-disc polymer. Adapted from reference 

33.[33] 

 

Bipy-discs have shown great potential as supramolecular system for interfacing with 

biological matter as a result of their inert properties in complex media, fluorescence and 

modularity. Furthermore, discs have proven to be a robust supramolecular platform that 
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tolerates the introduction of a wide range functional moieties like ligands, reactive handles, 

imaging agents and whole proteins. Protein-disc conjugates, resulted in the formation of self-

assembled columnar structures with proteins at their periphery (Figure 1.9B). In this manner, 

different fluorescently labeled streptavidin constructs could be brought into proximity, as 

evidenced by efficient energy transfer.[81] The reversible supramolecular platform allowed for 

reorganization of the assembled protein upon the addition of additional supramolecular 

components. Via this approach the distance between a cyan fluorescent protein and yellow 

fluorescent protein could be tuned with resulting changes in the energy transfer efficiency.[82]  

Furthermore, multicomponent bipy-disc polymers containing amine functionalized 

disc induced endosmoal uptake of otherwise cell-impermeable monomers.[83] Triple 

functionalized mannose-disc induced the aggregation of E. Coli bacteria via the selective 

binding to the FimH receptor. Aggregation of the bacteria could be optimized by adjusting 

the balance between inert- and mannose-disc.[84]  Monovalent discs, decorated with a single 

ligand led to the assembly of multivalent polymers upon self-assembly.[85,86] As a result, 

mannose functionalized disc displayed an enhanced binding affinity for lectin.[86]  

 

1.3 Aim and outline of this thesis 

In this chapter an overview of the recent literature on several functional 

supramolecular polymers in water has been presented. By gaining more control over 

hydrophobic interactions, supramolecular chemistry has shown to be a promising new entry 

for the development of novel nano-scaled assemblies or water-based materials. Furthermore, 

encouraging progress has been made towards the molecular recognition with small synthetic 

molecules[85] and selective catalysis of specific substrates in water.[87] Although only a selection 

of available supramolecular polymers were brought forward, the highlighted examples 

illustrate how the adaptation of naturally occurring supramolecular polymers leads to novel 

supramolecular assemblies and the development of a whole field of hybrid and fully synthetic 

supramolecular polymers in water. Synthetic supramolecular polymers are dynamic systems 

that due to their adaptability and modularity have proven to be an interesting entry to interact 

with nature on a superstructure level. Where the initial supramolecular design is required to 

be inert, the introduction of epitopes needs to be tolerated to add function to the system. Bipy-

discs have shown to be a promising platform that tolerates a wide range of modifications at 

their periphery. 

The aim of this thesis is to explore the potential of these self-assembling bipy-discs 

to specifically target proteins either extra- or intracellularly, towards the development of 

intracellular synthetic supramolecular signaling platforms. 

Chapter 2 provides a perspective on alternative supramolecular approaches to 

modulate the interactions between proteins. The use of synthetic host molecules for the 
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recognition of proteins and their subsequent effect on the modulation of protein-protein 

interactions and protein assembly will be reviewed. Because of the instructive quality, priority 

will be given to examples from the literature that provide structural information.  

The size, shape and composition of nanostructures are decisive for the way they 

interact with biological matter. Therefore, Chapter 3 evaluates the physical consequences of 

introducing cationic groups at the discs periphery. Via a combination of spectroscopic 

techniques, scattering techniques and transmission electron microscopy, the size and shape 

of different bipy-discs is evaluated. 

In Chapter 4 several chemical as well as physical approaches for the cellular and 

intracytoplasmic delivery of bipy-discs are explored. The different approaches will be 

evaluated with respect to their process scale, efficiency, cytotoxicity and variety of molecules 

that can be delivered intracellularly. 

In Chapter 5 peptide functionalized bipy-discs are deployed for the specific targeting 

of the cell surface integrin receptor. Furthermore a comparison is made between amine and 

guanidine decorated discs in terms of their cellular uptake kinetics. Finally, a library of 

guanidine and peptide functionalized supramolecular copolymers is generated to study the 

valence dependency of both uptake pathways and to evaluate the influence of copolymer 

composition. 

Chapter 6 deals with a novel approach for the generation of protein-disc conjugates 

using nitrilotriacetic acid modified bipy-discs. The recruitment of a histidine tagged, yellow 

fluorescent protein is used as a proof of principle to highlight the specificity and reversibility 

of this approach.  
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Chapter 2  
 

Supramolecular host-guest chemistry targeting 

proteins 
 

Abstract: The specific recognition of protein surface elements is a fundamental 

challenge in the life sciences. New developments in this field will form the basis of advanced 

therapeutic approaches and lead to applications such as sensors, affinity tags, immobilization 

techniques, and protein-based materials. Synthetic supramolecular molecules and materials 

are creating new opportunities for protein recognition that are orthogonal to classical small 

molecule and protein-based approaches. As outlined here, their unique molecular features 

enable the recognition of amino acids, peptides, and even whole protein surfaces, which can 

be applied to the modulation and assembly of proteins. We believe that structural insights 

into these processes are of great value for the further development of this field and have 

therefore focused on contributions that provide such structural data. 
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2.1 Introduction 

 

Proteins are the key-regulators in the cell, involved in cell signaling processes, 

catalysis, and communication.[1] Most proteins function as homo- or hetero- oligomeric 

assemblies.[2] Concomitantly, interest in protein-protein interactions (PPIs) has grown in the 

drug development and chemical biology fields[3] because PPIs act orthogonally to 

conventional drug targets such as enzymes and transcription factors.[4] In contrast to these 

conventional drug targets, the modulation of PPIs often requires the targeting of larger 

protein elements or multiple hotspots on the surface of the proteins,[5] rendering them 

challenging targets for small molecules.[6] Hydrophobic and electrostatic interactions play a 

significant role in PPIs where the shape complementarity and organization of chemical 

components implement selectivity.[1,7,8]  

Supramolecular host–guest chemistry in water greatly resembles the hotspot-driven 

interaction between proteins.[4,9] Several synthetic host molecules have been reported in the 

literature that recognize either short peptides or molecular elements at protein interfaces 

through supramolecular host–guest interactions: crown ethers,[10] pillararenes,[11] porphyrins, 
[12] cucurbiturils,[13,14] cyclodextrins,[15] calixarenes,[16] and molecular tweezers.[17]  Similar to 

PPIs, the binding energetics of these supramolecular host–guest systems in water is largely 

driven by the hydrophobic effect, with other non-covalent interactions, electrostatics and 

hydrogen bonding, playing a secondary, modulatory role. These thermodynamic constraints 

therefore demand a different design strategy compared with the well-studied interactions of 

supramolecular systems in organic solvents. An optimal balance between hydrophilic and 

hydrophobic interactions needs to be reached[18] in order to ensure sufficient solubility in 

water while repelling water from the protein recognition elements to enable additional 

secondary interactions such as electrostatics and hydrogen bonding.[19] Such water-based 

systems add to the complexity, diversity, and robustness of supramolecular systems and 

create opportunities for their application to proteins. [19] Over the past decade, structural data 

acquired from X-ray crystallography and NMR spectroscopy have dramatically increased our 

understanding of the complexation of synthetic supramolecular elements with amino acids, 

peptides, and, more recently, protein interfaces.[13] Now we are at the stage where the 

structure-guided design of these synthetic hosts can not only enhance our knowledge of the 

supramolecular recognition of proteins but also greatly advance their applicability as PPI 

modulators. 

This chapter will focus on the use of synthetic host molecules for the recognition of 

proteins and their subsequent effect on the modulation of PPIs and protein assembly (Figure 

2.1). Small-molecule approaches for the inhibition[20–22] or stabilization [4,23,24]of proteins and 

their assemblies will not be covered. Different host–guest interactions will be discussed on 
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the levels of single amino acids and peptides but above all on their effect on whole proteins. 

Primarily because of their instructive quality, priority will be given to examples from the 

literature that provide structural information. For the assembly of proteins, several 

supramolecular approaches to induce protein dimerization, oligomerization, or 

polymerization will be put into perspective. 

 

 
Figure 2.1: Synthetic host molecules can selectively complex with amino acids and peptides and modulate 

protein function. A selection of the most studied supramolecular hosts, representative peptide sequence 

recognition, and protein modulation mechanisms are schematically depicted. 

 

2.2 Amino acid and peptide recognition 

 

The recognition properties of synthetic host molecules are deployable for many 

applications, including catalysis,[25] drug delivery,[26] surface immobilization[27,28] and 

sensing.[29] Here we discuss a small selection of cavitands, namely, calixarenes, cucurbiturils, 

and molecular tweezers that display specific, well-characterized recognition properties 

toward both amino acids and peptides. Despite their structural differences, the complexation 

of these cavitands with amino acids and peptides is based on a number of common features: 

(1) a highly preorganized structure, (2) a hydrophobic cavity, and (3) accessibility for chemical 

modifications. Structural data will be used to clarify the influence of factors that provide a 

differentiated recognition of amino acid elements, such as portal size, cavity volume, 

peripheral groups, and flexibility upon complexation. These binding preferences also 
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translate at the protein level, which sets the stage for the future development of even more 

specific and high-affinity binding hosts. 

Calixarenes are cyclic oligomeric host molecules formed through a condensation 

reaction between phenol and formaldehyde. They can exist in different ring sizes, each 

bearing a hydrophobic interior, though most studies have been performed on the four-

monomer ring system calix[4]arene (Figure 2.1). The upper and lower rims of this cavitand 

can be modified with small functional groups, including sulfonate and guanidinium, with 

more complex peptides and nucleotides, and with bridging linkers to control the rigidity of 

the cavitand. This combination of modifications allows a wide range of biologically relevant 

targets to be addressed via often multivalent supramolecular interactions with the modified 

calixarene rims.[30] The modification of the rims with polar moieties allows for additional 

electrostatic interactions or hydrogen bonds that synergistically work with the hydrophobic 

effect via the aromatic core. Naphthylidine conjugates of calixarenes can recognize cysteine, 

histidine, aspartic acid, and glutamic acid dependent on an additionally bound metal 

ion.[31,32]Sulfonate conjugates of calixarenes such as p-sulfonatocalix[4]arene (sclx4) (Figure 

2.2A) bind aromatic and cationic amino acid residues,[33] resulting in a millimolar binding 

affinity toward methylated arginine and a micromolar affinity toward methylated lysine 

present in certain short peptide sequences with neighboring polar side chains.[9,34] A 70-fold 

selectivity for trimethyllysine (LysMe3) over every other natural amino acid was reported to be 

mainly driven by a large favorable enthalpic component and a smaller entropic component, 

as determined by isothermal titration calorimetry (ITC). Via upfield chemical shift trends 

in N-methyl groups and molecular modeling, the side chains of LysMe3 were shown to bind 

deep within the hydrophobic cavity of sclx4.[9] Methylated arginine (Arg) derivatives also 

showed a significant upfield shift for the N-methyl groups but did not bind as deep within 

the cavity according to energy-minimized structures. A recent crystal structure of sclx4 

complexed with lysozyme-Kme2 endorses the in silico and NMR data. In this example, the 

central positioning of the Lys116-Kme2 residue inside sclx4 maximizes cation−π 

interactions.[5] By contrast, a side-on binding mode to the same calixarene was reported for 

unmodified Lys[35] and Arg[5] in solved X-ray cocrystal structures (Figure 2.2 A). This mode of 

binding facilitates the formation of a salt bridge between the amino acids’ positively charged 

side chains and the sulfonate substituents on sclx4 and displaces water from the hydrophobic 

calixarene core. Additionally, these calixarenes were found in a more pinched cone formation 

to increase van der Waals interactions between the carbons of the residue. The pivotal role of 

methylated cationic amino acid residues is not limited to calixarenes but is also observed for 

other cavitands.[36] 
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Figure 2.2: A) Crystal structure of sclx4 complexed with Lys (CCDC no. 140210). B) Monte Carlo 

simulation of CLR01 complexed with Ac-Lys-OMe. Adapted from ref 38. Copyright 2013 American 

Chemical Society. C) Crystal structure of CB[7] complexed with the N-terminal Phe of insulin (PDB 

entry 3Q6E). D) Crystal structure of CB[8] complexed with one WGG peptide (left) and two FGG peptides 

(right) (CCDC no.. 628234 and 628235). 

 

Schrader and co-workers designed a molecular tweezer (MT), which consists of a 

hydrophobic cavity composed of alternating norbornadiene and benzene rings. To a central 

hydroquinone ring, different functionalities can be introduced (Figure 2.1). This MT can bind 

biologically relevant cationic peptides with binding affinities in the micromolar range.[37–39] 

The cationic amino acid residues thread through the cavity of the MT, which stabilizes the 

host–guest complex via CH−π, van der Waals, electrostatic, and hydrogen-bonding 

interactions (Figure 2.2B).[37,39] The effect of different functionalities has been extensively 

studied by NMR, ITC, fluorescence titration, crystallography, and molecular simulation 

studies. Long alkyl tethers were found to induce host–host self-inclusion, while linkers 

including esters or caboxylates outperformed ethers and alcohols by keeping the cavity 

open.[38] The strong contribution of hydrophobic interactions was demonstrated through the 

monitoring of shifts in characteristic 1H NMR peaks in methanol. In this case, host–guest 

complexation was dominated by electrostatic interactions with anionic linkers rather than the 

hydrophobic effect, leading to peripheral complexation with the tweezer.[37] The phosphate-

functionalized tweezer CLR01 in particular has been shown to bind cationic amino acid 

residues with a slight (2-fold) preference for Lys residues over Arg residues due to the 

entropy-driven overcompensation of the rigid delocalized guanidinium ion.[37] 

Cucurbiturils (CBs) are relatively rigid macrocycles made from glycoluril monomers 

connected via methylene bridges (Figure 2.1). CBs with six to eight monomers have been 
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mainly used as synthetic receptors for the recognition of protein elements because of the high 

shape complementary between the amino acid residues and the cavities of these CBs.[40] The 

double-sided carbonyl rims, together with the hydrophobic interior, dictate the preference of 

CB to bind cationic and hydrophobic elements. CB[6], consisting of six glycoluril monomers, 

has a relatively small cavity (Vol = 164 Å3) that binds moderately strongly to Lys residues 

(104 M–1) and more weakly to other amino acid residues (103 M–1) in water as a result of the 

formation of inclusion complexes.[13,41]The size of the CB[7] cavity (Vol = 279 Å3) is sufficient 

to accommodate larger single amino acid residues, which maximizes the energetic 

contribution from the release of high-energy water according to molecular dynamics (MD) 

simulations.[42] Similar to sclx4, CB[7] can very selectively recognize methylated lysine and 

arginine. Interestingly, ion–dipole interactions and the hydrophobic effect are the main 

contributors instead of cation−π interactions, as shown by the decrease in association upon 

systematic replacement of the methyl groups with hydrogen atoms at the terminal 

ammonium group (KLysMe3 = 106 M–1, KLysMe2 = 104 M–1, KLysMe = 103 M–1, KLys = 102 M–1).[43] Also, 

the aromatic amino acids (phenylalanine (Phe), tyrosine (Tyr), and tryptophan (Trp)) form 

strong complexes with CB[7] with association constants in the 105 M–1 range.[13,44]The free 

ammonium group of these single amino acids contributes to the high binding affinity and 

selectivity of CB[7] for aromatic dipeptides. This was shown by ITC experiments performed 

by Rekharsky et al.[41] where a 2000–23000-fold increase in affinity was measured for N-

terminal aromatic amino acids compared with their C-terminal counterparts. These 

observations are supported by work performed by Urbach and co-workers, who obtained 

structural information on the binding of CB[7] with the N-terminal Phe of insulin via X-ray 

cocrystallography (Figure 2.2C).[45] In the crystal structure, CB[7] binds this solvent-exposed 

N-terminal aromatic residue of insulin with a high selectivity over proteins that lack an N-

terminal Phe. The phenyl ring and peptide backbone are clearly observed in the hydrophobic 

cavity, while the N-terminal ammonium group stabilizes the Phe–CB[7] complex by 

interacting with the carbonyl oxygens at the rim of CB[7]. CB[7] buries 200 Å2 of the solvent-

exposed surface of insulin, resulting in a substantial displacement of the N-terminal Phe from 

its native position. The high selectivity and structural information for this native protein 

sequence can facilitate the development of CB[7] as an interesting orthogonal protein tag[46] 

and the exploration for new chemical receptors as well as noncanonical amino acid guests 

with improved binding affinities.[47] 

CB[8] (Vol = 479 Å3) can host even larger hydrophobic residues or multiple amino 

acid side chains through the formation of homo- or heteroternary complexes.[40] CB[8] 

recognizes single amino acid residues through the binding of auxiliary guests like methyl 

viologen (MV) with Phe-, Tyr-, and Trp-containing peptides[48] Alternatively, CB[8] can also 

form homoternary complexes directly with Trp and Phe in a noncooperative and cooperative 
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manner, respectively (Kter = 109–1011 M–2).[49] Complexation of the small WGG tripeptide with 

CB[8] (Figure 2.2D) is stabilized by multiple interactions with the carbonyl oxygens at the 

CB[8] rim. These interactions include (1) ion–dipole interactions and hydrogen bonds with 

the N-terminal ammonium cation, (2) bifurcated dipole–dipole interactions with the indolic 

NH of the tryptophan side chain, and (3) a hydrogen bond and bifurcated dipole–dipole 

interactions with the peptidic backbone. In this manner, six of the eight available carbonyl 

groups are occupied at one portal, thus explaining the increase in affinity of the tripeptide 

compared with monomeric Trp.[49] The crystal structure of CB[8] with FGG shows the 

homoternary complex with the two phenyl groups in a parallel orientation at the center of the 

CB[8] cavity, engaging in π–π stacking and extensive van der Waals contact (Figure 2.2D). 

Also, all of the ordered water molecules have been expelled, and similar to WGG, an ion–

dipole interaction between the ammonium groups and carbonyl oxygens and additional polar 

interactions between the backbone and carbonyl oxygens are observed. Combined, these 

observations account for the positive cooperativity observed for this system and clarify the 

selectivity of CB[8] for binding to N-terminal hydrophobic residues.[49,50] Recently, Urbach and 

colleagues convincingly showed the very strong binding of the Tyr-Leu-Ala tripeptide via 

CB[8]-induced folding and inclusion of neighboring side chains.[51] This result provides an 

entry toward antibody-like specificity for supramolecular host recognition. The recognition 

of internal peptide motifs with a preformed MV–CB[8] complex using a phage-display-based 

approach[52] led to the discovery of a three amino acid motif that bound with micromolar 

affinity to MV–CB[8]. Impressively, this host–guest binding persisted when incorporated into 

the immunoglobulin-like Tn3 protein, creating further opportunities for selective protein 

recognition against this target and others. 

 

2.3 Protein recognition 

 

The fact that protein assembly is typically governed by hydrophobic and electrostatic 

interactions[1,7,8] presents the opportunity to modulate these processes using synthetic 

supramolecular systems.[53] The design of supramolecular systems for protein surface 

recognition is, however, complicated by the need to account for the topology and chemistry 

of neighboring amino acids. Analysis of the mode of action of supramolecular protein 

recognition events is therefore of importance for subsequent attempts at the rational design 

of selective host ligands. 

Hamilton and co-workers were the first to make use of calix[4]arenes to target 

proteins and functionally inhibit PPIs by covering a large protein surface (>600 Å2).[54] Inspired 

by the structure of antibodies, these authors linked several peptide loops to the upper rim of 

calix[4]arene. This generated scaffolds that presented multiple binding groups over a large 
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surface to induce high-affinity binding via cooperative supramolecular interactions. The cone-

shaped geometry and charge-complementary peptides were designed to cap the positively 

charged belt close to the heme edge of cytochrome c (cyt-c). As a result, the binding of cyt-c to 

its natural protein partner, cytochrome c peroxidase (CCP), was blocked.[55] By tuning of the 

peptide loops, several different proteins and their functionalities could be targeted by 

calixarenes. Prominent examples include the inhibition of the proteolytic activity of α-

chymotrypsin[56] and binders to vascular endothelial growth factor and platelet-derived 

growth factor that blocked the binding to their correspondent receptors.[57–59] 

Metal complexes are another current supramolecular host for the recognition of 

protein surface elements.[60] The recent work of Wilson and co-workers on ruthenium 

complexes is of particular interest because of the detailed thermodynamic and structural 

analysis of the mode of action for protein–surface recognition.[61] Carboxylate-functionalized 

tris(bipyridine)ruthenium(II) (RuII(bpy)3) complexes were employed for the recognition of 

cyt-c and inhibition of the cyt-c–CCP interaction. Via a luminescence quenching assay and 

subsequently van’t Hoff analyses, the Kdand thermodynamic parameters for complexation of 

cyt-c with different carboxylate-functionalized RuII(bpy)3 complexes were determined. The 

binding event was shown to be driven by electrostatic interactions and entropically favorable. 

Increasing the number of carboxylate groups in RuII(bpy)3resulted in a higher affinity for cyt-

c through an increased enthalpic contribution. Structural solution-based data were obtained 

via 1H–15N HSQC NMR spectroscopy, revealing a similar binding site for cyt-c by the metal 

complexes as observed for CCP, indicating an orthosteric mode of inhibition. 

The binding of CB to peptides or proteins can be used to modulate the activity of 

biomolecules. Data from tandem MS analysis suggest that the binding of CB[6] to several Lys 

residues on the surface of ubiquitin leads to changes in the conformation of this 

protein.[62] CB[7]’s high binding affinity for aromatic residues formed the basis of the 

inhibition of aminopeptidase N,[63,64] type-II endonuclease,[65] and amyloid fibrillation.[66] Host 

molecules are particularly well suited as inhibitors for amyloid fibrillation. Besides 

CB[7],[66]  cyclodextrins,[67] calixarenes,[68] and especially molecular tweezers[17] have been 

reported to inhibit amyloid fibrillation. The tweezer CLR01 was shown to efficiently inhibit 

the self-assembly and/or toxicity of multiple amyloids by disrupting electrostatic and 

hydrophobic interactions that are important contributors to the formation of amyloids.[69–

73] By targeting the whole amyloid formation process rather than a specific protein, CLR01 has 

potential therapeutic benefit for multiple amyloidosis-related diseases.[74] CLR01 was also 

effective in animal models of Alzheimer’s[75] and Parkinson’s[76] disease, making it a promising 

lead for clinical trials.[17,77] However, the exact mechanisms behind these inhibitory effects 

frequently remain unknown. More structural data will certainly help to bridge this 

knowledge gap and boost the applicability of host molecules for protein inhibition. 
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CB are for the most part deployed for the targeting of N-terminal motifs on proteins 

but also interact with lysine, in particular when methylated. This was shown for the 

quadruple methylated Ralstonia Solanacearum lectin (RSL-4Kme2), a trimeric protein that was 

used a model protein to probe the recognition of CB[7].[78] CB[7] was found to be selective for 

the sterically most accessible Kme2 in solution as determined via NMR titration experiments. 

Consistent with the NMR data, CB7 complexation occurred exclusively on a single Kme2 and 

furthermore revealed different modes of binding for the different subunits of the trimer. 

Interestingly, the assembly of trimeric and tetrameric CB clusters occurred dependent on the 

ratio CB7: RSL-4Kme2 creating different protein architectures in the solid state. 

In 2013, the cocrystal structure of CLR01 with a 14-3-3 protein dimer was reported.[79] 

In accordance with MD simulations, the binding mechanism of CLR01 with 14-3-3 was 

resolved. Remarkably, only a single host–guest complex was formed at a single surface-

exposed Lys214 residue (Figure 2.3). In the crystal structure, the CLR01 host almost 

completely embraces this Lys214. One of the two phosphate groups of CLR01 interacts with 

the Lys residue, while the second phosphate moiety remains solvated. CLR01’s preferential 

binding of Lys214 can be explained by the unique environment surrounding the amino acid 

residues. The protein shields CLR01 from bulk water via three neighboring apolar residues, 

and Lys214 is without neighboring Lys or Arg residues, thereby providing an optimal 

molecular fit. Lys214 is positioned close to the binding region of many 14-3-3 binding 

partners. The binding of CLR01 to Lys214 inhibits the subsequent binding of 14-3-3 with its 

interaction partners such as the proteins C-RafpS259 and ExoS. The interaction with CLR01 

provides a steric blockade for the interaction partners, as revealed by superposition of 14-3-3 

with C-RafpS259 (Figure 2.3, green peptide). Information on the specific requirements for 

supramolecular complex formation with proteins, garnered from similar crystallographic 

studies, will aid in the design of stronger and more specific protein modulators, for example 

through redesign of the phosphate groups in the case of CLR01. 
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Figure 2.3: Crystal structure of CLR01 (yellow) bound to 14-3-3σ (gray) (PDB entry 4HQW) and 

superimposition with C-RafpS259 (green), revealing the steric clash with a zoom in on the CLR01 binding 

site with Lys214.  

 

In 2012, the first crystal structure of a calixarene-bound protein, specifically sclx4 

bound to cyt-c, was reported.[80] By the combination of crystallography data with binding data 

obtained in solution from NMR titration experiments, the dynamic peripheral superficial 

binding of sclx4 with cyt-c was explored. The crystal structure implicates the presence of three 

different binding sites, all involving a Lys side chain (Figure 2.4A). All three Lys side chains 

adopt a bent conformation, thereby enabling the formation of salt bridges with the sulfonate 

substituents and displacement of water from the hydrophobic calixarene interior. Dependent 

upon the position of the Lys, additional polar contacts were made by sclx4 with neighboring 

polar residues or the backbone amides. For example, two of the sulfonates form a salt bridge 

with Lys89 while a third salt bridge interacts with the neighboring Lys5 residue (Figure 2.4A, 

zoom). The sulfonate-bearing rim also induces the formation of hydrogen bonds with Asn92 

and the amide backbone of Lys89. Furthermore, cation−π interactions with the Cε of Lys89 are 

present. The multiple binding sites observed by X-ray crystallography, along with NMR 

mapping studies, inspired the authors to construct a model in which sclx4 explores the surface 

of cyt-c, thereby camouflaging the charge-rich, solvent-exposed surface of cyt-c. Recently, this 

transient alteration of the protein surface has been shown on human ubiquitin for 

supramolecular anions like sclx4 and CLR01.[81] The gained structural information casts light 

on the interactions that are important for the development of (small) supramolecular host 

molecules for protein–surface recognition. Unsymmetrical sclx4 calixarene analogues,[82] 

larger cavities,[83] or functionalized peripheries promise to increase the specificity of these host 

molecules. 
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Figure 2.4: A) Crystal structure of sclx4 bound at three positions to an asymmetric cyt-cdimer with a zoom 

in on the calixarene binding site with Lys89 (PDB entry 3TYI). B) Crystal structure of the asymmetric 

dimethyllysine lysozyme dimer bound to sclx4 with a zoom in on the calixarene binding site with Lys116-

Me2 (PDB 4N0J). 

 

Sclx4 binds selectively to methylated lysines over regular Lys, as was recently shown 

by Crowley and co-workers.[84] A dimethyllysine lysozyme variant was studied for specific 

calixarene recognition using crystallography and NMR spectroscopy. Of the six available 

LysMe2 residues present on the lysozyme surface, only Lys116Me2 was buried in the calixarene 

cavity as a result of its steric accessibility and an advantageous local charge environment. In 

contrast to Lys–sclx4 complexation, LysMe2 binds with one of its methyl groups in the center 

of the calixarene to maximize cation−π bonds (Figure 2.4B). Besides the binding of Lys116Me2, 

sclx4 was also found by X-ray crystallography to bind to Arg14 despite the 50-fold greater 

affinity for LysMe2 amino acids in comparison with free Arg.[9] This work perfectly highlights 

how both protein surface topology and the molecular structure of the host molecule can 

influence the supramolecular protein binding. Structural data can therefore be useful to 

further elucidate the role of neighboring moieties on the recognition by supramolecular 

systems in order to assist in the design of supramolecular PPI modulators. 

 

2.4 Protein assembly and modulation 

 

Many proteins form assemblies to execute various functions in the cell. Different 

supramolecular approaches to control assembly of proteins and modulate their correlated 

function are under development. In this context, structural insights acquired through the 

structural elucidation of interactions between cellular components will help with the design 

of more complex assembly systems. 
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Mendoza and co-workers were one of the first to use designed supramolecular 

elements to modulate protein assembly and elucidate the role of the supramolecular host 

molecules in the assembly process. Two calix[4]arenes, each with four cationic 

guanidiniomethyl groups on their upper rim and loops on their lower rim, rescued the 

tetramer formation of p53 from the tetramer-destabilizing R337H mutation.[85] The 

hydrophobic surface of the calix[4]arene fits cooperatively in the hydrophobic slit between 

two monomers while the guanidine moieties on the upper rim enhance the tetramerization 

via ion pairing and hydrogen bonding with glutamate residues on the surface of the protein. 

The tetramerization could be further improved by exchanging the loops on the lower rim for 

the more flexible propyl side chain, demonstrating the importance of side-chain flexibility for 

the proper molecular recognition of motifs.[86] Kamada et al. showed that a calix[6]arene 

modified with imidazoles on the upper rim could stabilize the tetramerization of the p53 

mutant under physiological conditions, thereby enhancing the in vivo transcriptional activity 

of the protein.[87] 

The capacity of CB[8] to simultaneously bind two N-terminal Phe’s laid the 

foundations for its use as a supramolecular inducer of protein dimerization. Introduction of 

genetically encoded N-terminal FGG motifs into fluorescent proteins enabled their reversible 

assembly into 1:2 ternary complexes with CB[8].[88] Subsequently, the addition of CB[8] 

resulted in energy transfer between two proteins, of either the homo-FRET or hetero-FRET 

type, in line with homo- or heterodimerization of the different fluorescent proteins. Via 

additional engineering of the protein surface, bivalent interplay between an intrinsic affinity 

for the protein to dimerize and supramolecular dimerization was possible, resulting in the 

formation of well-defined protein tetramers.[89] Eventually, the functionality of the CB[8]-

induced protein dimerization could be brought into play to control the activity of enzymes. 

By equipping inactive monomeric caspase-9 with an N-terminal FGG motif, its assembly into 

an active dimer could be controlled by CB[8].[90]Addition of CB[8] to a solution of caspase-9 

led to 50-fold enhanced enzymatic activity. Alternatively, CB[8] was also used as a 

supramolecular platform to induce cooperative heterodimerization of a split luciferase. The 

two inactive halves of the split luciferase were assembled into a functionally reinstated 

enzyme upon addition of CB[8] with the capability of iterative on and off switching as 

well.[91] Supramolecular platforms such as CB[8] thus show great potential for stabilization of 

PPIs. 

De Vink et al. further explored CB[8]-mediated stabilization, this time targeting the 

dimeric 14-3-3 adapter protein.[92] By fusion of the FGG motif to 14-3-3 binding epitopes of 

estrogen receptor α (ERα), a binary and bivalent protein assembly platform was constructed. 

The two FGG-functionalized 14-3-3 binding epitopes were shown to govern the formation of 

this platform, which was synergistically directed by the CB[8] host and 14-3-3 protein dimer, 
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as shown by fluorescence spectroscopy assays. Additionally, a cocrystal structure of the 14-3-

3/FGG-ERα/CB[8] complex was solved, showing the binding of FGG-ERα to one 14-3-3 dimer 

and CB[8] via the FGG motif (Figure 2.5). A second FGG motif, from a symmetry related 14-

3-3 dimer, also bound to CB[8] in a similar mode. Interestingly, additional polar and 

hydrophobic contacts between CB[8] and FGG-ERα were observed, as well as a water 

network established by amino acid residues from the 14-3-3, which lock CB[8] into place in 

the crystal 

 

 
Figure 2.5: Supramolecular-mediated assembly of proteins with synthetic host molecules. Crystal 

structure of the 14-3-3/FGG-ERα/CB[8] complex (PDB entry 5N10). 

 

Besides the formation of well-defined protein oligomers, many proteins assemble to 

form larger oligomers, for example by interacting with cofactors, substrates, inhibitors, or 

protein partners. As a result, interprotein interactions have been widely explored for the 

development of supramolecular protein polymers.[93,94] Alternatively, as considered in the 

next section, the protein assembly process can be induced or steered by synthetic 

supramolecular systems, providing an orthogonal entry to and control over novel types of 

architectures. The sulfonated calix[4]arene (sclx4) can induce the linear assembly of lysozyme 

tetramers under appropriate conditions, as clarified by a crystal structure (Figure 2.6).[95] Sclx4 

binds to the highly exposed C-terminal Arg128 in a side-on binding mode, as previously seen 

for Lys.[35] The side-on conformation allows for the formation of salt bridges between the 

solvent-exposed guanidinium group and two of the upper-rim sulfonate groups. The partially 

cationic Cδ sits in proximity to the phenyl rings of sclx4, suggesting additional cation−π 

interactions. A second sclx4 forms a complex with a Mg2+ cation and a poly(ethylene glycol) 

fragment. Two sclx4–Mg2+–PEG complexes from neighboring tetramers are within range for 

van der Waals contact, thereby possibly connecting two tetramers. Recent work by Crowley 

and co-workers[83] also shows the ability of p-phosphonatocalix[6]arene (pclx6) to mediate 
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protein dimerization as a result of the dimeric packing of two pclx6. The assemblies of pclx6 

with cyt-c were structurally (i.e. X-ray crystallography) as well as dynamically characterized 

and shown to bind more specifically than sclx4 by nestling at only a single site on the protein 

surface. A mono-substituted phenyl sclx4 (Phsclx4) targeted the same patch with a similar 

dimeric packing arrangement as a consequence.[95] The protein assembly properties of pclx6 

were remarkable, requiring only 1 equivalent whereas 16 equivalents of Phsclx4 were 

required.  

 

 
Figure 2.6: Supramolecular-mediated assembly of proteins with synthetic host molecules. Crystal 

structure of the linear assembly of lysozyme tetramers by sclx4 (PDB entry 4PRQ). 

 

Liu et al. used the ternary complexation of FGG with CB[8] to construct 

supramolecular protein materials.[96] Nanowires were obtained by combining the CB[8]-based 

assembly with glutathione S-transferase (GST) recognition. A GST homodimer protein was 

provided with N-terminal FGG tags. Addition of CB[8] resulted in supramolecular 

polymerization into the nanowires, as was shown for example by atomic force microscopy 

(AFM). The GST scaffold could be functionalized with an additionally incorporated 

glutathione peroxidase mimic to generate nanowires with antioxidant properties. A similar 

design strategy was used to develop a self-assembling protein nanospring.[97] By generation 

of a fusion protein of GST with Ca2+-sensitive recoverin and the FGG tag, a fully reversible 

supramolecular protein nanospring was generated that extends or contracts depending on 

the binding or release of Ca2+. To circumvent the spatial limitation of the FGG tag on proteins, 

Liu and co-workers[98] designed a maleimide-functionalized FGG tag. This tag could site-

selectively introduce FGG moieties over the protein surface, thereby expanding the number 

of possible configurations of host–guest-driven protein assemblies. Different morphologies 

ranging from nanorings to superwires could be obtained by controlling the concentration of 

FGG-modified GST and the stoichiometry between the protein and CB[8]. 
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2.5 Conclusion 

 

Synthetic supramolecular host molecules have already shown applications in the life 

sciences, notably as drug delivery[99–101] and scavenger reagents (e.g., sugammadex).[102] As 

highlighted in this chapter, supramolecular host molecules are now also becoming of interest 

as drug concepts themselves. Synthetic host molecules show particular promise as an 

approach to modulating PPIs. This is illustrated by encouraging results obtained using the 

CLR01 molecular tweezer in amyloid fibrillation studies, which are currently progressing 

toward clinical trials[75,76] 
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Chapter 3 

 

Interplay of supramolecular bipy-disc 

assembly and peripheral electrostatic interactions 
 

 

Abstract: The architecture of a supramolecular assembly is the result of the interplay 

between attractive and repulsive forces. Small adaptations in molecular elements of the 

supramolecular building blocks can alter the balance between these forces and with that the 

resulting supramolecular architecture, its responsiveness to environmental factors, and 

concomitantly its function. Here, the effect of small modifications at the extremities of discotic 

bipy-disc monomers on the structural properties of the resulting assemblies is examined by 

spectroscopic, and scattering techniques and transmission electron microscopy (cryo-TEM). 

Amine-functionalized bipy-discs were used as model system, due to the strong and 

controllable impact of electrostatics on the assembly of supramolecular polymers in water. 

The observation of only minor influences of these peripheral modifications on the structural 

characteristics of the resulting assemblies provide a solid foundation for the widely 

employable use of these bipy-discs in biomolecular studies and biomedical applications.  
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3.1 Introduction  

 

The non-covalent, and frequently weak interactions between supramolecular 

molecules potentially makes the resulting assembly process susceptible towards small 

molecular and structural alterations or to changes in the environment.[1] Nature gratefully 

exploits this concept to gain spatiotemporal control over the interactions between these 

components, and with that the morphology and composition of superstructures in response 

to specific stimuli. For example, microtubules assemble or disassemble depending on the 

hydrolysis of β-tubulin bound GTP, and so the length of microtubuli is a function of the rate 

of GTP hydrolyses on β-tubulin and its concentration.[2] The removal of a single phosphate 

triggers a conformational change that induces a curvature at the end of microtubule leading 

to dissociation of the microtubule.[3] Furthermore, the hierarchical organization of 

subdomains within the plasma membrane is constantly shifted by changes in the levels of 

membrane components like cholesterol and sphingolipids.[4,5] Finally, protein-protein 

interactions are continuously guided by the presence of inhibitors or stabilizers[6,7] or by small 

post-translational modifications at their periphery.[8,9]  

Similarly to nature, synthetic supramolecular molecules, like the host-molecules 

discussed in Chapter 2, have successfully been deployed to modulate the interactions between 

proteins.[10] Synthetic supramolecular polymers also exploit the reversible features of 

noncovalent interactions to guide their self-assembly into novel self-organizing architectures 

in a responsive manner. Electrostatic interactions have been frequently used as tool to control 

supramolecular polymerization and can induce a responsiveness of the self-assembled 

architectures to external factors like ion strength or pH. Mixing of complementary charged 

monomers has been shown to be an efficient director for the co-assembly of multicomponent 

polymers into designed motifs[11,12] or morphologies in response to pH.[13–15] Next to attractive, 

also repulsive electrostatic interactions have been exploited effectively to manipulate the 

assembly process. The inclusion of anionic glutamic acid in peptide amphiphiles has been 

shown to suppress the subsequent bundling of peptide nanofibers, a process that naturally 

decreased the bioactivity.[16] A similar glutamic acid motif was used to trigger the assembly 

of peptide amphiphiles into micelles or nanofibers dependent on the pH or ionic strength of 

the aqueous solution. By balancing attractive forces with the repulsive electrostatic 

interactions, the pH of the structural transition could be shifted.[17,18] 

The assembly of supramolecular polymers built around the benzene-1,3,5-tricarboxamide 

(BTA) core was found to heavily rely on the balance between attractive and repulsive forces. 

Substitution of peripheral polyethyleneglycol chains for anionic acid moieties resulted in the 

frustrated growth of dendritic peptide amphihiles; the attractive supramolecular interactions 

were opposed by the repulsive electrostatic interactions.[19] The degree of frustration could be 
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described as a function of ionic strength and pH. Addition of 0.8 M NaCl resulted in an 

increase in length from 50 nm to 200 nm that formed a hydrogel at high concentration as a 

result of physical entanglement of these nanorods. Gelation could also be actuated by 

decreasing the pH. Incorporation of fluorinated peptides altered the balance, thereby shifting 

the monomer-polymer transition from pH 5.0 to pH 7.4.[20] Extension of the BTA core with 

fluorinated L-phenylalanine and aminobenzoate stabilized the triple hydrogen bonded 

helices via additional π-π interactions and the hydrophobic effect that furthermore shielded 

the hydrogen-bonding motif. Different paramagnetic Gd(III)-chelates were introduced at the 

periphery to induce frustration to control the length and morphology of these columnar 

assemblies and were followed using small angle x-ray scattering (SAXS) and transmission 

electron microscopy (TEM). Introduction of double charged paramagnetic groups led to 

disruption of one-dimensional assemblies which could be rescued by controlling the 

concentration of mobile ions in solution. [21–23] UV-Vis and circular dichroism (CD) 

spectroscopy further clarified the changes in self-assembly behavior upon the introduction of 

either singly or doubly charged paramagnetic moieties, suggesting a conversion from 

cooperative to an isodesmic like self-assembly, resulting in only moderate degrees of 

polymerization.[21] The shape of the extended BTA aggregates could also be redirected upon 

the functionalization of the BTA core with a peptides, resulting in an increased stability as 

well as the tendency of the columnar aggregate to bundle up into fibers.[24] The bundling could 

be reversed by mixing in neutral Gd(III)-DOTA functionalized BTA. 

Peripheral introduction of electrostatic interactions can thus provide control over the 

supramolecular architecture of disc-based amphiphiles. Alternatively, self-assembling 

systems with a more robust mode of assembly, less sensitive to peripheral decoration are 

highly desirable as well. Such system would for example permit incorporation of different 

monomeric building blocks with diverse functionalities, but not impeding self-assembly, or 

would potentially be less environmental sensitive; factors needed for a reliable and robust 

biomolecular matter. The bipy-discs (Scheme 3.1) are strongly self-assembling in polar 

solvents because of hydrophobic interactions between the extended aromatic cores. Bipy-

discs decorated with ethylene glycol functionalities self-assemble into columnar aggregates 

in polar solvents such as water and alcohols, as has been shown by broadening of the 1H-

NMR spectrum,[25] red-shift in the UV-spectrum[26], increase in fluorescence lifetime, and 

preferred supramolecular handedness when chirality is introduced in the side-chains.[25,27] 

Helical order within the assembly is imposed by the intramolecular hydrogen bonds that 

rigidify the structure into a propeller-like conformation enabling the self-assembly into 

ordered, helical architectures[28] and furthermore attribute to the large-stoke-shift and strong 

fluorescence observed for the disc assemblies.[25,27]   
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Scheme 3.1. Schematic representation of the self-assembly of bipy-disc, modified at the periphery with 

amine moieties, in water.  

 

As a result of these properties, these bipy-discs have been shown to be a robust 

supramolecular scaffold towards the introduction of functional groups, as demonstrated by 

the applications that were highlighted in Chapter 1. A diversity of ligands ranging from small 

peptides and sugars to reactive groups and dyes have been introduced to the disc either pre- 

or post-self-assembly, at a single or even three positions without interrupting the self-

assembly. The internal order within disc copolymers could also be controlled by tuning the 

ratio between components[29] or introducing complementary single stranded DNA fragments 

onto the disc.[30] UV-Vis and fluorescence spectroscopy gave instructive information on the 

presence of a columnar assembly in all the latter cases but are less informative on the actual 

size, shape and composition of the assembly, parameters that can change the emergent 

properties of the self-assembled structure.[16,31]   

In this chapter we describe the effects of peripheral amine modifications on the size 

and shape of the supramolecular architectures formed by bipy-discs in water (Scheme 1). 

Bipy-discs modified at the periphery of the solubilizing side-chains with different valencies 

(0, 1, or 3) of these amine functionalities were selected because of the, typically, strong impact 

of electrostatics on the self-assembly of supramolecular polymers. All measurements in water 

were done at a pH of 6.9 unless stated otherwise.  To unravel the structure, spectroscopic 

studies (UV-Vis, fluorescence, CD) along with SAXS measurements were carried out. To 

account for the ambiguous character of these techniques for polydisperse or polymorphous 

samples, asymmetric flow field-flow fractionation (AF4) measurements were performed. 

Finally, ferrocene functionalized discs were synthesized and used to increase the contrast of 

disc-assemblies, for the direct visualization of the assemblies with cryo-TEM.  
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 3.2 Results and Discussion 

 

3.2.1 UV-Vis and CD spectroscopy 

 

The assembly of the neutral inert-disc, single charged 1NH2-disc, and triple charged 3NH2-

disc (Figure 3.1) was examined using UV-Vis and fluorescence spectroscopy, in line with 

previous studies. Subsequently mixtures with the chiral-disc were studied with respect to a 

preferred handedness of the columnar stacks as a result of the introduction of a co-

polymerization.[25,32] 

 

 
Figure 3.1:  Chemical structure of inert-disc, chiral-disc, 1NH2-disc, 3NH2-disc and 1Fe-disc.  

 

All bipy-disc variants displayed highly similar spectroscopic characteristics in water; 

a red-shift in the UV-spectra and a strongly increased fluorescence intensity in comparison 

with the molecular dissolved state of the bipy-disc in methylene chloride (Figure 3.2). These 

spectroscopic data thus indicate a similar packing by each bipy-disc variant into the 

previously established columnar architectures, also upon the introduction of amines. 

Illustrative in this matter is that the UV-Vis spectrum of the chiral-disc slightly differed from 

all achiral variants, thus demonstrating that a slight change in disc stacking packing is noted 

in the optical characteristics. The fluorescence intensity and CD effect of chiral-disc decreased 

linearly with its concentration (Figure S3.1), revealing the formation of robust supramolecular 

assemblies at dilute concentrations (1 µM) in water at 20 ˚C.  
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Figure 3.2:  Absorption and normalized emission spectra of inert-disc, chiral-disc, 1NH2-disc and 3NH2-

disc in water and of inert-disc in methylene chloride (CH2Cl2) at a dilute concentration (10 µM) at room 

temperature. The slightly red-shifted UV spectrum and high fluorescent intensity of all discs in water 

indicates their self-assembly into columnar structures. Fluorescence of inert-disc in CH2Cl2 is normalized 

with respect to the maximum fluorescence intensity of inert-disc in water.  

 

The CD spectrum of the chiral-disc displayed a positive Cotton effect around 340 

nm whereas there was no preferred handedness for the inert-disc when dissolved in water 

(Figure 3.3A). Aqueous mixtures of inert-disc copolymer with different fractions of chiral-

disc showed a progressive increase in CD intensity with a small redshift of the maximal 

Cotton effect, as the loading of chiral-disc increased. Upon addition of chiral-disc to inert-

disc, a strong dependence of chirality on the ratio of chiral- to inert-disc was observed from 

the steep slope up to a 0.25 molar fraction of chiral-disc, followed by a slower increase up to 

a molar fraction chiral–disc of 1.0 (Figure 3.3B). This non-linear increase in CD intensity 

reveals that the chirality is amplified through self-assembly with achiral discs. This 

amplification of chirality is known as the Sergeants and Soldiers effect. Even a small number 

of chiral-disc monomers (‘Sergeants’) induced a preferred supramolecular handedness in the 

assembly with the achiral inert-discs (‘Soldiers’). Profiles with a similar transition point 

around a molar fraction of 0.25 chiral-disc were observed for copolymers of 1NH2-disc or 

3NH2-disc with the chiral-disc (Figure 3.3B). Interestingly, the CD intensity of these cationic 

copolymers decreased as the valency of amine-functionalities increased. The CD intensity of 

copolymers with a chiral fraction of 0.25 almost doubled when comparing the inert-disc with 

the 3NH2-disc. The 1NH2-disc copolymers showed a moderate CD intensity in between the 

inert-disc and 3NH2-disc. 
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Figure 3.3: A) CD spectrum of inert-disc copolymers with different mole fractions of chiral-disc (10 µM, 

20°C water) show an amplification of chirality of the assemblies in water (pH 6.9). B) The anisotropy 

factor g as a function of the fraction chiral-disc of copolymers with inert-disc, 1NH2-disc, or 3NH2-disc 

(10 µM, 20°C water) measured at the maximum of the Cotton effect (336-341 nm). 

 

The Sergeants and Soldiers effect is uncommon for supramolecular architectures that 

assemble in water[33,34] but has been reported previously to be operative in bipy-disc 

copolymers for chiral and inert-disc[25]. The effect of introducing any peripherial 

modifications on the self-assembly was so far unknown. The chiral-cationic (1NH2 or 3NH2) 

copolymers used here demonstrate a reduced chiral amplification compared to chiral-inert 

copolymers. This suggests a decrease in cooperative interactions between the monomers in 

the self-assembled state, potentially either via less optimal stacking or via a decrease in length 

of the columnar assemblies. The highest CD intensity was reached at a molar fraction chiral-

disc of 1:0 for all copolymer composition, indicating the tighter packing of the chiral-disc then 

any of the achiral bipy-disc. The increase in CD intensity from a chiral molar fraction of 0.25 

to 1 indicates a tighter packing of copolymers with a high content of chiral-disc. The chiral 

amplification for copolymers with a chiral molar fractions in the range of 0.1 to 0.8, reduced 

with the valency of amines moieties on the bipy-disc, hinting towards the involvement of 

repulsive interactions between the cationic amine discs in water (pH 6.9).  These interactions 

could potentially be very strong as a chiral molar fraction of 0.8 is required to obtain a similar 

CD intensity for all three copolymers.  

 

To test this hypothesis, CD experiments were repeated under basic conditions (pH 

11.6) by addition of Hünigs base (N,N-diisopropylethylamine; DIPEA) (Figure 3.4). The inert-

chiral copolymers showed again a steep increase in CD intensity up to a molar fraction chiral-

disc of 0.25, after which this leveled off. No real difference was observed for this system when 

comparing pH 6.9 (water) and pH 11.6 (water + DIPEA; Figure 3.4A). The copolymers 

containing 1NH2- or 3NH2-disc also demonstrated an initial steep increase in CD intensity, 

followed by a slower increase up to a molar fraction chiral–disc of 1.0 (Figure 3.4B, 3.4C). 
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However, these copolymers showed an increase in CD intensity at pH 11.6 for chiral-disc 

fractions in the range of 0.1 to 0.6. In basic conditions, the CD intensity for 1NH2-chiral disc 

copolymers could be completely restored to the same level as inert-chiral copolymers. This 

increased amplification of chirality for neutral compared to cationic amine-functionalized 

copolymers in water confirms the involvement of charge on the assembled state. 

 

 
Figure 3.4: The anisotropy factor g as a function of the fraction chiral-disc of copolymers with inert-disc 

(A); 1NH2-disc (B); or 3NH2-disc (C); in water at pH 6.9 (mQ; grey) or an aqueous alkaline solution at pH 

11.6 (mQ + DIPEA; black) at 20°C with a total disc concentration of 10 µM. 

 

3.2.2 Scattering techniques 

 

To assess the dimensions of the columnar aggregates in solution and examine the 

influence of functionalization further, SAXS measurements and AF4 in tandem with light 

scattering techniques were carried out. AF4 is based on field flow fractionation which is used 

for the size-based separation of macromolecules and nanoparticles. Scattering techniques 

provide valuable information on the size and geometry of assemblies in solution. SAXS is 

suitable to provide structural information between 1-100 nm[35] and was carried out on the 

inert-disc, 1NH2-disc and 3NH2-disc. Additionally, ferrocene-functionalized disc (1Fe-disc) 

was synthesized and included for increased contrast in cryo-TEM studies (discussed in 

paragraph 3.2.4).  

 

The SAXS measurements revealed weak form factor oscillations for all discs at high 

q values, with the first minimum at a similar position indicating no significant differences in 

the cross radius (Figure 3.5). The scatter intensities of the 1Fe-disc as well as the inert-disc 

had a power-law slope close to -1 in the Fourier-region (0.4 < q < 1 nm-1) indicative of a 

cylindrical shape.[36] At low q values the slopes of the inert-disc, 1NH2-disc and 3NH2-disc 

leveled off, pointing to assemblies with a low aspect ratio that are within the dimensions that 

can be measured with the examined q range. An additional increment was observed at low q 
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values, (0.03 < q < 0.06 nm-1) indicating the presence of a larger particle population, possibly 

due to interactions between assemblies.[37]  

 

 
Figure 3.5: SAXS profiles and form factor fits for a monodisperse cylindrical object for inert-disc (A), 1Fe-

dics (B), 1NH2-disc (C) and 3NH2-disc (D) at 100 µM in mQ (pH 6). Points are experimental data, whereas 

the solid red lines represent the form factor fits for a monodisperse cylindrical object. 

 

The SAXS profiles were fitted with a flexible-cylinder, a cylindrical and a spherical 

model yielding information on the dimensions of the assemblies in solution. The data sets of 

all discs could be properly described with a form factor for monodisperse cylindrical objects 

and was found to be independent on concentration (Figure 3.6). Despite the low aspect ratio 

of the disc assemblies, all datasets could only be poorly described by a polydisperse spherical 

model.  The obtained dimensions of the assemblies all showed a very similar cross radius 

around 1.6 nm which is in good agreement with other 1 dimensional bipy-disc assemblies[38] 

and thus do not appear to form bundles. The 1NH2-disc and 3NH2-disc were found to be the 

smallest with a length around 7 nm. The inert-disc was only slightly longer with an average 

length of 11 nm. The slope of the 1Fe-disc did not level off in the given q-range and therefore 

could not be used to estimate the length of the polymer. 
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Figure 3.6. A) Form factor fits for a monodisperse cylindrical object to the SAXS profiles of inert-disc, 

1Fe-dics, 1NH2-disc and 3NH2-disc with a disc concentration of 100 µM in mQ. B) Parameters obtained 

from the form factor fits of different discs with a disc concentration of 100 µM. 

 

AF4, in tandem with multi angle light scattering (MALS) and dynamic light 

scattering (DLS) was carried out on the inert-disc to assess the polydispersity of disc 

assemblies. The inert-disc had an elution time between 8-16 minutes from the AF4, equipped 

with a regenerated cellulose membrane (10 kDa cutoff), indicating the presence of multiple 

populations (Figure 3.7). Over this time interval, DLS showed a rather consistent size for the 

eluted particles with an average hydrodynamic radius (Rh) of 2.4 nm. MALS was used to 

determine the radius of gyration (Rg) that showed a broader distribution ranging from 5 nm 

at 9 minutes to 10 nm after 12 minutes. Independent of the retention time, an extended 

conformation of the aggregates was found as Rg > Rh. The molar mass of the assemblies 

increased from 50 kDa at 9 minutes to 160 kDa after 10.5 minutes, that is an increase in size 

from 5 nm to 17 nm (inter-disc distance 0.33 nm).[28] Interestingly, the smaller aggregates 

appear to be more abundant as reflected by the high UV-absorbance at an elution time around 

9 minutes.  

 
Figure 3.7: AF4 fractogram of inert-disc (150 µM, PBS) with dynamic light scattering (black), UV-Vis 

(grey) and molar mass (red dots) at an elution time between 8-16 minutes. 
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3.2.3 cryo-TEM 

 

In order to visualize the columnar aggregates, cryo-TEM measurements were carried 

out. Cryo-TEM has previously been shown to be an established approach to visualize the 

assembly of many supramolecular architectures as well as different BTA analogues.[19,22,24,39] 

At a concentration of 300 µM, no aggregates were found for the inert-disc or 3NH2-disc 

(Figure 3.8A). Based on the previously discussed data, the bipy-disc is expected to form 

supramolecular polymers. Concomitantly, 1NH2-discs were functionalized with ferrocene  as 

previously reported,[40] yielding 1Fe-disc. TEM analysis of 1Fe-disc, showed the presence of 

multiple stiff, one dimensional columnar rods with a length around 50 nm and a diameter of 

approximately 5 nm and therefore do not appear to form bundles (Figure 3.8B). The 

peripheral introduction of ferrocene to the bipy-disc appears to improve the contrast required 

for visualization of aggregates in cryo-TEM and furthermore does not impede the self-

assembly of bipy-disc into columnar structures.   

 
Figure 3.8: cryo-TEM images of 3NH2-disc (300 µM) and 1Fe-disc (150 µM). Scale bar represents 100 nm 

(A) and 50 nm (B).  

 

3.3 Conclusion 

 

In this chapter, the influence of peripheral modifications on the self-assembly 

properties of bipy-disc monomers was studied. UV-Vis and fluorescence spectroscopy 

showed typical assembly-induced spectroscopic characteristics in water for all disc 

derivatives, confirming the self-assembly into columnar architectures. Chiral copolymers 

with amine modified discs, showed a reduced amplification of chirality compared to chiral-

inert copolymers. The chiral amplification of 1NH2 copolymers could be fully restored under 

basic conditions, confirming an influence on the self-assembly by the electrostatic interactions. 

SAXS measurements further confirmed the self-assembly of inert-, 1NH2-, 3NH2- and 1Fe-

disc into columnar structures with a cross radius of 1.6 nm. Amine modified discs assemblies 

were shown to be somewhat shorter (~7 nm) in comparison to the inert-disc (~11 nm), in line 

3NH2-disc 1Fe-discA B
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with the CD-based observations, whereas 1Fe-disc assemblies were significantly longer. The 

SAXS analyses were in good accordance with the elution profile of the AF4 measurements 

carried out for the inert-disc, showing an extended conformation of the assemblies with a 

length between 5 nm and 17 nm. The 1Fe-disc could be imaged using cryo-TEM, further 

endorsing the self-assembly of bipy-discs into one-dimensional columnar architectures.  

Via a combination of spectroscopic techniques, the Sergeants and Soldiers effect and 

SAXS measurements, the bipy-disc was shown to be a robust supramolecular scaffold. In 

contrast to other BTA-derived supramolecular polymers, the peripheral introduction of 

cationic moieties does not disrupt the self-assembly and only limitedly affects the length of 

the one-dimensional columnar aggregates.  The robust mode of assembly makes the bipy-disc 

an ideal platform for the generation of multicomponent supramolecular assemblies and 

potentially more resistant to external factors. This could explain the multipurpose use of discs 

in a wide range of different applications interfacing with biology. The supramolecular 

polymer does not appear to be completely inert to surface modifications as shown by the 

significant increase in length for 1Fe-disc assemblies that could be induced by attractive 

secondary interactions.  

The Sergeants and Soldiers measurements were found to be a powerful approach to 

detect small changes in supramolecular assemblies. The Sergeants and Soldiers effect could 

be exploited further to study the intermixing of multicomponent polymers and monitor the 

effect of targeted biomolecules, e.g. membranes and proteins, on the supramolecular 

organization. Recently, Lou et al used hydrogen/deuterium exchange (HDX) mass 

spectrometry (MS) to analyze the structural dynamics of BTA derivatives.[41] Similarly, HDX-

MS could be used to study the hydrogen/deuterium exchange of the 6 intramolecular 

hydrogen bonds in the disc and asses the influence of peripheral modifications on the kinetics 

of the self-assembly.[42]  
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 3.5 Experimental 

 

General 

CH2Cl2 was purchased from Biosolve. Water was demineralized before use. Inert-disc, 1NH2-

disc, 3NH2-disc and 1Fe-disc were kindly provided by Katja Petkau. Chiral-disc was 

provided by Luc Brunsveld. 

 

Preparation particles 

Disc-solutions were prepared by weighing in the disc on a microscale and subsequently 

dissolving it in the required solvent. Multicomponent polymers were mixed in the proper 

ratio 2 hours before use. 

 

UV-Vis and fluorescence spectroscopy 

UV-Vis spectra were measured on a Jasco V-650 spectrophotometer equipped with a Perkin-

Elmer PTP-1 Peltier temperature control system. Fluorescence spectra were recorded on a 

Varian Cary Eclipse fluorescence spectrophotometer equipped with a Perkin-Elmer PTP-1 

Peltier temperature control system. All measurements were performed in quartz cuvettes 

with a 10 mm light path (Hellma) and 1800 µl minimal volume. The excitation and emission 

slits were both set to 5 nm. Discs were measured in their assembled state at a 10 µM 

concentration in milliQ or CH2Cl2 in which the disc is molecular dissolved. Between 

measurements the cuvettes were washed with water (3X) acetone (3X) and incubated for an 

hour in helifax at 37°C. 

 

Circular Dichroism (CD)-spectroscopy 

CD-spectra were recorded on a Jasco J-815 CD spectropolarimeter equipped with a Jasco PTC-

348 WI temperature controller. All measurements were performed in quartz cuvettes with a 

10 mm light path (Hellma). The anisotropy factor g was calculated as: (CD-effect/c*l))/UV-

absorbance with the CD-effect in mdeg, c the concentration in mol/L and the optical 

pathlength in cm. 

 

Transmission Electron Microscopy (TEM) 

Cryo-TEM measurements were carried out by Marcel Koenigs. Samples for cryo-TEM were 

prepared in a ‘Vitrobot’ instrument4 (PC controlled vitrification robot, patent applied, 

Frederik et al 2002, patent licensed to FEI) at room temperature and a relative humidity >95%. 

In the preparation chamber of the ‘Vitrobot’ a 4 µl sample was applied on a Quantifoil grid (R 

2/2, Quantifoil Micro Tools GmbH; freshly glow discharged just prior to use), excess liquid 

was blotted away with filters at -2mm for 2 seconds and the thin film thus formed was shot 
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(acceleration about 3 g) into liquid ethane. The vitrified film was transferred to a cryoholder 

(Gatan 626) and observed at -170°C in a Tecnai microscope operating at 120 kV. Micrographs 

were taken at low dose conditions. 

 

Small Angle X-ray Scattering (SAXS) 

SAXS measurements were performed on the BM29 BIOSAXS beamline at the European 

synchrotron in Grenoble. The instrument was equipped with a Pilates 1M detector with a 

detector distance of 2.867 m, double multilayer monochromator energy band pass ~ 10-2, 

automated sample changer and 4 mrad torodial mirror. Samples were measure in quartz glass 

capillaries in a q-range between 0.025 – 5 nm-1. The scattering curves were obtained by 

subtracting the contribution of the solvent. Data was fitted with SasView 3.0.0 software using 

the pre-developed form factors for a spherical, columnar and flexible columnar structure. The 

structures have been fitted in a q-range between 0.05 – 5 nm-1.   

 

Asymmetric Flow Field-Flow Fractionation (AF4) and Multi-Angle Light Scattering (MALS) 

AF4-MALS measurements were performed on a Wyatt Eclipse AF4 instrument connected to 

a Shimadzu LC-20A Prominence system with Shimadzu CTO20A injector and loaded with a 

short channel membrane (regenerated cellulose, 10 kDa, 350 µm spacer). The AF4 connected 

to a UV-detector (Shimadzu SPD20A) and MALS/DLS (Wyatt DAWN HELEOS II light 

scattering detector equipped with a He laser operating at 664.5 nm and a Wyatt Optilab Rex 

refractive index detector. Detection angles: 12.9˚, 20.6˚, 29.6˚, 37.4˚, 44.8˚, 53.0˚, 61.1˚, 70.1˚, 

80.1˚, 90.0˚, 99.9˚, 109.9˚, 120.1˚, 130.5˚, 149.1˚, and 157.8˚ for MALS and 104.1˚ for DLS. 

Detectors were normalized using BSA. A calibration curve from 1 to 0.2 mg/mL was made to 

determine the molecular mass. Data was processed with Astra 7 using the Zimm model 

(recommended for small particles (<50 nm). 

 

3.6 Supplementary Information  

 

 
Figure S3.1: Maximum fluorescence intensity (A), maximum absorbance (B) and maximum CD (C) 

against the concentration of chiral-disc in water at 20 ˚C. Maximum absorbance is determined between 

335-450 nm. 
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Chapter 4 

 

Exploration of intracellular delivery 

approaches for supramolecular polymers 
 

 

Abstract: The ultimate stage for studying the interplay between supramolecular 

chemistry and biology is the cellular environment. Since the development of the field of 

supramolecular polymers, their interaction with biomolecules in aqueous solution and 

recognition of cell surface elements in vitro have been characterized. Furthermore, 

supramolecular polymers have been used for the intracellular delivery of cargo. The cellular 

delivery and uptake of supramolecular assemblies has been a major challenge and has 

virtually not been addressed. This leaves both a gap in the understanding of the behavior and 

interactions of supramolecular polymers in the crowded environment of cells and limits 

bringing these materials to the next level in biomolecular applications. The research described 

in this chapter aims to bridge that gap by exploring a set of different methods for the delivery 

of bipy-disc-based supramolecular assemblies. We show that physical methods 

(electroporation and cell-squeezing) are promising alternatives to more commonly used 

chemical approaches such as the use of cell-penetrating peptides, for delivery of 

supramolecular assemblies. 
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4.1 Introduction 

 

Supramolecular chemistry is a constantly growing research area that since its 

translation from organic solvents to water has the promise to become an important asset in 

the field of biology and medicine.[1,2] The increased control over the reversible, non-covalent 

interactions in water has led to the development of supramolecular receptors and assemblies 

that interact with biomolecules in a defined manner.[3,4] The recognition and recruitment of 

proteins with supramolecular polymers is well established in aqueous solution but is limited 

to surface receptors when carried out on cells due to the cellular membrane that separates the 

intracellular from the extracellular environment. To cross the membrane, several barriers 

need to be surpassed. The supramolecular polymer needs to: 1) be stable or protected against 

degradation in the extracellular matrix or medium; 2) cross the plasma membrane and; 3) 

potentially migrate to a targeted compartment or trigger endosomal release to avoid 

degradation in lysosomes or endocytic recycling.[5,6] Physical or chemical delivery approaches 

could potentially be applied to overcome these barriers (Figure 4.1). 

 

 
Figure 4.1: Approaches for cytoplasmic delivery of supramolecular assemblies. Physical delivery 

approaches disrupt the membrane either via permeabilization of the membrane or direct penetration. 

Most of the chemical delivery approaches enter the cell through endocytosis, limiting the intracellular 

delivery due to lack of endosomal release, endosomal recycling and degradation. Supramolecular 

assemblies with a fusogenic potential can fuse with the cellular membrane whereas certain chemical 

modifications can induce the direct translocation of molecules thereby avoiding endosomal entrapment. 

The success of the different delivery approaches is strongly dependent on the physicochemical properties 

of the agent.  
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Most chemical delivery approaches make use of highly charged cationic moieties like 

cell penetrating peptides (CPP) or specific ligands. However, the mechanism by which CPPs 

enter the cell still remains somewhat unclear. Where some evidence suggested the energy-

independent direct translocation through the plasma membrane,[7] other research clearly 

showed the involvement of endosomal uptake followed by endosomal escape.[8,9] In the latter, 

different mechanisms of CPP uptake have been observed (e.g. micropinocytosis, clathrin-

mediated and caveolae-mediated endocytosis)[8,10]. These insights made it clear that the 

cellular fate of cargo not only depends on the type of CPP (penetratin, TAT, R9) but instead 

is dictated by a combination of CPP, cargo, cell-type and concentration, where direct 

translocation and endocytosis are not two mutually exclusive processes.[11] 

Translation of this approach to supramolecular systems has been promising because 

of its modularity that facilitates fine-tuning of ligand or charge composition. Furthermore, 

many examples of synthetic host molecules have been reported that formed a complex with 

a drug or were involved in the delivery of drugs, genes or imaging agent as part of 

supramolecular assembly.[12] Modifications on the rim of host molecules or complexation with 

ligands enabled control over the self-assembly, complexation with cargo and targeted 

delivery.[13–16] Supramolecular assemblies have also been exploited to induce the formation of 

cation- or ligand-clusters, that can improve the cellular uptake efficiency.[17] Dong et al. used 

the self-assembling properties of cationic β-sheet peptides to enhance the local charge density 

and improve the transfection efficiency.[18,19] Similarly, synthetic supramolecular polymers 

containing a cationic BTA[20] or ureidopyrimidinone (UPy) motif,[21] could be complexed with 

siRNA and induced gene silencing upon self-assembly and cellular entry. Interestingly, these 

cationic BTA’s were partially trafficked to the endoplasmic reticulum before ending up in 

lysosomes.[20] Commonly, the uptake of supramolecular complexes is dominated by 

endocytosis that via early endosomes maturate into lysosomes. Therefore supramolecular 

carrier complexes often rely on strategies involving the release of cargo from endosomes, 

frequently mediated by the triggered disassembly of the carrier-cargo complex.[12]  

Peripheral introduction of three amine moieties to the bipy-disc induced the charge mediated 

cellular uptake of the assemblies and furthermore enabled the delivery of cell impermeable 

bipy-disc[19]. The bipy-discs ended up in lysosomes via an endocytic pathway as indicated by 

co-stainings and their punctuated distribution throughout the cell.   

Although supramolecular polymers have successfully been exploited as cargo-

delivery system, the delivery of intact supramolecular assemblies remains a major challenge. 

Most carriers enter the cell via a specific endocytic pathway dependent on their 

physicochemical properties and interactions with the cell surface.[22] Especially, the cellular 

uptake of large molecular weight systems is dominated by pathways in which endosomes are 

involved thereby limiting the distribution of supramolecular scaffolds to vesicles.[11,23] Only a 
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few examples, mostly supramolecular, show the potential to enter the cell by merging with 

the cellular membrane.[24,25] Nevertheless, the endosomal uptake of supramolecular 

assemblies like the bipy-disc, creates favorable circumstances to optimize the delivery by 

inducing a release from endosomes or bypassing the endocytic pathway completely via direct 

translocation. Several viral and bacterial proteins as well as some synthetic agents have been 

found to facilitate this endosomal escape which relies on different mechanisms like the 

formation of pores, pH buffering effect or lipid bilayer fusion with the membrane.[26] 

Physical delivery techniques, mainly based on membrane disruptive approaches are 

frequently used for cellular delivery of cargo on cultured cells.[27] Direct insertion via, for 

example, micro injection or jet injection, avoids the intracellular delivery barriers and even 

allows localization of the cargo into specific cellular compartments. Other physical techniques 

disrupt the membrane via an external field (electrical, mechanical or thermal) resulting in the 

formation of transient pores that allows for the passive diffusion of cargo into the cells. 

 

Driven by the large interest in the field of biology and medicine, a multitude of 

chemical approaches have been developed. Cargo molecules usually are delivered via a single 

established approach. A methodical comparison among different delivery platforms is rare, 

despite the strong interdependence between delivery approaches and cargo molecules. The 

uptake mechanism, distribution and delivery efficiency of cargo molecules is strongly affected 

by physicochemical parameters like  size, geometry, stability, valency and chemistry.[28,29] For 

example, the intracellular uptake mechanism of functionalized gold nanoparticles was shown 

to be dictated by the structure of the cationic group[29] as well as their size[30]. For silica 

nanoparticles, the geometry influenced the mode of cellular uptake.[31] These are all isolated 

examples, while the mechanism of action is determined by the sum of multiple parameters, 

rendering it difficult to predict a suitable strategy for specific cargo and limits the delivery of 

a broad variety of cargo via chemical approaches. In general, physical delivery methods are 

more lenient but show large deviations in process scale, cytotoxicity, reproducibility and 

delivery efficiency.  

This chapter provides an exploration of several chemical as well as physical delivery 

methods for the delivery of columnar supramolecular polymers. The bipy-disc, as introduced 

in previous chapters, was used as a model for this class of supramolecular polymers due to 

its aggregation induced fluorescent properties, large library of functionalized derivatives and 

ability to induce endosomal uptake that creates opportunities to further tune its cellular 

localization. Furthermore, initial experiments with copolymers will be discussed to evaluate 

the relation between chemical composition and the cellular fate of the assembly. The focus 

will be on approaches with a simple operating principle and potentially high throughput. 

First, some chemical approaches that induce endosomal release or translocation of cell 
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permeable cationic bipy-discs, using imidazole decorated disc and pyrenebutyrate, will be 

evaluated. The second part of the chapter discusses the intracellular delivery of bipy-discs 

using electroporation and cell squeezing. Finally, the approaches will be discussed in the light 

of their efficiency, toxicity and variety of disc derivatives that could be delivered.  

 

4.2 Results  

 

4.2.1 Pyrenebutyrate mediated translocation 

 

Pyrenebutyrate (PB) has been shown to promote the direct translocation, rather than 

endosomal uptake, of cationic molecules when cells were pre-treated with this counter ion 

bearing, hydrophobic molecule. PB integrates into the membrane thereby promoting the 

adsorption of cationic peptides, increasing the fluidity of the membrane and inducing 

curvature.[32] Extension of fluorescent probes,[33] peptides[34] and whole proteins[35,36] (enhanced 

Green Fluorescent Protein) with tri- to nona-arginine oligomers yielded a quick diffuse 

cytosolic distribution in the presence of PB. Inspired by this work, the PB promoted direct 

translocation of a small library of cationic discs was evaluated. The triple- and nona-

functionalized amine discs (3NH2-disc, 9NH2-disc) as well as a disc decorated with three 

guanidine moieties (3G-disc) were selected to examine the influences of valency and chemical 

structure of the cationic moieties on the PB mediated translocation.  

To assure the used protocol was functional, a fluorescein labelled cell penetrating 

octa-arginine peptide (R8) was synthesized and its uptake was studied using confocal 

microscopy. Incubation of Hela cells with R8 resulted in the punctuated distribution 

throughout the cell indicative for their encapsulation into endosomes (Figure 4.2A). Pre-

incubation of Hela cells with PB resulted in a more homogeneous distribution throughout the 

whole cell including the nucleus, which is agreement with a previous report by Takeuchi et 

al. (Figure 4.2B).[35] 

 
Figure 4.2: Confocal microscopy images of the cellular uptake of R8 after a 5 min incubation on Hela cells 

without (A) and with (B) pre-incubation with PB.   
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Pre-incubation of Hela cells with PB, followed by a 5 minute incubation with a 5 µM 

solution of 3NH2-disc resulted in localization of the disc to the outer leaflet of the cellular 

membrane and some initial cellular internalization indicated by bright fluorescent dots close 

to the membrane (Figure 4.3A). Uptake of the 3G-disc, after pre-incubation with PB, resulted 

in a similar uptake pattern with a higher fluorescent intensity (Figure 4.3B). Incubation of PB 

treated cells with 9NH2-disc demonstrated a distribution of high intensity fluorescence dots, 

close to the cellular membrane and to some extend also inside the cell (Figure 4.3C). The 

punctuated distribution (100-1000 nm in size) observed for the triple charged 3NH2-disc and 

3G-disc and nona-charged 9NH2-disc, suggests an uptake mechanism mediated through the 

formation of endosomes as previously reported for the amine functionalized discs.[37] Pre-

incubation of Hela-cells with PB did not alter the uptake of cationic discs, indicating a limited 

or absence of PB mediated translocation of discs assemblies. 

 
Figure 4.3: Multiphoton microscopy images of the cellular uptake of 3NH2-disc, 3G-disc and 9NH2-disc 

(5 µM ) after a 5 min incubation on Hela cells pre-incubated with PB.   

 

4.2.2 Imidazole induced endosomal release  

 

Where cationic groups like primary amines and guanidines play an essential role in 

inducing uptake, weakly basic amine moieties like imidazole are involved in the endosomal 

release of cargo as a result of their high buffering capacity between physiological and 

endosomal pH. This results into an accumulation of protons hence, an influx of counter ions, 

osmotic swelling and ultimately endosomal rupture. This so called “proton sponge effect” is 

at the basis of many successful endosomal escape agents like polyethyleenimine (PEI), poly-

histidine and chloroquine.[26] Introduction of short histidine rich oligopeptides to 

polyamidoamine (PAMAM) dendrimers[38–40] or amphiphilic peptide nanorods[41] greatly 

improved their intracytoplasmic delivery of drugs. 

For this reason, bipy-discs with three imidazole moieties was synthesized via a 

simple two step reaction. N-1-Trityl-deamino-histidine was conjugated to the 3NH2-disc via 

a HBTU-activated amide coupling after which the trityl-protected imidazole moiety was 
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deprotected in TFA, providing the triple imidazole functionalized disc (3I-disc) with a 65% 

yield over 2 steps. Different copolymers of the 3I-disc and cationic 3NH2-disc or 3G-disc were 

generated by mixing them.  

Incubation of Hela cells with a 5 µM solution of disc copolymer resulted in uptake of 

the assemblies that could be visualized using multiphoton microscopy after 1 day. Up to 30% 

of the 3I-disc could be incorporated into the copolymers without impeding the charge 

mediated uptake of the cationic discs. Amine copolymers demonstrated a punctuated 

distribution throughout the cell that was independent on the 3I-disc content (Figure 4.4A). 

The uptake of the 3G-disc copolymers resulted into an increased uptake with reference to the 

3NH2-disc copolymers with a similar punctuated distribution as seen for the 3G-disc 

homopolymer (Figure 4.4B). Mixing of 3I-disc with the cationic 3NH2-disc or 3G-disc did not 

alter the cellular fate of the assemblies to such an extent that they could be visualized using 

multiphoton microscopy.  

 

 
Figure 4.4: Multiphoton microscopy images of the cellular uptake of 3NH2-disc (A) and 3G-disc (B) 

copolymers with 10-30% 3I-disc (5 µM total disc concentration) by Hela cells after a 1 day incubation. 
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4.2.3 Electroporation mediated delivery 

 

The use of physical approaches for the delivery of macromolecules and non-genetic 

cargo has found increasingly more interest over the past decades.[5,42] Electroporation is one 

of the most used approaches because of its high throughput and proven success in the 

delivery of macromolecules.[43,44] Electroporation temporarily disrupts the membrane by 

exposing the cell surface to an electrical field, enabling the free diffusion of otherwise cell-

impermeable molecules across the membrane. Traditionally, electroporation is performed in 

a bulk setup thereby introducing biomolecules to millions of cells at the same time.[27] 

Improvement of microelectrodes now allows for the electroporation of small groups of cells 

or even single cells.[45,46] Here, the Cellaxess CX1 system (Cellectricon) was used that employs 

a capillary electrode which can locally deliver a high concentration of loading agent and 

simultaneously electroporate a restricted site of adherent cells (Figure 4.5). This avoids the 

need for trypsination and re-cultering of cells, and allows for the direct visualization of 

delivered molecules.[47] A small library of different discs were electroporated and analyzed 

with fluorescence microscopy to review the variety in delivery efficiency and cell viability of 

different bipy-discs. 

 

 
Figure 4.5: Schematic representation of an electroporation site with a fluorescence microscopy image of 

Hela cells electroporated with a 50 µM solutions of 1NH2-disc after 5 minutes. 

 

To reach a high enough concentration of discs in the cell that allows for the 

visualization of the disc, 50 µM solutions of disc were used. Only cell-impermeable discs were 

used to ensure that the delivery was mediated by electroporation. The same volume of disc 

solution was dispensed whereas the voltage and pulse length were optimized for each disc 

(Table 1, experimental section). Electroporation of 1NH2-disc and 1G-disc resulted into the 

cytosolic delivery of disc for around 10% of the Hela cells after 5 minutes (Figure 4.6A, 4.6B). 

50
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Electroporation of 3I-disc decreased the intracellular delivery efficiency as was demonstrated 

by the presence of a few fluorescent cells only (Figure 6C). An increased voltage and pulse 

length were required for optimal delivery that reduced the cell viability as was indicated by 

the round morphology and low confluency of Hela cells after 1 day. Inert-discs could not be 

deliver via electroporation as no intracellular fluorescence was observed (Figure 6D).  

  

 
Figure 4.6: Overlay of Bright-field and fluorescence microscopy images of Hela cells 5 minutes after 

electroporation with 50 µM solutions of 1NH2-disc (A), 1G-disc (B), 3I-disc (C) or inert-disc (D).  
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The 1NH2-discs and a benzyl guanidine functionalized disc (1BG-disc) were studied 

into more detail to evaluate the localization of bipy-disc over a prolonged time.  1NH2-discs 

showed a homogeneous cytosolic distribution right after electroporation that migrated into 

the nucleus thereby dispersing the discs throughout the whole cell after 1 day (Figure 4.7A). 

Electroporation of 1BG-discs required an increased voltage and pulse length (Table 4.1, 

experimental) resulting into increased cell death and a lower amount of electroporated cells. 

The intracellular fluorescence intensity decreased indicating a reduced delivery efficiency in 

comparison to the 1NH2-disc. The 1BG-disc showed a homogenous distribution throughout 

the whole cell, including the nucleus after electroporation (Figure 4.7B). The 1BG-disc 

polymers were sorted into vesicles after 1 day as indicated by presence of high fluorescent 

dots. These findings are in line with the previously reported delivery of 1NH2-disc and 1BG-

disc.[48] 

 
Figure 4.7: Fluorescence microscopy images of Hela cell 5 minutes (left) and 1 day (right) after 

electroporation with 50 µM solutions of 1NH2-disc (A) or 1BG-disc (B). 

 

The influence of peripheral modifications on the intracellular distribution was 

further studied using 1NH2-disc and 1BG-disc copolymers. Copolymers that predominantly 

consisted out of 1NH2-disc (90-95%) showed a homogeneous, cytosolic distribution after 

electroporation that migrated throughout the whole cell after a day, similarly to the 1NH2-

disc homopolymers (figure 4.8A, 4.8B). Copolymers with an increased loading of 1BG-disc 

(50%), demonstrated a cytosolic distribution after electroporation and were sorted into 

vesicles over a day (Figure 4.8C). The transfection efficiency of 1BG-disc copolymers with 

1NH2-disc was shown to be greatly improved in comparison to the 1BG-disc homopolymer.  
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Figure 4.8: Fluorescence microscopy images of Hela cells, 5 minutes (left), 1 hour (middle) and 1 day 

(right) after electroporation with 1NH2-disc copolymers with 5% (A), 10% (B) or 50% 1BG-disc (C; 50 µM 

total disc concentration).  

 

4.2.4 Cell squeezing mediated delivery 

 

Through many innovations in the field of microfluidics in the past decades, 

promising, novel large throughput approaches have emerged that can induce membrane 

permeabilization through exposure to mechanical stress.[49] Microfluidic cell squeezing in 

particular is an interesting approach that via a combination of shear and compressive forces 

can deliver macromolecules in a high throughput fashion with limited cytotoxicity. As the 

name implies, cell squeezing applies mechanical stress by forcing a flow of cells through a 

constriction with a minimum dimension, 30% smaller than the diameter of the cell. As they 

pass through this constriction, the rapid deformation of the cells results in the formation of 

transient, transmembrane holes that allow the passive diffusion of molecules into the cell.[49] 

The size and frequency of the formed pores is a function of the applied stress and can be tuned 

by changing the flow through the microfluidic platform, the dimensions of the constriction 

and the number of consecutive constrictions. Hence, a wide range of biomolecules[40] 
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including macromolecules and nanoparticles like: antibodies,[52] gold nanoparticles, carbon 

nanotubes[49] and quantum dots[53] could be intracellularly delivered. 

 

In collaboration with the group of Robert Tampé from the Goethe University in 

Frankfurt, initial screening for the delivery of discs was performed. A microfluidic chip with 

constrictions of 10 µm in length and 7 µm in diameter was used as proven successful in the 

delivery of dye labelled, tris-NTA molecular probes in Hela cells.[50] The delivery of different 

bipy-discs using cell squeezing was studied, to analyze the variety of discs that could be 

delivered using this approach as well as to examine the influence of different functional 

groups at the periphery of disc on the cellular localization. All discs were mixed with 1F-disc 

in a 1:1 ratio to allow for visualization of the polymer with the confocal microscope. Shortly 

before cell squeezing, the cells were placed in the copolymer suspension with a final 

concentration of 15 µM or 50 µM. The rapid cell squeezing process allowed for a high 

throughput of about 3 x 105 cells in ~5 minutes which were subsequently cultured allowing 

for visualization 2 hours post cell squeezing.  

Although cells were not completely adhered to the cell surface, a homogeneous 

cytoplasmic and nuclear distribution of discs was obtained for the 1F-disc copolymer with 

1NH2-disc (Figure 4.9A) for around 1% of the Kyoto Hela cells. Cell squeezing imposed only 

limited cytotoxic effects as was shown by the stretched morphology of adhered cells and the 

similar loading efficiency after 20 hours. 1F-disc copolymers with Inert-disc, 1F-disc or 3NH2-

disc could also be deliver via cell squeezing. All copolymers were homogeneously distributed 

throughout the complete cell after 2 hours (Figure 4.9B). The copolymers did not show any 

changes in distribution within 20 hours. Cell squeezing measurement performed with 15 µM 

or 50 µM resulted in similar delivery efficiencies. Also no difference in delivery efficiency 

were observed for the different copolymers. None of the copolymers appeared to be cytotoxic 

as cells attached to the surface after 20 hours.  
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Figure 4.9: Overlay of bright-field and confocal images of Kyoto Hela cells 2 hours and 20 hours after cell 

squeezing with a 50 µM copolymer solution of 1NH2-disc and 1F-disc (1:1)  at a low magnification (A) 

and of different copolymers with 1F-disc (1:1)  and the 1F-disc at high magnification (B). Polymers were 

excited at 494 nm with the white light laser.  

 

4.3 Discussion and Conclusions 

 

Several chemical as well as physical membrane disruptive approaches for the 

controlled delivery of supramolecular assemblies of bipy-disc have been explored and 

described in this chapter. The consequences of peripheral modifications on the cellular uptake 

were evaluated and utilized to improve the cellular delivery of disc and govern the uptake 

mechanism via the assembly of copolymers. The family of cell penetrating cationic discs were 

shown to not be susceptible to further chemical stimuli either introduced on the periphery of 

discs or in the solution. Pre-incubation of cells with PB, a reported promotor for the 

translocation of CPPs, did not redirect the cellular uptake away from the charge mediated 
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endosomal uptake. Notably, is the lack of reports that combine the use of PB with cationic 

nanostructures,[54] suggesting a translocation mechanism that excludes large structures. 

Similarly, imidazole-containing bipy-disc copolymers did not alter their intracellular 

localization. Compared to reported endosomal escape agents,[26,38–40] the content of imidazole 

groups could be too low to build up a sufficient buffering effect. An increase in cell 

impermeable 3I-disc content impeded the charge mediated uptake of copolymers. Decoration 

of the disc with polyhistidine will increase the imidazole content of copolymers. Additionally, 

ligand mediated uptake could be explored that requires a smaller amount of discs to induce 

cellular uptake, thereby freeing up more capacity for the 3I-disc. 

Electroporation was successfully used for the delivery of a small library of 

functionalized bipy-discs. Peripheral modifications were shown to have a large impact on 

both the delivery efficiency as well as the intracellular fate of the disc. Discs with basic 

moieties (1NH2-disc, 1G-disc), were efficiently delivered. Also 1BG-disc and 3I-disc could be 

delivered with an increased voltage and pulse length. Only for the inert-discs, intracellular 

delivery could not be established. By controlling the composition of 1NH2-disc copolymers 

with 1BG-disc, the cellular localization of the supramolecular copolymer was regulated 

between a vesicular and cytoplasmic distribution. The modular control over polymer 

composition also facilitated an increased delivery efficiency of the 1BG-disc.  

Cell squeezing has demonstrated to be a robust delivery approach that can be used 

for a wide range of bipy-discs copolymers, independent of their charge with a limited 

cytotoxicity to the cells. This will allow for more flexibility in copolymer composition to study 

the relation between surface peripheral modifications and intracellular localization. The 

identical uptake patterns for all squeezed copolymers in this study could be a result of the 

large proportion of 1F-disc. The mild conditions, optimized for the delivery of small 

molecular probes leaves room for optimization of the delivery efficiency by changing the 

design of the microfluidic chip or used cell line.  

Overall, the results presented here show that physical methods are a promising 

approach for the delivery of disc assemblies. Electroporation was shown to be an efficient 

approach for the delivery of disc with basic moieties in particular. The use of these discs for 

the generation of copolymers could allow for the intracellular delivery of electroporation 

insusceptible discs like the inert-disc. The strong impact of small moieties on the periphery 

of discs opens up opportunities to spatially control the discs intracellularly but also shows us 

to progress with care for future designs that can alter the distribution of the supramolecular 

polymers. The intracellular delivery of supramolecular polymers via cell squeezing is not 

affected by the different peripheral modifications and furthermore is very consistent between 

experiments with only limited cytotoxic effects.  Both approaches are interesting new entries 

for the intracellular delivery of supramolecular polymers and will allow for structure 
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relationship studies of supramolecular assemblies in the complex intracellular environment. 

The modularity gained by the use of supramolecular copolymers allows to further study the 

sensitive balance between surface chemistry and valency and the way it interacts with biology 

that could be put to use to optimize delivery approaches, reduce toxicity, control the uptake 

mechanism or regulate the cellular localization.  
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4.5 Experimental 

 

General 

All solvents were purchased from Biosolve unless stated otherwise. O-Benzotriazolyl-

N,N,N,N-tetra methyl-uronium-hexafluoro-phosphate (HBTU) and N,N’-

diisopropylethylamine (DIPEA), Fmoc protected amino acids, pre-loaded resins and 

trifluoroacetic acid (TFA) were purchased from Biosolve. 1-pyrenebutyric acid and 

trimethylamine (TEA) were purchased from Sigma-Aldrich. N-1-trityl-deamino-histidine was 

purchased from Iris-biotech GMBH. Water was demineralized before use. Thin layer 

chromatography (TLC) was carried out using Merck pre-coated silica gel plates using light 

with a wavelength of 254 or 365 nm. Manual size-exclusion chromatography was performed 

on BIO RAD BioBeads S-X1 (200-400 mesh) in a long glass column at atmospheric pressure in 

methylene chloride (CH2Cl2). MALDI-TOF-MS was measured on a PerSeptive Biosystems 

Voyager-DE PRO spectrometer with a Biospectrometry workstation using 2-[(2E)-3-(4-tert-

butylphenyl)-2-methylprop-2-enylidene]-malononitrile (DCTB) and α-Cyano-4-

hydroxycinnamic acid (CHCA) as matrix material and chloroform or methanol as solvent. 1H-

NMR spectra were measured using a Varian Mercury Vx 400 MHz NMR spectrometer at 298 

K. Chemical shifts are given in ppm and the spectra are calibrated to residual solvent signals 

of CDCl3 (7.26 ppm). Splitting patterns are labeled as s, singlet; d, doublet; dd, double doublet; 

t, triplet and m, multiplet. 8-well culture slides were purchased from DB Biosciences. 

Dulbecco's Modified Eagle Medium (DMEM) Fetal bovine serum (FBS), Penicillin-

Streptomycin solution (Pen/Strep) and DMEM phenol red free cell culture media were 
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purchased from Invitrogen. Hela cells were obtained from M. de Liefde and Hela Kyoto cells 

from A. Kollmannsperger. Inert-disc, 1NH2-disc, 3NH2-disc and 1F-disc were kindly 

provided by K. Petkau. The synthesis of 3G-disc will be discussed in more detail in Chapter 

5.   

 

Cell culture 

Hela cells were cultured in DMEM (41965-039) containing 10% FBS and 1% 

penicillin/streptomycin. All cells were grown as monolayers in culture flask at 37°C, 5% CO2. 

Cells were passed on when a confluency around 80% was reached. After washing with PBS 

(3x) the cells were detached by submerging the cells in trypsin for 1 minute at 37 °C, 5% CO2. 

Trypsin was deactivated by the addition of 90 vol. % medium. Cell lines were passed at least 

6 times before used in confocal microscopy studies. 

 

Confocal microscopy 

Unless stated otherwise, cells were counted and seeded in an 8-well culture slides and 

incubated overnight at 37°C and 5% CO2. After an overnight incubation at 37°C, 5% CO2, the 

medium was substituted for medium without phenol red containing 5 μM disc and incubated 

at 37°C, 5% CO2. Prior to imaging, the cells were gently washed (2x) with PBS and images were 

recorded directly after, in medium without phenol red. The cells were imaged on a TCS SP5 

AOBS equipped with an HCX PL APO CS x40/1.1 NA water immersion lens located in a 

temperature controlled incubation chamber maintained at 37°C. Discs were excited with the 

use of the multi-photon laser (730 nm, pinhole fully open) and detected between 450-600 nm. 

Fluorescein was excited at 495 nm with the white light laser and detected between 520-600 

nm. 

 

Discotic uptake with pyrene butyrate 

A 6.7 mM stock solution of PB in DMSO was diluted to 67 μM with PBS and added to Hela 

cells for 2 minutes at room temperature. Subsequently, 200 μl of R8 or disc solution was added 

to a final concentration of 12.5 μM or 5 μM respectively and incubated for 5 minutes at 37°C 

and 5% CO2. After incubation the cells were washed (3x) with PBS and emerged in medium 

without phenol red for imaging using confocal microscopy. 

 

Discotic uptake via electroporation 

Cell electroporation was performed with the Cellaxes CX1 system using the below depicted 

conditions and imaged on a Zeiss AX10 with a Bandpass filter for discs: excitation 357/44, 

emission 525/50.  HeLa cells were seeded 1 day before electroporation at 35% confluency in 

35 mm glass bottom dishes. The discs were dissolved in water and left overnight to allow 
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equilibration of copolymers. Prior to electroporation, disc solutions were diluted in FBS and 

antibiotic free medium to a final concentration of 50 μM. For every disc, a small screening was 

performed to determine the optimal electroporation conditions (Table 4.1). 
 

 
Table 1 Optimal electroporation conditions per disc. 

 

Discotic uptake via cell squeezing 

Cell squeezing experiments were carried out at the institute of Biochemistry, Biocenter of the 

Goethe University in Frankfurt under supervision of the Tampé group. Cell squeezing was 

performed on a microfluidic chip with multiple perpendicular channels with a single 

constrictions of 10 µm in length and 7 µm in diameter (CellSqueeze 10-(7)x1, SQZbiotech). 

Hela Kyoto cells were trypsinized at a confluency of 70-80% and placed in a suspension (1,5 

x 106 cells/mL) with a final concentration of 15 µM or 50 µM disc in PBS with 10% FBS. Cell 

suspensions (150 µl) were squeezed through the chip at a pressure of 30 psi and 

subsequently placed on ice to prevent uptake by endocytosis and allow the plasma 

membrane to reseal properly. After 5 minutes, DMEM containing 10% FBS was added to 

the cell suspension and cells were cultured at 37°C and 5% CO2.  Cells were imaged 2-20 

hours after cell squeezing using the confocal laser scanning TCS SP5 microscope (Leica) 

exciting the fluorescein with a white light laser (WLL): excitation 494, emission 515-600. 
 

Synthesis 

 

3I(trt)-disc 

3NH2-disc (2.0 mg, 0.6 µmol, 1 eq.) was dissolved in dry DMF (0.25 mL) with DIPEA (0.6 µl, 

3.6 µmol, 6 eq.) under dry conditions. N-1-Trityl-deamino-histidine (1.4 mg, 3.6 µmol, 6 eq.) 

was preactivated seperately for 20 minutes at room temperature with HBTU (1.3 mg, 3.3 µmol, 

5.5 eq.) and DIPEA (1.2 µl, 7.2 µmol, 12 eq.) in dry DMF (0.25 mL). This solution was dropwise 

added to the solution with the 3NH2-disc and stirred for 24 hours under argon at room 

temperature. Completion of the reaction was monitored with TLC (6% MeOH in CH2Cl2, 

silica, Rf = 0.3). The crude was purified using size exclusion chromatography (CH2Cl2) yielding 

pure 3(trityl-imidazole)-disc (55%). MALDI-ToF-MS: Mw calculated 4460.16; found 4482.12 

[M+Na]+, 4240.19 [M-trityl+Na]+, 3998.06 [M-2trityl+Na]+, 3755.89 [M-3trityl+Na]+. 1H NMR (399 

Name Dispence Volume(μl) Dispence rate (μl/min) Voltage (V) Pulse length (ms) interval (s) Number of pulses start (s)

1NH2-disc 20 20 100 25 1 25 40

1G-disc 20 20 100 25 1 25 40

1KPR-disc 20 20 150 50 1 25 10

3I-disc 20 20 120 25 1 25 40

1BG-disc 20 20 150 50 1 25 40

Inert-disc 20 20 150 50 1 25 10

1NH2-disc : 1BG-disc (19:1) 20 20 100 25 1 25 10

1NH2-disc : 1BG-disc (9:1) 20 20 100 25 1 25 10

1NH2-disc : 1BG-disc (1:1) 20 20 100 50 1 25 10
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MHz, Chloroform-d) δ 15.50 (s, 3H), 14.50 (s, 3H), 9.60 (d, J = 8.4 Hz, 3H), 9.36 (d, J = 8.5 Hz, 

3H), 9.26 (s, 3H), 9.06 (d, J = 3.9 Hz, 4H), 8.50 (d, J = 3.9 Hz, 3H), 8.02 (s, 3H), 7.63 – 7.51 (m, 

5H), 7.43 – 7.35 (m, 33H), 7.33 (s, 6H), 7.09 (d, J = 3.3 Hz, 18H), 4.27 (s, 18H), 3.93 – 3.90 (m, 

12H), 3.84 – 3.80 (m, 6H), 3.74 (d, J = 4.8 Hz, 20H), 3.64 (td, J = 13.7, 11.4, 5.4 Hz, 111H), 3.56 – 

3.50 (m, 18H), 3.42 (dd, J = 5.8, 3.2 Hz, 6H), 3.34 (s, 18H). 

3I-disc 

Protected 3(trityl-imidazole)-disc (1.1 mg, 0.3 µmol, 1 eq.) was dissolved in CH2Cl2 (0.3 mL) 

with TIS (20 µl, 97.5 µmol, 70 eq.). Subsequently, TFA was added (0.3 mL) dropwise and 

stirred for 3 hours at RT. TFA was removed under vacuum by co-evaporating with toluene 

(3x 2mL) yielding pure 3I-disc (quant. yield). MALDI-ToF-MS: Mw calculated 3733.2; found 

3755.82 [M+Na]+, 1H NMR (400 MHz, Chloroform-d) δ 15.51 (s, 2H), 14.48 (s, 3H), 9.59 (s, 2H), 

9.33 (d, J = 32.9 Hz, 3H), 9.05 (s, 4H), 8.52 (s, 3H), 7.56 (s, 6H), 7.33 (s, 6H), 4.28 (s, 19H), 3.92 

(s, 12H), 3.75 (s, 34H), 3.64 (s, 117H), 3.52 (s, 18H), 3.41 (s, 6H), 3.34 (s, 19H), 2.71 (s, 2H).  
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Chapter 5 
 

Mutually exclusive cellular uptake of 

combinatorial supramolecular copolymers  

 

 

Abstract: The cellular uptake of self-assembled biological and synthetic matter 

results from their multicomponent properties. However, the interplay of the building block 

composition of self-assembled materials and uptake mechanisms urgently requires 

addressing. We show that supramolecular polymers, which self-assemble in aqueous media, 

are a modular and controllable platform to modulate cellular delivery via the introduction of 

small ligands or cationic moieties, with concomitantly different cellular uptake kinetics and 

valence dependence. A library of supramolecular copolymers revealed stringent mutually 

exclusive uptake behavior in which either of the uptake pathways dominated, with sharp 

compositional transition. Supramolecular biomaterials engineering provides for adaptive 

platforms with great potential for efficient tuning of multivalent and multicomponent 

systems interfacing with biological matter. 
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5.1 Introduction 

The assembly of supramolecular polymers relies on noncovalent interactions, which 

leads to material properties unique to supramolecular polymers.[1–3] Noncovalent interactions 

introduce reversibility, which makes supramolecular polymers more dynamic, responsive to 

external stimuli and fit for the bottom-up generation of libraries of multivalent polymers with 

high precision and complexity.[4,5] Inspired by nature, in which supramolecular assemblies 

such as exosomes and viruses are involved in the intracellular delivery of cargo molecules, 

synthetic supramolecular assemblies have been successfully used as cellular delivery 

platforms.[6] Besides the well-known liposomes,[7] a broad range of functional supramolecular 

materials has been developed of which size, shape, stability, and valency can be controlled.[6,8–

10] The manner of dual targeting with which supramolecular polymers interact with the 

cellular membrane has been shown to depend on their valency and chemical composition.[11,12] 

Driven  by electrostatic interactions with anionic cell-surface proteoglycans, the introduction 

of cationic residues can initiate crossing of the membrane which is controlled by the density 

and distribution of charges.[13–18] Also for alternative morphologies such as one-dimensional 

supramolecular polymers, cellular uptake could be induced via different intracellular 

trafficking pathways dependent on the monomeric building blocks.[19,20] Similarly, ligands 

such as the small arginine-glycine-aspartic acid peptide (RGD) demonstrated an increased 

affinity for αvβ3 integrin expressing cells when presented in a multivalent manner. [21,22] The 

adaptability of a supramolecular polyrotaxane polymer, featuring RGD ligands, enhanced 

contact with integrin on the cellular membrane.[23] Despite the examples of supramolecular 

materials interfacing with cellular surfaces,[3,9,12] the influence of the composition of the 

supramolecular (co-)polymer on cellular uptake is poorly studied. Supramolecular assemblies 

with a combination of targeting ligands and charges have demonstrated their advantages for 

in vitro studies[24] but typically focused on single compositions, and lack comparison of 

copolymers where the balance between monomers is shifted.  

Here we reveal how intermixing of charged and liganded monomers tunes the 

cellular uptake and fate of supramolecular polymers and how different ligands can overrule 

the effects on each other. For this study, bipy-disc were used which are robust and fluorescent 

supramolecular monomers that self-assemble into one-dimensional columnar polymers and 

allow for high density display of ligands. These supramolecular building blocks can be made 

to interact with biological matter on the level of nucleotides,[25] proteins[26] as well as whole 

cells.[27] A variety of supramolecular copolymers with different compositions was generated 

by simple mixing of monomers with diverse properties (Figure 5.1). The uptake kinetics and 

valency dependence for supramolecular homopolymers based on amine-, guanidine-, or 

RGD-functionalized discs were compared via microscopy and cell cytometry, revealing very 
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distinct kinetics and cellular fate. These distinct characteristics were used to interpret libraries 

of supramolecular copolymers, revealing mutually exclusive cellular uptake behavior with 

stringent compositional control by the monomeric building blocks. 

 

 
Figure 5.1: Columnar supramolecular polymers are a modular and controllable platform for interfacing 

with biological systems. A) Chemical structure of the monomers functionalized with either cationic 

moieties (amine or guanidine), a ligand (cRGD), or fluorophore (fluorescein). B) Supramolecular 

homopolymers in water. C) Library of supramolecular copolymers by dynamic mixing of cationic and 

ligand functionalized monomers. D) Supramolecular copolymers of which the composition determines a 

mutually exclusive cellular uptake and fate. 

 

5.2 Results and Discussion 

 

5.2.1 Synthesis 

 

Supramolecular polymers of discs featuring nine peripheral amine groups show 

cellular uptake and facilitate the uptake of cell-impermeable monomers through 

supramolecular copolymerization.[28] However, the cellular uptake kinetics of the 

supramolecular polymers formed by mono- and tri-amino monomers was considered too 

slow for cellular studies when combined with cell-impermeable monomers. Guanidine 

moieties have shown optimal properties to disrupt and permeabilize the cellular membrane 

in comparison to primary amines.[29] Modification of the monomers with guanidine groups 

was hypothesized therefore to enhance the cellular uptake of the supramolecular polymer. 

We therefore synthesized mono- and tri- functionalized guanidine monomers (1G-disc, 3G-

disc) (Scheme 5.1) via a one-step, reaction between 1H-pyrazole-1-carboxamidine-

hydrochloride and either the one-amine- (1NH2-disc)[26] or three-amine-disc (3NH2-disc)[30] to 
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afford the 1G-disc and 3G-disc in yields of 80% and 43% respectively. Specific, receptor-

mediated uptake of supramolecular elements can be achieved by attachment of receptor 

ligands,[12,23] which we also wanted to recreate in the context of our supramolecular polymers. 

Therefore, we synthesized a supramolecular monomer functionalized with one cyclic RGD 

peptide moiety, and one with cyclic RAD as reference, (1cRGD-disc, 1cRAD-disc) to promote 

specific integrin-mediated cellular up take of the copolymers. Protected cRGD and cRAD 

peptides were connected via a HBTU-activated amide coupling to the 1NH2-disc, which was 

followed by removal of the protecting groups in TFA, providing the peptide-ligand 

functionalized monomers with yields of 60% and 78% over 2 steps (scheme 1). For TEM 

measurements, the 1NH2-disc was functionalized with a reactive DBCO handle via the simple 

1 step amide bond formation with NHS activated DBCO crosslinker, followed by a copper-

free click reaction with azide-ferrocene yielding 1Fe-disc. 
 

 
Scheme 5.1: Synthesis of peptide and guanidine functionalized discotics. a) cR(Pbf)GD(OtBu), HBTU, 

DIPEA, DMF, RT, 12 h, 60%; b) TFA, CH2Cl2, RT, 3 h, quant.; c) cR(Pbf)AD(OtBu), HBTU, DIPEA, DMF, 

RT, 12 h, 78%; d) TFA, CH2Cl2, RT, 3 h, quant.; e) 1H-Pyrazole-1-carboxamidine-hydrochloride, DIPEA, 

RT, 12 h, 80%;  f) 1H-Pyrazole-1-carboxamidine-hydrochloride, DIPEA, RT, 12 h, 43%.  

 

5.2.2 Self-assembly  

 

The supramolecular self-assemblies of the peptide and guanine functionalized discs 

in solution were studied with UV-Vis and fluorescence spectroscopy. For all discs, a typical 

red shift in the UV-Vis spectrum and an aggregation induced increase in fluorescence were 

observed when dissolved in PBS as reported in Chapter 3 (Figure S5.1). These spectroscopic 

changes originate from the formation of columnar aggregates.[31] Dynamic light scattering 

measurements confirmed the formation of nanoparticle structures as indicated by the 

scattering correlation of the 1cRGD-disc and the 3G-disc (Figure 5.2A). TEM measurements 
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were carried out to confirm the geometry of the assembled state. A copolymer of 1cRGD-disc 

or 3G-disc containing 10% 1Fe-disc, for EM contrast purposes, was used to allow for the 

visualization of the aggregates. Both copolymers showed the formation of columnar 

structures with a length of around 50 nm and a diameter of approximately 3 nm; fully in line 

with the formation of 1-dimensional columnar aggregates (Figure 5.2B, S5.2). 

 
Figure 5.2: Discs self-assemble into columnar nanoparticles. A) DLS correlation spectra of 1cRGD-disc 

and 3G-disc in water. B) TEM image of 1Fe-disc copolymer with 1cRGD-disc (left) and 3G-disc (right) 

(9:1). Scale bar represents 50 nm. 

 

5.2.3 Charge mediated uptake 

 

 The cellular uptake properties of supramolecular polymers of different 

compositions of cationic monomers were compared using live cell imaging. The discs exhibit 

high fluorescence from the bipyridine central core when polymerized and can be excited 

using two-photon microscopy.[28] Supramolecular polymers composed purely of neutral 

inert-disc, or fluorescein disc (1F-disc) (Figure 5.3A) did not show evidence of cellular uptake, 

as was the case for supramolecular polymers formed by the single charged 1NH2-disc and 

1G-disc (Figure 5.3B). By contrast, the triple charged 3NH2-disc and the 3G-disc formed 

homopolymers, which were readily taken up and captured into vesicles as indicated by the 

observed punctuate distribution (Figure 5.3C). Both the amine- and the guanidine-

functionalized discs thus require a charge density of only three cationic groups per monomer 

for uptake of their corresponding supramolecular polymers. The high-density of positive 

charges present in the supramolecular polymers evidently favors cellular uptake but 

conveniently avoids the need for seven to eight positive charges, typical in covalent systems, 

and is in line with observations on self-assembling vesicles.[32,33] The uptake of 3G-disc was 

shown to be rather fast as the cationic discs co-localized with the cellular membrane within 

minutes and internalized after 30 minutes in a similar way as previously reported for the 

3NH2-disc[28] (Figure 5.3D). 
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Fig. 5.3: Supramolecular materials with modulated charge type and charge density feature differentiated 

cellular uptake and cargo co-transport. Microscopy images of the cellular uptake of non-cationic inert-

disc, 1F-disc (A), singly charged 1NH2-disc, 1G-disc (B) and triple charged 3NH2-disc and 3G-disc (C) 

after a 2 hours incubation (5 μM). D) Time lapse of the cellular uptake of 3G-disc (5uM) between 5-50 

minutes. 1F-disc (red) was excited at 495 nm with the white light laser while the remaining discs were 

excited at 730 nm with the multi-photon laser. Scale bar represents 25 μm. 

 

 Incubation of a large cohort of Hela cells for 16 h, resulted in a more efficient uptake 

for the 3G-disc compared to 3NH2-disc (Figure 5.4A). The average fluorescence per cell was 

determined by scanning 350 cells per condition, indicating an almost 3-fold increase in uptake 

for the guanidine modified disc (Figure 5.4B). This increased uptake was also reflected by an 

increased cytotoxicity of 3G-disc as verified in an MTT assay (Figure 5.4C). 
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Fig. 5.4: Guanidine functionalization increases the uptake of the bipy-disc. Multiphoton microscopy 

images (A) of Hela cells incubated with 3G-disc (left) or 3NH2-disc (right) and corresponding average 

fluorescence per cell (B) and metabolic activity (C) after a 16 hour incubation. Cell nuclei were stained 

with CYTO59 prior imaging. Scale bar represent 25 μm.  

 

Flow cytometry experiments were performed to quantify the cellular uptake of 

different supramolecular copolymers containing either 3NH2-disc or 3G-disc. For this, 10-

20% of 1F-disc monomer was copolymerized to use the fluorescence of the appended 

fluorescein as readout for cellular uptake. Our results show that supramolecular polymers 

copolymerized with 3G-disc outperformed those with 3NH2-disc in terms of both the amount 

of copolymers that are taken up and the efficiency with which otherwise impermeable discs 

are taken up as copolymers. After a 2 h incubation, an almost 8-fold increase in cellular uptake 

was observed for 3G-disc copolymerized with 10% 1F-disc (Figure 5.5A), compared to 

corresponding 3NH2-disc copolymer (Figure 5.5B). An increase in the amount of cell 

impermeable 1F-disc (20%) monomer into the supramolecular copolymers resulted in only a 

minor decrease in uptake for the 3G-disc. By contrast, the 3NH2-disc copolymers featured a 

further 8-fold decrease in uptake with increasing amounts of 1F-disc. In line with this, the 3G-

disc–based copolymers displayed strong overlapping fluorescence in both the disc and the 

fluorescein channel (Figure 5.5C), whereas no cellular uptake of the 3NH2-disc–based 

copolymers was observed by multi-photon microscopy (Figure 5.5D). 
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Figure 5.5: Copolymer composition does not impair the cellular uptake. Flow cytometry analysis of 3G-

disc (A) and 3NH2-disc (B) copolymers with 1F-disc (9:1, 8:2, 5 μM) after 2 h incubation on Hela cells. C) 

Corresponding microscopy images of the cellular uptake of a 3G-disc and 3NH2-disc copolymer with 1F-

disc (ratio 8:2, total disc concentration 5 μM) after 2 h incubation on Hela cells. The copolymer was excited 

at 730 nm with the multi-photon laser to image all the disc (green) and at 495 nm with the WLL to image 

the 1F-disc (red). The supramolecular copolymer was represented by the presence of a yellow signal and 

the absence of green signal in the overlay image. Scale bars represent 10 μm. 

 

A time lapse of the 3G-disc copolymer with 1F-disc (Figure 5.6) showed a similar 

uptake profile as for the 3NH2-disc and 3G-disc homopolymer (Figure 5.3D). The 

internalization is only a little bit less progressive as a result of the incorporation of cell 

impermeable 1F-disc.The guanidine moieties thus not only increase the uptake of the 

supramolecular polymers but also facilitate the uptake efficiency of cell-impermeable 

monomers, presumably through incorporation of more cell-impermeable monomers within 

the copolymer without interfering with the charge-mediated uptake induced by the cationic 

residues. These results demonstrate, again, the necessity of cell-impermeable monomers such 
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as 1F-disc to assemble with permeable supramolecular copolymers, here using the charge of 

3G-disc, to be taken up into the cells. 

 

 
Figure 5.6: Copolymer composition does not alter the cellular uptake pathway. Time lapse (10-70 minutes) 

of the cellular uptake of 3G-disc:1F-disc copolymer (ratio 9:1, total disc concentration  5 μM) by Hela cells 

represented by the overlay of the disc and fluorescein channel. Scale bar represent 25 μm. 

 

5.2.4 Integrin mediated uptake 

 

Charge-mediated cellular uptake typically lacks cell-type selectivity; by contrast 

ligand-mediated uptake can be deployed to selectively target cell-type specific receptors. The 

1cRGD-disc was investigated on cell lines with different expression levels of αvβ3 integrins to 

test for a specific integrin-mediated uptake of the supramolecular copolymers. Only cells with 

a passage number below 10 were used to ensure close characteristics of the cells to the 

reference strains. On overnight incubation of a 5 μM solution of 1cRGD-disc with an integrin-

deficient MCF-7 and integrin-overexpressing cell strain (MDA-MB-435S)[34] a strong positive 

correlation was observed between the expression levels of αvβ3 integrin and the uptake of the 

1cRGD-disc (Figure 5.7A). In the case of the integrin-deficient strain, little 1cRGD-disc was 

internalized, in contrast to the αvβ3 overexpressing strain, in which integrin-mediated uptake 

was observed and perinuclear localization for the disc. As expected, incubation of the cell 

strains with the charged 3G-disc did not result in a differentiated uptake between the cell 

lines or any perinuclear localization (not shown). Uptake of the negative control, 1cRAD-disc, 

which differs from the 1cRGD-disc by only a single methyl group, could not be detected 

against any of the cell strains (Figure 5.7B), thus supporting a specific receptor-mediated 

mode of action for the uptake of the supramolecular polymers formed by the 1cRGD-disc. 

Gratifyingly, the 1cRGD-disc also enabled the internalization of the cell impermeable 1F-disc 

via the formation of supramolecular copolymers. The time scale of the cellular uptake 

increased via the ligand-mediated pathway, compared to the charge-mediated uptake from 

several minutes to hours, possibly due to saturation of the receptor (Figure S5.3-S5.4).[35] Flow 

cytometry experiments on the integrin rich MDA-MB-435S strain using copolymers of either 

1cRGD-disc or 1RAD-disc and 1F-disc (ratio 9:1) further confirmed the dependence of 
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integrin binding on cell uptake through the observation of enhanced uptake by the 1cRGD-

disc copolymer compared to no uptake in the case of the 1cRAD-disc copolymer (Figure 

5.7C). Similar to the homopolymer, the 1cRGD-disc copolymers exhibited an increased 

uptake by the MDA-MB-435S strain compared to the MCF-7 strain (Figure 5.7D). 

 

 
Figure 5.7: Cell-type specific uptake of supramolecular polymers is modulated via ligand decoration and 

copolymerization. Microscopy images of the cellular uptake of 5 μM solutions of 1cRGD-disc (A) and 

1cRAD-disc (B) homopolymer on MCF-7 and MDA-MB-435S cells, after an overnight incubation. Scale 

bar represents 25 μm. C) Flow cytometry analysis of 1cRAD-disc or 1cRGD-disc copolymers with 1F-

disc (9:1, 5 μM) after overnight incubation on MDA-MB-435S cells. D) Flow cytometry analysis of 1cRGD-

disc copolymers with 1F-disc (9:1, 5 μM) on MCF-7 and MDA-MB-435S cells. 

 

5.2.5 Dual-molecular targeting 

 

The interplay between the rapid, but nonspecific, charge-mediated uptake via the 

3G-disc and the specific, but slower, integrin-mediated uptake via the 1cRGD-disc was 

explored via the study of copolymers with different compositions of the two monomers. The 

fluorescent 1F-disc was additionally added, thus effectively yielding supramolecular 

terpolymers, to facilitate analysis by flow cytometry. A clear discrimination in behavior 

between copolymers of only 1cRGD-disc and 1F-disc and those consisting of only 3G-disc 

and 1F-disc was evident. The charged mediated uptake via the 3G-disc resulted in a 50-fold 

increase in cellular uptake (Figure 5.8). Intriguingly, terpolymers composed of both 1cRGD-
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disc and 3G-disc exhibited uptake efficiencies that were governed by either the charge-

mediated uptake or the integrin-mediated uptake, and lacked a well-defined intermediate 

level of uptake. Supramolecular terpolymers that lacked functional integrin ligands (Figure 

5.8A), required a minimal concentration of charges – in line with other materials studied –[32,36] 

for efficient cellular uptake by MDA-MB435S cells. The terpolyer needed at least 60% of 3G-

disc to induce the uptake of the supramolecular terpolymers comprising the 1cRAD-disc. 

Below this cut-off, the terpolymer was not taking up in reference to other cell impermeable 

discs despite the high similarity with the 1cRGD containing terpolymers. The intergrin-

mediated uptake, though acting slower, required significantly less functional groups in one 

monomer to enforce the cellular uptake (Figure 5.8B). The 1cRGD-disc features only 1 ligand 

per disc, in contrast to the 3 charges on a 3G-disc, and can be diluted down to 30%, before the 

charged mediated uptake takes over. These observations were not cell-strain dependent as 

shown by the similar trends observed for the MCF-7 strain (Figure 5.8C, 5.8D). The two 

cellular uptake mechanisms are thus mutually exclusive for these supramolecular 

copolymers. This could be a result of the different time scales on which both processes are 

operating in combination with the need for a minimal concentration of functional groups for 

the charge-mediated uptake.  

 
Figure 5.8: Supramolecular terpolymers reveal a cellular uptake mechanisms with sharp compositional 

transitions. Flow cytometry analysis of a library of terpolymer (5 μM) with a constant amount of 1F-disc 

(10%) and different ratios of 3G-disc and 1cRAD-disc (A,C) or 1cRGD-disc (B,D) after a 7 h incubation 

with MDA-MB-435S cells (A,B)or integrin deficient MCF-7 cells (C,D) respectively. 
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5.3 Conclusions  

A modular supramolecular platform for the generation of supramolecular 

copolymers with tunable cellular uptake capacities was evaluated. Copolymers based on 

guanidine-functionalized monomers required only three charged groups per monomer and 

showed improved cellular uptake properties, compared to those featuring amine-

functionalized monomers. This improved uptake is accompanied by an increased capacity to 

deliver cell impermeable monomers via the supramolecular copolymerization. The 

introduction of a single cRGD peptide per monomer enables uptake of the supramolecular 

copolymers in a cell-specific manner. The modularity of the supramolecular copolymerization 

concept allowed for the efficient generation of a wide range of terpolymers via the simple co-

assembly of different ratios of 3G-disc and 1cRGD-disc with a constant 10% of 1F-disc. 

Copolymerization of 3G-disc with 1cRGD-disc results in materials with a mutually exclusive 

cellular uptake mechanism, where either the unspecific charge-mediated or the cell-type 

specific integrin-mediated uptake is dominant. This mutual exclusive cellular uptake, with 

concomitant sharp compositional transition, provides potential to be further explored for 

diverse supramolecular material properties. Examples would include activatable cellular 

uptake platforms, cell selectivity tuning, and cargo delivery, all facilitated by the preparation 

of these supramolecular copolymers via simple mixing of building blocks. 
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5.5 Experimental 

 

General:  

All solvents were purchased from Biosolve unless stated otherwise. O-Benzotriazolyl-

N,N,N,N-tetra methyl-uronium-hexafluoro-phosphate (HBTU) and N,N’-

diisopropylethylamine (DIPEA), Fmoc protected amino acids, pre-loaded resins and 

trifluoroacetic acid (TFA) were purchased from Biosolve. (Benzotriazol-1-

yloxy)tripyrrolidinophosphonium hexafluorophosphate (PyBOP), 

tetrakis(triphenylphosphine)palladium (Pd(PPh3)4), barbituric acid, succinic anhydride, 

trimethylamine (TEA) and 1H-Pyrazole-1-carboxamidine-hydrochloride were purchased 
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from Sigma-Aldrich. 2,2,2-trifluoroethanol (TFE) was purchased from Acros. Water was 

demineralized before use. Thin layer chromatography (TLC) was carried out using Merck pre-

coated silica gel plates using light with a wavelength of 254 or 365 nm. Manual column 

chromatography was carried out using Merck 60 Å pore size silica gel (particle size: 63-200 

μm). Manual size-exclusion chromatography was performed on BIO RAD BioBeads S-X1 

(200-400 mesh) in a long glass column at atmospheric pressure in methylene chloride 

(CH2Cl2). Reversed-phase high pressure liquid chromatography (RP-HPLC) was performed 

on a Shimadzu LC-8A JPLC system by using a Gemini 5u C18. A gradient of water and 

acetonitrile (ACN) with 0.1% TFA was used as eluent. Detection was performed by a 

Shimadzu SPD-10AV UV-detector (λ=240 nm). LC-MS samples were characterized using a 

Shimadzu SCL-10 AD VP series HPLC coupled to a diode array detector (Finnigan Surveyor 

PDA Plus detector, Thermo Electron Corporation) and an Ion-Trap (LCQ Fleet, Thermo 

Scientific). Analyses were performed using a reversed phase HPLC column (GraceSmart 

PP18, 50 mm x 2.1 mm, 3 μm), using an injection volume of 1-4 μL, a flow rate of 0.20 mL / 

min and typically a gradient (5% to 100% in 10 minutes, held at 100% for 1 more minute) of 

acetonitrile in water (both containing 0.1% formic acid) at 298K. MALDI-TOF-MS was 

measured on a PerSpective Biosystems Voyager-DE PRO spectrometer with a 

Biospectrometry workstation using 2-[(2E)-3-(4-tert-butylphenyl)-2-methylprop-2-

enylidene]-malononitrile (DCTB) and α-Cyano-4-hydroxycinnamic acid (CHCA) as matrix 

material and chloroform or methanol as solvent. 1H-NMR spectra were measured using a 

Varian Mercury Vx 400 MHz NMR spectrometer at 298 K. Chemical shifts are given in ppm 

and the spectra are calibrated to residual solvent signals of CDCl3 (7.26 ppm). Splitting 

patterns are labeled as s, singlet; d, doublet; dd, double doublet; t, triplet and m, multiplet. 8-

well culture slides were purchased from DB Biosciences. Dulbecco's Modified Eagle Medium 

(DMEM) Fetal bovine serum (FBS), Penicillin-Streptomycin solution (Pen/Strep), RPMI 1640 

and DMEM phenol red free cell culture media were purchased from Invitrogen.  SYTO59 was 

purchased from life technologies. Hela cells were obtained from M. de Liefde. Breast cancer 

cells (MCF-7) cells and melanoma (MDA-MB-435) cells were obtained from DSMZ and ATCC 

respectively. Inert-disc, 1NH2-disc, 3NH2-disc and 1F-disc were kindly provided by Katja 

Petkau. 1cRGD-disc and 1cRAD-disc were synthesized together with Jurgen Schill.  1Fe-disc 

synthesis and TEM measurements were carried out by Jurgen Schill.   

 

Preparation particles:  

Disc-solutions were prepared by weighing in the disc and dissolving it in PBS (50 uM, cell 

experiments) or milliQ (100 uM, TEM) . Multicomponent polymers were mixed in the proper 

ratio 2 hours prior use. For cell experiments, polymers were diluted down (5 uM) in DMEM 

supplemented with 10% FBS and 1 % Pen/Strep without phenol red and applied to the cells. 
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UV-Vis and fluorescence spectroscopy:  

UV/vis spectra were measured on a Jasco V-650 spectrophotometer equipped with a Perkin-

Elmer PTP-1 Peltier temperature control system. Fluorescence spectra were recorded on a 

Varian Cary Eclipse fluorescence spectrophotometer equipped with a Perkin-Elmer PTP-1 

Peltier temperature control system. All measurements were performed in quartz cuvettes 

with a 10 mm light path (Hellma) and 1800 μl minimal volume. The excitation and emission 

slits were both set to 5 nm. Discs were measured in their assembled state at a 5 μM stock 

solutions in sodium phosphate buffer (pH 7.3, 5 M NaCl) (PBS) or CH2Cl2 in which the disc is 

molecular dissolved. Between measurements the cuvettes were washed with acetone and 

incubated for an hour in helifax at 37 °C. 

 

Dynamic light scattering:  

DLS experiments were performed with the Malvern Zetasizer Nano ZSP. The DLS was 

equipped with a He-Ne laser operating at 633 nm. Samples (100 μM, milliQ) were filtered 

(PVDF, 200 μm) prior measurement at 173˚ at room temperature. For each sample the settings 

were automatically optimized and measured in triplicate (10 x 10 seconds). 

 

Transmission electron microscopy:  

Visualization by TEM was performed with a Technai G2 Sphera by FEI operating at an 

acceleration voltage of 80 kV. Samples were prepared by incubating the target with 10% Fe-

disc for visualization at a final concentration of 8.0×10−5 M for at least 2h. Subsequently, 3 μL 

of this solution was drop-casted on a 400 square mesh copper grid with a carbon support film 

and dried for one minute. 

 

Cell culture: 

 MCF-7 and MDA-MB-435S cell lines were cultured in RPMI while  Hela cells were cultured 

in DMEM. Both media were supplemented with 10% FBS and 1% penicillin/streptomycin. All 

cells were grown as monolayers in culture flask at 37 °C, 5% CO2. Cells were passed on when 

a confluency around 80% was reached. After washing with PBS (3x) the cells were detached 

by submerging the cells in trypsin for 1 minute at 37 °C, 5% CO2. Trypsin was deactivated by 

the addition of 90 vol. % medium. Cell lines were passed at least 3 times before used in 

confocal or flow cytometry studies and were discarder after passage 10. 
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Confocal microscopy:  

Cells were imaged on a Leica TCS SP5X equipped with a HCX PL Apo CS water immersion 

lens, Leica hybrid detector (HyD) and a temperature controlled incubation chamber (37 ˚C). 

MCF-7and MDA-MB435S cells were counted and seeded in 8-well culture slides (20.000 cells 

per well) using DMEM (Hela) or RPMI1640 (MCF-7 and MDA-MB435S) supplemented with 

10% FBS and 1% Pen/Strep. After an overnight incubation at 37 °C, 5% CO2, the medium was 

substituted for medium without phenol red containing 5 uM disc and incubated at 37 °C, 5% 

CO2. Prior imaging, the cells were gently washed (2x) with PBS and subsequently imaged right 

after in medium without phenol red. CYTO59 nuclei life stains were performed according 

protocol after incubation with disc solutions. Discs were excited with use of the multi-photon 

laser (730 nm, pinhole fully open) and detected between 450-600 nm. Fluorescein was excited 

at 495 nm with the white light laser and detected between 520-600 nm. CYTO59 was excited 

at 622 nm with the white light laser and detected between 640-650 nm. To estimate the average 

intensity per cell, three images with a total of 350 cells per condition were selected. The raw 

intensity density (the sum of the values of the pixels in the image or selection) and area were 

calculated with ImageJ. The average background signal was determined by selecting 4 

different areas within a single picture without cells. To correct for background noise, the 

signal was subtracted from the total raw intensity density of the cells and divided by the 

number of cells to gain the average intensity per cell. 

 

Flow cytometry:  

Flow cytometry measurments were carried out  on a FACS Aria III (BD Biosciences) equipped 

with a 70 μm nozzle. Cells were cultured in a similar fashion as previously described for the 

confocal microscopy experiments. Also disc-solutions were made in a similar manner. Hela, 

MCF-7 and MDA-MB-435S cells were harvested via trypsination for 1 minutes at 37 °C, 5% 

CO2. Subsequently, the trypsin was inactivated by the addition of 90 vol. % DMEM (Hela) or 

RPMI1640 (MCF-7 and MDA-MB-435S) supplemented with 10% FBS and 1% Pen/Strep. Cells 

were counted and seeded in 24 well plates (100.000 cells per well, 450 μL working volume) 

and incubated overnight at 37 °C, 5% CO2. Dependent on the experiment, cells were incubated 

with 5 uM disc solutions for a certain period of time, gently washed twice with PBS and 

trypsinized with 100 ul trypsine per well for 2 minutes.  Trypsin was deactivated by the 

addition of 90 vol.% medium after which the cells were pelleted by centrifugation for 3 

minutes at 3000 xg. After drainage of the supernatant, the pellet was resuspended in 200 μL 

medium without phenol red and propium iodide (PI) (1:200) for 5 minutes before the cell 

suspension was loaded into the flow cytometer. A total of 10.000 single cells were counted 

and afterwards gated based on their forward- vs side scatter and negative stain for PI to 

prevent any contribution originating from the uptake of cell permeable apoptotic cells. The 
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fluorescence intensity per cell was measured by exciting the fluorescein on the 1F-disc with a 

488 laser and detect through a 530/30 bandpass filter. All samples were measured with a flow 

rate of 1.0 mL/min. 

 

Vell viability assay (MTT): 

Hela cells were counted and seeded in 96 well plates (7500 cells per well) using DMEM 

supplemented with 1% Pen/Strep and 10% FBS and incubated overnight at 37 °C, 5% CO2. 

Stock solution of disc (10 x)were prepared in PBS, diluted down in medium to a concentration 

between 2.5 and 7.5 uM and added to the cells. After an overnight incubation at 37 °C, 5% 

CO2 the cells were washed once with PBS and incubated with 0.83 mg/mL MTT in medium 

without phenol red at 37 °C, 5% CO2 for 3.5 hours. Subsequently, the medium was removed 

and the MTT crystals were dissolved in 150 μL DMSO for 15 minutes on a shaker. The 

absorbance was read out at 595 nm with a plate reader. The absorbance was normalized using 

the absorbance of PBS treated cells. 

 

Synthesis: 

 

Cyclic peptides: 

c(R(Pbf)AD(OtBu)fK) peptide was synthesized in a similar way as previously reported for the 

c(R(Pbf)GD(OtBu)fK)[37]. The linear peptide sequence H-Asp(OtBu)-D-Phe-Lys(Alloc)-

Arg(Pbf)-Ala-OH, was manually synthesized via Fmoc solid-phase peptide synthesis (SPPS) 

on an alanine pre-loaded 2-chlorotrityl chloride resin (Iris Biotech: 0.53 mmol/g), cleaved from 

the resin under mild conditions with 10 mL TFE/ CH2Cl2 (1:4 v/v) and purified by preparative 

RP-HPLC with a 48% yield. LC-MS: Mw calculated 1027.21; found 1028.67 [M+H]+.  

Subsequently, the peptide was cyclized under dilute conditions. The linear peptide (98.7 mg, 

96.1 μmol, 1 eq.) was dissolved in 3 mL dry DMF and added dropwise using a syringe pump 

over a period of 2 hours to a solution of PyBOP (110 mg, 0.21 mmol, 2.2 eq.) and DIPEA (144 

μL, 0.83 mmol, 8.6 eq.) in a mixture of dry CH2Cl2 (11 mL) and dry DMF (28 mL) yielding 

cyclized peptide (quant. conversion). LC-MS: Mw calculated 1010.21; found 1010.67 [M+H]+ 

After evaporating the solvent, the crude cyclic peptide (96.1 μmol, 1 eq.) was dissolved in a 

mixture of 6 mL dry CH2Cl2 and 2 mL dry DMF where after Pd(PPh3)4 (55 mg, 47 μmol, 2 eq.) 

and barbituric acid (75 mg, 481 μmol, 5 eq.) were added. After 2 hours at room temperature 

the solvent mixture was evaporated and LC-MS confirmed complete lysine deprotection 

(quant.). LC-MS: Mw calculated 926.13; found 926.50 [M+H]+.To introduce a reactive handle 

the crude peptide  (96.1 μmol, 1 eq.) was dissolved in 5 mL dry CH2Cl2 and 60 μL TEA (0.4 

mmol, 4.2 eq.) and succinic anhydride (57.6 mg, 0.58 mmol, 6 eq.) were added. After 2 hours 

at room temperature LC-MS confirmed complete conversion. The crude peptide mixture was 
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purified via reverse phase chromatography (a gradient of acetonitrile in water, 5% to 100% in 

10 minutes and held at 100% for 1 more minute, containing 0.1% TFA was used to elute 

products) and column chromatography (Silica, 5%-10% MeOH and 0.1% formic acid (FA) in 

CH2Cl2), yielding pure cR(Pbf)AD(OtBu)fK peptide (21%). LC-MS: Mw calculated 1026.21; 

found 1026.83 [M+H]+. 

 

1cR(Pbf)GD(OtBu)-disc: 

1NH2-disc (5.9 mg, 1.8 μmol, 1 eq.) was dissolved in dry DMF (0.5 mL) with DIPEA (0.6 μL, 

3.6 μmol, 2 eq) under dry conditions. c(RGDfK) peptide (3.7 mg, 3.6 μmol, 2 eq.) was 

preactivated seperately for 20 minutes at room temperature with PyBOP (4.0 mg, 7,8 μmol, 2 

eq.) and DIPEA (2.7 μL, 15.6 μmol, 4 eq.) in dry DMF (0.5 mL). This solution was dropwise 

added to the solution with the 1NH2-disc and stirred for 24 hours under argon at room 

temperature (RT). Completion of the reaction was monitored with TLC (10% MeOH in 

CH2Cl2, silica, Rf = 0.2). The crude was purified using silica gel chromatography (silica, 5-15% 

MeOH in CH2Cl2) yielding pure 1cR(Pbf)GD(OtBu)-disc (60%). MALDI-ToF-MS: Mw 

calculated 4302.9; found 4325.7 [M+Na]+.  

 

1cRGD-disc: 

1cR(Pbf)GD(OtBu)-disc (6.0 mg, 1.4 μmol, 1 eq.) was dissolved CH2Cl2 (0.5 mL) with TIS (40 

μL, 195 μmol, 139 eq.). Subsequently, TFA was added (1.5 mL) dropwise and stirred for 3 

hours at RT. TFA was removed under vacuum by co-evaporating with toluene (3x 2 mL) 

yielding pure 1cRGD-disc (quant.). MALDI-ToF-MS: Mw calculated 3994.5; found; 3995.0 

[M+H]+. 1H NMR (399 MHz, Chloroform-d) δ 15.53 (s, 3H), 14.49 (s, 3H), 9.60 (d, J = 8.4 Hz, 

3H), 9.40 (d, J = 8.5 Hz, 3H), 9.29 (s, 3H), 9.06 (d, J = 4.3 Hz, 3H), 8.53 (d, J = 4.2 Hz, 3H), 7.57 

(dd, J = 8.5, 4.3 Hz, 6H), 7.36 (s, 6H), 7.19 (dd, J = 14.3, 8.1 Hz, 5H), 4.28 (q, J = 5.0 Hz, 19H), 

3.91 (t, J = 4.4 Hz, 12H), 3.84 (t, J = 4.5 Hz, 6H), 3.75 (q, J = 5.4 Hz, 18H), 3.65 (q, J = 12.4, 9.6 Hz, 

116H), 3.56 – 3.50 (m, 19H), 3.38 (s, 7H), 3.36 (d, J = 3.1 Hz, 18H), 2.94 (s, 3H), 2.54 (d, J = 24.7 

Hz, 10H), 2.08 (s, 3H), 1.89 (s, 18H), 1.40 (d, J = 36.4 Hz, 19H) 

 

1cR(Pbf)AD(OtBu)-disc: 

1NH2-disc (5.9 mg, 1.8 μmol, 1 eq.) was dissolved in dry DMF (0.5 mL) with DIPEA (0.6 μL, 

3.6 μmol, 2 eq) under dry conditions. c(R(Pbf)AD(OtBu)fK) peptide (3.7 mg, 3.6 μmol, 2 eq.) 

was preactivated seperately for 20 minutes at room temperature with PyBOP (4.0 mg, 7,8 

μmol, 2 eq.) and DIPEA (2.7 μL, 15.6 μmol, 4 eq.) in dry DMF (0.5 mL). This solution was 

dropwise added to the solution with the 1NH2-disc and stirred for 24 hours under argon at 

room temperature (RT). Completion of the reaction was monitored with TLC (10% MeOH in 

CH2Cl2, silica, Rf = 0.2). The crude was purified using silica gel chromatography (silica, 5-15% 
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MeOH in CH2Cl2) yielding pure 1cR(Pbf)AD(OtBu)-disc (78%). MALDI-ToF-MS: Mw 

calculated 4316.9; found 4339.5 [M+Na]+.  

 

1cRAD-disc: 

1cR(Pbf)AD(tBu)-disc (6.0 mg, 1.4 μmol, 1 eq.) was dissolved in CH2Cl2 (0.5 mL) with TIS (40 

μL, 195 μmol, 139 eq.). Subsequently, TFA was added (1.5 mL) dropwise and stirred for 3 

hours at RT. TFAAwas removed under vacuum by co-evaporating with toluene (3x 2 mL) 

yielding pure 1cRGD-disc (quant.). MALDI-ToF-MS: Mw calculated 4008.5; found; 4009.0 

[M+H]+. 1H NMR (399 MHz, Chloroform-d) δ 15.54 (s, 2H), 14.50 (s, 3H), 9.60 (d, J = 9.1 Hz, 

3H), 9.38 (d, J = 8.8 Hz,  3H), 9.29 (s, 2H), 9.06 (s, 3H), 8.50 (d, J = 17.6 Hz, 3H), 7.54 (d, J = 16.6 

Hz, 6H), 7.34 (d, J = 9.3 Hz, 6H), 4.28 (s, 18H), 3.91 (s, 12H), 3.84 (s, 7H), 3.74 (s, 28H), 3.65 (m, 

111H), 3.53 (s, 18H), 3.35 (s, 24H), 2.16 – 0.69 (m, 102H) 

 

1G-disc: 

A solution of 1H-Pyrazole-1-carboxamidine-hydrochloride (3.3 mg, 22.5 μmol, 15 eq.) with 

DIPEA (3.9 μL, 22.5 μmol, 15 eq.) in 0.15 mL DMF was dropwise added to a solution of  1NH2-

disc (5.2 mg, 1.5 μmol,1 eq.) in DMF (0.5 mL) and stirred for 2 days under argon at RT.The 

crude was purified via size exclusion chromatography yielding pure 1G-disc (80%). MALDI-

ToF-MS: Mw calculated 3350.8; found 3351.6 [M+H]+ . 1H NMR (399 MHz, Chloroform-d) δ 

15.52 (s, 3H), 14.50 (d, J = 4.9 Hz, 3H), 9.60 (d, J = 8.0 Hz, 3H), 9.39 (d, J = 8.7 Hz, 3H), 9.27 (s, 

3H), 9.05 (d, J = 3.6 Hz, 3H), 8.52 (d, J = 4.0 Hz, 3H), 7.57 (dd, J = 8.1, 4.2 Hz, 6H), 7.35 (s, 6H), 

4.28 (dd, J = 4.4 Hz, 18H), 3.91 (t, J = 6.0 Hz , 12H), 3.84 (t, J = 4.0 Hz, 6H), 3.74 (q, J = 4.8 Hz, 

27H), 3.70 – 3.60 (m, 112H), 3.54 (q, J = 5.5, 3.8 Hz, 18H), 3.38 (s, 6H), 3.36 (s, 18H) 

 

3G-disc: 

A solution of 1H-Pyrazole-1-carboxamidine-hydrochloride (9.9 mg, 67.5 μmol, 45 eq.) with 

DIPEA (11.7 μL, 67.5 μmol, 45 eq.) in 0.4 mL DMF was dropwise added to a solution of  3NH2-

disc (5 mg, 1.5 μmol, 1 eq.) in DMF (0.5 mL)and stirred for 2 days under argon at RT.The 

crude was purified via size exclusion chromatography yielding pure 3G-disc (43%). MALDI-

ToF-MS: Mw calculated 3492.9; found 3494.0 [M+H]+.  1H NMR (399 MHz, Chloroform-d) δ 

15.52 (d, J = 9.3 Hz, 3H), 14.49 (d, J = 8.5 Hz, 3H), 9.60 (d, J = 9.5 Hz, 3H), 9.38 (d, J = 8.1 Hz, 

3H), 9.27 (s, 3H), 9.06 (d, J = 3.2 Hz,  3H), 8.54 (d, J = 2.9 Hz, 3H), 7.57 (dd, J = 8.8, 4.3 Hz, 6H), 

7.34 (s, 6H), 4.29 (dd, J = 7.6, 6.0 Hz, 18H), 3.93 (t, J = 4.4 Hz,  12H), 3.85 (t, J = 4.8 Hz,  6H), 3.75 

(q, J = 3.6 Hz, 19H), 3.71 – 3.58 (m, 132H), 3.53 (dd, J = 5.6, 3.5 Hz, 18H), 3.40 (s, 6H), 3.36 (s, 

18H) 
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5.6 Supplementary Information 

 

 
Figure S5.1: A) Characteristic absorption (dotted line) and emission spectra (solid line) of 1cRGD-disc 

and 1cRAD-disc self-assembled into columnar stacks in PBS or molecularly dissolved in CH2Cl2 (5 μM, 

λex = 340 nm, T = 20°C ) as observed by the red-shift in the UV/Vis spectra and an increase in fluorescence. 

B) Characteristic absorption (dotted line) and emission spectra (solid line) of 3NH2-, 3G- and 1F-disc self-

assembled into columnar stacks in PBS (5 μM, λex = 360 nm, T = 20°C ). 

 

 
Figure S5.2: TEM image of 1Fe-disc copolymer with 1cRGD-disc (left) and 3G-disc (right) (9:1). Scale bar 

represents 50 nm. 

 

Figure S5.3: Flow cytometry analysis of Hela cells treated with a 5 uM solution of 3G-disc (A) or 3NH2-

disc (B) with 1F-disc (9:1). Cells were incubated with the disc solution between 10 to 120 minutes at 37 

°C, 5% CO2. For both analysis an increase in uptake is observed when the incubation time is increased.  
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Figure S5.4: Flow cytometry analysis of MDA-MB-435S cells followed over time at 37 °C, 5% CO2 after the 

addition of 5 uM mixtures of 1cRGD-disc (left) or 1RAD-disc (right) with 1F-disc (9:1).  
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Chapter 6 

 

Ni-NTA mediated protein recruitment on a 

supramolecular wire 
 

 

Abstract: Specific recognition or recruitment of biomolecules is of central importance 

for the successful application of synthetic supramolecular assemblies in biology. Small 

molecule ligands as well as bioconjugation-based approaches have successfully been 

combined with supramolecular platforms for the targeting of cell surface receptors or 

recruitment of proteins in solution. Recruiting intracellular biomolecules by supramolecular 

platforms has remained elusive. In this chapter, novel chemical epitopes are introduced to 

expand the toolbox for the recognition of proteins towards the development of a synthetic 

supramolecular scaffold for the organization of proteins. The metal mediated recruitment of 

a histidine tagged fluorescent protein by a chelator modified disc is highlighted as a novel 

modular approach for the responsive, tunable tethering of proteins to supramolecular 

assemblies.  
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6.1 Introduction 

The advantageous properties of reversible interactions have led to the evolution of 

supramolecular chemistry into a multipurpose field. Biomolecular applications not only arise 

from the reversible self-assembly into superstructures similar in size and shape as 

biomolecular assemblies, but also heavily rely on the specific targeting of biomolecules.[1] 

Many common epitopes (laminin IKVAV sequence,[2] fibronectin RGD sequence,[3,4] 

carbohydrates,[5–7] folic acid[8]) have successfully been combined with supramolecular 

assemblies to, for example, target cell surface receptors that induce cellular uptake, cell 

adherence or trigger cell differentiation.[9]  These epitopes are very specific for a certain class 

of biomolecules and directed toward the recognition of extracellular elements of the plasma 

membrane. The use of modular, bio-orthogonal, approaches for the targeting of tagged 

proteins expands the library of available targets and could be a valuable tool to broaden the 

integration of synthetic supramolecular systems with biology.  

The modular recruitment or attachment of proteins to supramolecular assemblies 

have been accomplished via a range of approaches like native chemical ligation,[11] DNA 

hybridization,[12,13] host-guest complexation, snap-tag technology[14] and biotin-streptavidin[15] 

interactions. However, the recognition and recruitment of biomolecules inside the cell has not 

been reported with the exception of some protein engineered scaffolds[10] as a result of many 

challenges. The supramolecular assembly is not only required to be inert and stable under 

physiological conditions but more so needs to be internalized intact and able to induce the 

recruitment of specific proteins inside the cell; an environment not compatible with many of 

the above mentioned covalent and non-covalent ligation techniques.  

As reported in Chapter 4, bipy-discs can be intracellularly delivered with the use of 

physical approaches and their spatial organization can be controlled by the introduction of 

certain molecular moieties. Proteins have also been recruited to the columnar stack of bipy-

discs via 1) covalent bond formation between the benzylguanine-disc (1BG-disc) and a SNAP-

tag modified protein[14] or 2) the strong interaction between the biotin-disc and streptavidin.[15] 

Both approaches are practically irreversible and require the introduction of a large domain 

onto the protein of interest thereby limiting their applicability intracellularly. Also a 

decreased reactivity for the 1BG-disc was found when incubated on Hela cells expressing the 

SNAP-EGFR-mCherry fusion protein as a result of the increased temperature (37 ˚C).[16]  

The nitrilotriacetic acid-tag (NTA-tag) has an affinity for poly-histidine sequences 

when the NTA is complexed with nickel (Ni-NTA). The affinity towards poly-histidine 

depends on a combination of the length of the poly-histidine and the NTA valency and can 

range from µM to sub-nM for a single NTA and a tris-NTA respectively. [17,18] This would in 

principle allow for a modular and reversible approach for the targeting of proteins tagged 

with the small poly-histidine motif. The affinity of histidine towards Ni-NTA has already 
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been exploited in many ways. Beside its use in protein purification, poly-histidine tags (His-

tags) have been introduced for the immobilization of biomolecules on surfaces,[19,20] metal-

mediated assembly of supramolecular assemblies[21,22] and reversible labelling of proteins and 

probes.[17,23]  The in vivo applicability of this interaction pair was demonstrated by Wieneke et 

al.,[24] who designed a fluorescently labelled multivalent chelator complex to reversibly 

introduce a His-tagged cell penetrating peptide (CPP). Upon cellular uptake, the complex 

enabled the labelling of several intracellular His-tagged proteins as a results of the reversible 

supramolecular complexation between CPP-peptide and the fluorescent probe.  

This chapter features a proof of principle for the recruitment of proteins on a 

supramolecular platform using mono-NTA modified bipy-disc (1NTA-disc). The self-

assembly of several 1NTA-discs into a multivalent columnar stack is envisaged to enable the 

reversible recruitment of His-tagged proteins (Figure 6.1B). Förster resonance energy transfer 

(FRET) will be used as a readout to evaluate the reversible recruitment of proteins using the 

affinity between Ni-NTA and poly-histidine. The specificity and reversibility of the metal 

mediated protein recruitment will be highlighted and a perspective on future directions will 

be given.  

 

 
Figure 6.1: A) Synthesis of 1NTA-disc. a) tert-Butyl bromoacetate, DIPEA, DMF, 55˚C, 16 h, 85%; b) 

Palladium on carbon 10 wt%, H2, MeOH, RT, 3 h, quant.; c) NHS, EDC, DMAP, DMF, RT, 20 h, quant. d) 

1NH2-disc, TEA, DMF, RT, 18 h, 94%; e) TFA, CH2Cl2, RT, 2 h, quant. B) Schematic representation of the 

assembly mediated recruitment of His-tagged eYFP by the 1NTA-disc.   
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6.2 Results and Discussion 

 

6.2.1 Synthesis 

 

To covalently attach the NTA moiety to the disc, a tert-butyl (tBu) protected NTA 

with an NHS activated acid was synthesized in three steps, as previously reported by Piehler 

and co-workers (Figure 6.1A).[17] First, two tBu protected carboxylic acid groups were 

introduced to benzyl protected tBu-glutamic acid (I) via a substitution reaction with tert-butyl 

bromo acetate and was purified by filtration and column chromatography yielding II. 

Subsequently, the benzyl ester was removed via a palladium catalyzed hydrogenation by 

adding Palladium on carbon. The Palladium on carbon was removed by filtration over Celite 

to obtain III. The free carboxylic acid was activated by N-Hydroxysuccinimide (NHS) (IV) 

and subsequently conjugated to the 1NH2-disc via the formation of an amide bond. After 

purification of the crude via size exclusion chromatography, 1NTA(Trt)-disc was deprotected 

under acidic condition, obtaining pure 1NTA-disc. 

 

6.2.2 Recruitment of His-tagged yellow fluorescent protein 

 

The 1NTA-disc showed a characteristic UV-Vis spectrum and strong fluorescence intensity 

when dissolved in water, indicating the self-assembly into columnar stacks (data not shown). 

The addition of NiSO4 (NiSO4, 40 µM) to inert-disc or 1NTA-disc did not alter the UV-Vis 

spectrum or fluorescence intensity and thus does not hamper the self-assembly of bipy-disc. 

The intrinsic affinity of bipyridine to coordinate metals[25] is likely impeded by the 

intramolecular hydrogen bonding involved in the self-assembly of bipy-discs.[26]  

Fluorescence spectroscopy of inert-disc and 1NTA-disc in water (ex: 340 nm; conc. 20 µM) 

showed typical fluorescent spectra for bipy-discs with a maximum fluorescent intensity 

around 520 nm (Figure 6.2). Disc solutions with His-tagged enhanced yellow fluorescent 

protein (eYFP; conc. 1 µM) revealed a small shift towards 527 nm. Inert-disc solutions with 

eYFP and NiSO4 (5 µM) demonstrated a small decrease in overall fluorescence (Figure 6.2A). 

Similar solutions containing 1NTA-disc displayed an increase in fluorescence between 520 

and 575 nm with a maximum intensity at 527 nm and a small decrease in fluorescence between 

450 and 500 nm after 5 minutes (Figure 6.2B). 

The small shift in maximum intensity from 520 nm to 527 nm observed for both discs-eYFP 

solutions originates from the added eYFP as eYFP has a reported maximum emission 

wavelength  of 527 nm. Although the used excitation wavelength for these experiments is not 

within the main absorbance bands of eYFP, eYFP is slightly excited. Discs were not involved 

in the emission of eYFP as experiments without discs also showed a small fluorescent 
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emission profile, typical for eYFP, when excited at 340 nm. No significant difference in 

fluorescent spectra was observed when NiSO4 was added to inert-disc solutions with eYFP.  

 

Addition of NiSO4 to a mixture of 1NTA-disc and eYFP resulted in an apparent increase in 

fluorescent intensity. This increased fluorescence intensity overlaps with the reported 

emission spectra of eYFP. The decrease in fluorescence intensity between 450 and 500 nm does 

not overlap with emission spectrum of eYFP but is within the absorbance spectrum of eYFP. 

eYFP is an excellent acceptor for the fluorescent bipy-disc that allows for  FRET if donor (bipy-

disc) and acceptor (eYFP) are in close proximity to each other. The increase in eYFP emission 

for a mixture of 1NTA-disc, eYFP and NiSO4 is a result of an increased FRET efficiency and 

indicates the recruitment of eYFP by the 1NTA-disc scaffold. This recruitment is driven by 

the interaction between Ni-NTA and poly-histidine as no FRET was observed for mixtures 

missing one of these components. 

 

 
Figure 6.2: Fluorescence emission spectra (ex: 340) of 20 µM inert-disc (A) or 1NTA-disc (B) (solid line), 

with eYFP (1 µM, dashed line) and NiSO4 (5 µM, dotted line) after a 5 minute incubation in phosphate 

buffered saline (PBS) at room temperature. 

 

A titration of 1NTA-disc (20 µM) and eYFP (1 µM) with NiSO4 resulted in an increase 

in FRET efficiency with increasing concentrations of NiSO4 up till 10 µM (Figure 6.3A, 6.3B). 

A further increment reduced the FRET efficiency again. A titration of a mixture of 1NTA-disc 

(20 µM), eYFP (1 µM) and NiSO4 (5 µM) with hexahistidine peptide (H6) demonstrated a 

reduced FRET efficiency with increasing concentration of H6 (Figure 6.3C). At 4 µM of H6, 

the fluorescent intensity was more than halved whereas at 100 µM H6, no FRET was observed 

anymore. A similar titration with ethylenediaminetetraacetic acid (EDTA) also showed a 

negative correlation between FRET efficiency and EDTA concentrations (Figure 6.3D).  

Addition of EDTA to a final concentration between 20 to 120 µM EDTA led to a clear decrease 
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in FRET efficiency. However, 40 mM of EDTA was required to completely reduce the eYFP 

intensity. 

The FRET efficiency was shown to be dependent on the concentration NiSO4 (Figure 

6.3A). The increased FRET efficiency for mixtures with a NiSO4 concentration up till 10 µM, 

followed by a decrease for higher concentrations implies a competition between NTA 

complexed and free Ni2+  in solution for the eYFP. The reduced FRET efficiency observed for 

the titration experiments with H6 is likely the result of the competition between the His-tag 

from the eYFP and H6 for the 1NTA-disc with Ni2+. Titrations performed with EDTA required 

higher concentration to reduce the FRET efficiency. The metal chelating properties of EDTA 

are likely responsible for the observed reduction, as  removal of Ni2+ from the 1NTA-disc 

render them incapable to recruit proteins as seen in the previously discussed experiments. 

The Ni-NTA mediated recruitment of poly-histidine is further corroborated by these titrations 

and demonstrate the reversibility that is gained by this approach.  

 

 
Figure 6.3: A) Fluorescence emission spectra (ex: 340) of a titration of 1NTA-disc (20 µM) and eYFP (1 

µM) with NiSO4 and corresponding maximum intensity against the concentration NiSO4 (B). C) 

Fluorescence emission spectra (ex: 340) of a titration of 1NTA-disc, eYFP (1 µM) and NiSO4 with 

hexahistidine (C) or EDTA (D). Measurements were performed in PBS at room temperature.   
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6.3 Conclusion 

 

Metal mediated recruitment of His-tagged biomolecules is a promising, modular 

approach for the biorthogonal, reversible tethering of proteins onto a supramolecular 

platform. Ni-NTA modified disc were shown to recruit eYFP in a reversible manner as 

demonstrated via the use of proximity induced FRET.  

The assembly induced multivalent presentation of 1NTA-disc should be further 

studied, leaving opportunities for the improved or tunable recruitment of proteins by the 

generation of disc copolymers.  The chelating properties of 1NTA-disc could be deployed for 

the coordination of different metals to direct the protein recruitment, induce pH sensitivity[27] 

or even alter or stabilize the self-assembly when combined with imidazole functionalized 

discs. [20,21] The small His-tag limits interference with proteins of interest and furthermore is 

intrinsically present in many protein engineered constructs due to its role in protein 

purification, resulting into a large library of proteins that could be recruited. The display of 

multiple proteins should be explored to establish the use of supramolecular architectures as 

a platform for the modulation of protein-protein interactions. By expanding the toolbox for 

the recruitment of proteins, stoichiometric control over protein binding partners on a 

synthetic supramolecular platform is envisaged, thereby bridging the gap between synthetic 

and biological protein scaffolds.  
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6.5 Experimental 

 

General:  

All solvents were purchased from Biosolve unless stated otherwise. 5-benzyl 1-(t-butyl) 

glutamate was purchased from Iris Biotech. tert-Butyl bromoacetate, palladium on carbon, 

DMAP, NHS, EDS and TEA were purchased from Sigma-Aldrich. Thin layer chromatography 

(TLC) was carried out using Merck pre-coated silica gel plates using light with a wavelength 

of 254 or 365 nm. Manual column chromatography was carried out using Merck 60 Å pore 
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size silica gel (particle size: 63-200 µm). Manual size-exclusion chromatography was 

performed on BIO RAD BioBeads S-X1 (200-400 mesh) in a long glass column at atmospheric 

pressure in dichloromethane (CH2Cl2). LC-MS samples were characterized using a Shimadzu 

SCL-10 AD VP series HPLC coupled to a diode array detector (Finnigan Surveyor PDA Plus 

detector, Thermo Electron Corporation) and an Ion-Trap (LCQ Fleet, Thermo Scientific). 

Analyses were performed using a reversed phase HPLC column (GraceSmart PP18, 50 mm x 

2.1 mm, 3 µm), using an injection volume of 1-4 µL, a flow rate of 0.20 mL / min and typically 

a gradient (5% to 100% in 10 minutes, held at 100% for 1 more minute) of acetonitrile in water 

(both containing 0.1% formic acid) at 298K. MALDI-TOF-MS was measured on a PerSpective 

Biosystems Voyager-DE PRO spectrometer with a Biospectrometry workstation using 2-[(2E)-

3-(4-tert-butylphenyl)-2-methylprop-2-enylidene]-malononitrile (DCTB) and α-Cyano-4-

hydroxycinnamic acid (CHCA) as matrix material and chloroform or methanol as solvent. 1H-

NMR spectra were measured using a Varian Mercury Vx 400 MHz NMR spectrometer at 298 

K. Chemical shifts are given in ppm and the spectra are calibrated to residual solvent signals 

of CDCl3 (7.26 ppm). Splitting patterns are labeled as s, singlet; d, doublet; dd, double doublet; 

t, triplet and m, multiplet. 

 

UV-vis and fluorescence spectroscopy:  

UV/vis spectra were measured on a Jasco V-650 spectrophotometer equipped with a Perkin-

Elmer PTP-1 Peltier temperature control system. Fluorescence spectra were recorded on a 

Varian Cary Eclipse fluorescence spectrophotometer equipped with a Perkin-Elmer PTP-1 

Peltier temperature control system. All measurements were performed in quartz cuvettes 

with a 10 mm light path (Hellma) and 50 µl minimal volume. Discs were measured in their 

assembled state at a 20 µM stock solutions in PBS (pH 7.3). Between measurements the 

cuvettes were washed with water and acetone. 

 

Protein expression 

Glycerol stocks containing competent E.coli BL21(DE3) cells transfected with eYFP PET28a+ 

vector, were used to inoculate a 25 mL LB pre-culture, which was incubated overnight at 37˚C, 

250 rpm. Pre-cultures were transferred to 1 liter LB medium and expression was induced after 

cells reached an OD600 of 0.6-0.8 by adding 0.4 mM IPTG. After overnight expression at 18˚C, 

160 rpm, cells were harvested by centrifugation at 8,000 rpm. Pellets were resuspended in 

BugBuster® Protein Extraction Reagent (EMD Millipore) for lysis, followed by removal of cell 

debris by centrifugation at 20,000 rpm. His-tagged protein was purified by Ni-affinity 

chromatography (His-bind® resin, Novagen) and exchanged into PBS using a PD-10 desalting 

column. Concentrated protein aliquots were stored at -80˚C after flash freezing in liquid 

nitrogen. Purity was confirmed by Q-TOF LC/MS. 
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Synthesis: 

 

5-benzyl 1-(tert-butyl) N,N-bis(2-(tert-butoxy)-2-oxoethyl)glutamate (II): 

Synthesis was carried out as previously reported by Jacob Piehler and co-workers.[17] To a 

solution of 5-benzyl 1-(tert-butyl) glutamate (I, 1.00 g, 3.41 mmol) in DMF (20 mL), 2 mL tert-

Butyl bromoacetate (13.6 mmol) and 3 mL DIPEA was added and stirred for 16 hours at to 55 

ᵒC. Completion of the reaction was monitored with TLC (cyclohexane/ethyl acetate (4:1), Rf= 

0.6). The crude was filtered over a sintered glass funnel with a mixture of cyclohexane and 

ethyl acetate (3:1) end subsequently purified with an automated Grace silica column (40 g, 

cyclohexane/ethyl acetate (4:1)) yielding pure 1 (85 %). LC-MS: Mw calculated 521.65; found 

522.25 [M+H]+. 1H NMR (400 MHz, Chloroform-d) δ 7.41 – 7.27 (m, 5H), 5.11 (d, J = 1.9 Hz, 

2H), 3.44 (d, J = 2.0 Hz, 4H), 3.38 (dd, J = 10.1, 5.6 Hz, 1H), 2.79 – 2.53 (m, 2H), 1.95 (dq, J = 31.6, 

7.0 Hz, 2H), 1.44 (dd, J = 10.0, 2.0 Hz, 27H). 13C NMR (101 MHz, Methanol-d4) δ 173.49, 171.84, 

170.75, 136.35, 128.13, 127.83, 127.74, 81.17, 80.58, 65.80, 64.32, 53.57, 48.30, 48.08, 47.87, 47.66, 

47.45, 47.23, 47.02, 29.93, 27.15, 27.08, 26.79, 26.70, 26.60, 25.00.  

 

4-(bis(2-(tert-butoxy)-2-oxoethyl)amino)-5-(tert-butoxy)-5-oxopentanoic acid (III): 

Synthesis was carried out as previously reported by Jacob Piehler and co-workers.[17] To a 

solution of II (0.48g, 0.92 mmol) in methanol (5 mL), 100 mg carbon loaded palladium was 

added, purged with hydrogen gas and stirred for 3 hours at room temperature. Completion 

of the reaction was monitored with TLC (chloroform/methanol (3:2), Rf= 0.4).The crude was 

filtered over over Celite yielding pure III (quant.). LC-MS: Mw calculated 431.53, found 431.92 

[M+H]+. 1H NMR (400 MHz, Chloroform-d) δ 3.45 (d, J = 5.9 Hz, 4H), 3.37 (dd, J = 10.5, 5.0 Hz, 

1H), 2.66 (qt, J = 15.9, 7.3 Hz, 2H), 2.08 – 1.84 (m, 2H), 1.46 (d, J = 4.5 Hz, 27H). 13C NMR (101 

MHz, Methylene Chloride-d2) δ 171.73, 171.04, 81.32, 81.18, 64.72, 54.17, 53.96, 53.69, 53.42, 

53.15, 52.88, 31.84, 27.91, 27.80, 25.91.  

 

1-(tert-butyl) 5-(2,5-dioxopyrrolidin-1-yl) N,N-bis(2-(tert-butoxy)-2-oxoethyl)glutamate:  

To a solution of III (9.14 mg, 0.02 mmol) in dry DMF (0.5 mL), DMAP (11 mg, 0.009 mmol), 

NHS (6.75 mg, 0.059 mmol) and EDC (11.58 mg, 0.06 mmol) were added and stirred for 20 

hours under argon at room temperature. LC-MS: Mw calculated 528.6, found 528.92 [M+H]+. 

 

1NTA(Trt)-disc: 

To a solution of 1NH2-disc (5.3 mg, 0.0016 mmol) in dry DMF (0.5 mL), a solution of IV (8.7 

mg, 0.016 mmol) in dry DMF (0.5 mL) and 0.05 mL TEA was dropwise added and stirred for 

18 hours  under argon at room temperature. The crude was purified via size exclusion 

chromatography yielding pure 1NTA-disc (94 %). ESI-MS: Mw calculated 3722.25, found 
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931.08 [M+4H]4+, 1241 [M+3H]3+, 1860.58 [M+2H]2+. 1H NMR (400 MHz, Chloroform-d) δ 15.55 

(s, 3H), 14.51 (s, 3H), 9.62 (d, J = 8.2 Hz, 3H), 9.41 (dd, J = 8.6, 1.6 Hz, 3H), 9.31 (s, 3H), 9.07 (dd, 

J = 4.6, 1.6 Hz, 3H), 8.62 – 8.43 (m, 3H), 7.59 (dd, J = 8.6, 4.5 Hz, 1H), 7.37 (s, 1H), 4.29 (td, J = 

6.2, 4.0 Hz, 2H), 3.89 (dt, J = 29.0, 4.9 Hz, 3H), 3.76 (dd, J = 5.8, 3.6 Hz, 2H), 3.77 – 3.60 (m, 14H), 

3.55 (td, J = 6.6, 4.6 Hz, 2H), 3.47 – 3.35 (m, 3H), 1.46 (s, 27H), 1.35 – 1.24 (m, 1H), 0.08 (s, 0H). 
13C NMR (101 MHz, Chloroform-d) δ 152.76, 71.93, 70.86, 70.69, 70.65, 70.59, 70.52, 69.76, 69.43, 

59.04, 28.22, 28.14.  

 

1NTA-disc: 

1NTA(Trt)-disc (4 mg, 0.001 mmol) was dissolved in TFA/ CH2Cl2 (1 mL, 3:1) and stirred for 

2 hours at room temperature. Completion of the reaction was monitored with TLC 

(CH2Cl2/methanol (9:1), Rf= 0.5). Volatiles were removed in vacuo yielding 1NTA-disc 

(quant.). MALDI-ToF-MS: Mw calculated 3553.92; found3576.77 [M+Na] +. 1H  NMR (400 

MHz, Chloroform-d) δ 15.49 (s, 3H), 14.46 (s, 3H), 9.59 (s, 3H), 9.39 (d, J = 8.6 Hz, 3H), 9.26 (s, 

3H), 9.03 (s, 3H), 8.53 (d, J = 4.5 Hz, 3H), 7.61 – 7.54 (m, 2H), 7.38 – 7.27 (m, 3H), 4.28 (q, J = 5.4 

Hz, 5H), 3.92 (q, J = 4.6 Hz, 3H), 3.84 (t, J = 5.1 Hz, 2H), 3.75 (td, J = 5.9, 3.5 Hz, 5H), 3.65 (dq, J 

= 11.9, 6.0, 4.9 Hz, 34H), 3.54 (ddd, J = 9.4, 5.7, 3.5 Hz, 5H), 3.44 (s, 4H), 3.37 (d, J = 7.0 Hz, 7H), 

1.26 (d, J = 5.2 Hz, 5H), 0.07 (s, 1H).  
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Summary 
 

Supramolecular control over recognition of 

proteins and cells 

 
The assembly of synthetic supramolecular assemblies in water is, similar to nature, 

driven by a combination of weak, non-covalent interactions such as hydrogen bonding 

hydrophobic and electrostatic interactions. The non-covalent nature of supramolecular 

interactions gives rise to dynamic nanostructures with unique properties like modularity and 

adaptability which are rarely found in covalent organic macromolecules. The reversible 

nature of supramolecular interactions averts repeated synthesis and facilitates the generation 

of multivalent, multicomponent polymers in a controlled manner via a bottom up approach.  

The examination of naturally occurring supramolecular polymers has led to novel 

supramolecular assemblies and the development of a whole field of hybrid and fully synthetic 

supramolecular polymers in water of which a selection is highlighted in Chapter 1. These 

supramolecular assemblies possess distinctive architectures, added functionalities or 

improved properties that are governed by the balance between non-covalent interactions and 

illustrate how synthetic supramolecular chemistry is inspired by biology, and can in its turn 

be applied to influence and study biological processes.  

Beside the use of supramolecular chemistry for the development of self-assembled 

systems, supramolecular chemistry is applied for the recognition of molecules and protein 

surfaces in water. In Chapter 2, a perspective is given on the use of supramolecular host 

molecules for the selective recognition of amino acids, peptides and proteins. The unique 

molecular features of synthetic host molecules creates new opportunities for the recognition 

of proteins that are orthogonal to classical small molecule and protein-based approaches. A 

small selection of synthetic host molecules, namely, calixarenes, cucurbiturils, and molecular 

tweezers are highlighted. Their utility is not limited to the pure recognition of proteins but 

also enables the modulation of interactions between proteins and to induce the assembly of 

proteins.  Through structural insights, obtained via techniques like X-ray crystallography and 

NMR spectroscopy, interactions between biomolecules and supramolecular host molecules 

are elucidated that will help with the design of selective host ligands and more complex 

assembly systems.    

In this thesis, the extra- and intracellular recruitment of proteins using self-

assembling bipy-discs is explored. Different topics ranging from the recognition of proteins 
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to the intracellular delivery, intracellular localization and dimensions of the supramolecular 

platform are discussed. The size, shape and composition of nanostructures are decisive for 

the way they interact with biological matter. The architecture of supramolecular assemblies 

is determined by an interplay between a combination of attractive and repulsive forces. In 

Chapter 3, the effect of the peripheral introduction of amine moieties on the structural 

properties of the bipy-disc assemblies is evaluated. The self-assembly of bipy-discs into one-

dimensional columnar architectures was observed via a combination of spectroscopic-, 

scattering-techniques and cryo-TEM. The introduction of small modifications affected the 

self-assembly as was demonstrated by the reduced amplification of chirality for Sergeant and 

Soldiers experiments with amine functionalized copolymers. However, the structural effects 

were limited as only a minor decrease in length was observed for amine modified bipy-discs 

(~7 nm) with respect to unmodified bipy-disc (~11 nm) according to SAXS measurements. 

This robust mode of assembly makes the bipy-discs an ideal platform for the generation of 

multicomponent supramolecular assemblies. 

In Chapter 4, several chemical as well as physical approaches for the intracellular 

delivery of bipy-disc-based supramolecular assemblies are explored. Although 

supramolecular polymers have successfully been exploited as cargo delivery system, the 

delivery of intact supramolecular assemblies remains a major challenge. The functionalization 

of bipy-discs with cell penetrating moieties efficiently delivered the assemblies in the cell but 

confined their localization to endosomes. Electroporation showed to be an efficient approach 

for the delivery of bipy-disc assemblies with basic peripheral modifications and furthermore 

revealed the impact of small modifications on the cellular fate on bipy-discs. Cell squeezing 

demonstrated to be a robust delivery approach without restrictions for certain peripheral 

modifications but with a limited delivery efficiency. Both physical approaches are interesting 

new entries for the intracellular delivery of supramolecular polymers and will allow for 

structure relationship studies of supramolecular assemblies in the complex intracellular 

environment. 

The cellular uptake of supramolecular assemblies results from their multivalent, 

multicomponent properties. In Chapter 5, the interplay of building block composition and 

uptake mechanism of bipy-disc assemblies is explored. Peptide functionalized bipy-disc 

homopolymers enabled the specific targeting of cell-surface integrin followed by endosomal 

uptake with slow uptake kinetics. The cationic, guanidine functionalized bipy-disc 

homopolymers induced unspecific charge-mediated endosomal uptake with fast uptake 

kinetics. A library of copolymers revealed a mutually exclusive uptake behavior in which 

either the unspecific charge-mediated or the cell-type specific integrin-mediated uptake was 

dominant. Supramolecular polymers are an adaptive platform with great potential to 
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modulate cellular delivery and study multivalent and multicomponent systems interfacing 

with biological matter.  

The recognition or recruitment of biomolecules is of central importance to add 

function to supramolecular assemblies in biology. Chapter 6 deals with a modular and 

reversible approach for the recruitment of histidine tagged proteins using nitrilotriacetic acid 

modified bipy-discs. Histidine tagged enhanced yellow fluorescent protein was recruited in 

a reversible manner as was demonstrated via the use of Förster resonance energy transfer. 

This biorthogonal approach further expands the available toolbox for the tethering of proteins 

on the supramolecular bipy-disc platform and opens up opportunities for the recruitment of 

proteins intracellularly.  
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dat we ooit op het punt zouden staan om de laatste regels van een proefschrift te moeten 

schrijven maar we hebben het toch geflikt! Dankzij jou heb ik ook mogen proeven van het 

Limburgse leven en met een hoop vrienden van je Pink Pop een paar jaar onveilig gemaakt. 

Je bent een super sociale gast en een fantastische kok. Met terugwerkende kracht heb ik nog 
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spijt van de snelheid waarmee ik in de Bilderdijklaan je maaltijden heb weg geschrokt en zal 

er in het vervolg echt meer van proberen te genieten. Spannende tijden op komst maar 

hopelijk blijven we nog een beetje in elkaars buurt. Al het beste en heel veel geluk met B.  

Tot slot Maarten, met wie ik vanaf de eerste dag van de intro bevriend raakte en 4 

jaren een huisje heb mogen delen onder het streng toeziend oog van de tandarts. De tijd op 

jouw beruchte zolderkamertje blijft een van de mooiste tijden uit mijn leven. Deze periode is 

werkelijk voorbij gevlogen en voor we het door hadden waren we serieus aan de Master 

begonnen, dronken we geen Pitt bier meer maar La Chouffe en zaten we opeens in de gym. 

Bedankt voor je vriendschap, de vele onvergetelijke avonden en oneindige lol die we hebben 

gehad op Texel, in de Lobbes en tijdens de USA roadtrip samen met Edwin. Het allerbeste en 

veel geluk met Mila. Hopelijk blijf je in de buurt en kunnen we in de toekomst film-, muziek- 

en game-avonden voortzetten met een goede rode wijn op zolderkamer 2.0.  

Als ik er even klaar mee was in Eindhoven kon ik gelukkig altijd terecht in Breda, 

De Parel van het Zuiden. Lenne, Ronald, Dré en Alex, ik zie jullie slecht sporadisch, maar dat 

maakt niet uit. Als we bij elkaar zijn is het meteen weer als vroeger, jullie zijn echt vrienden 

voor het leven!  

Dan mijn familie! Pap en mam, bedankt voor jullie onvoorwaardelijke steun en 

vertrouwen in mij. Ik ben ontzettend blij dat ik deel uitmaak van het gekke, vrije , warme 

gezin waar jullie al weer ruim 30 jaar geleden aan begonnen zijn. Jullie zijn de liefdevolste 

ouders die ik maar kan wensen, ik hou van jullie! Luuk en Tom, naast mijn knappe broeders 

zijn jullie ook mijn allerbeste vrienden waarmee ik alles kan delen en de grootste lol kan 

hebben. Ik ben ontzettend dankbaar voor de sterke band die we met elkaar delen en kijk uit 

naar de vele avondjes voor het kampvuur die we nog samen gaan beleven. 

Eline, mijn blije gup, de tijd met jou is voorbij gevlogen! Nooit een saai moment met 

jou en je aanstekelijke enthousiasme en altijd lol. Samen zijn we het perfecte team dat van 

wanten weet maar tegelijkertijd ook niet vergeet te relaxen. Bedankt voor je engelen geduld 

en liefde die me door de laatste maanden heen hebben geholpen. Ik geniet van elke seconde 

die we samen in onze groene oase op de Kreeftstraat hebben en kan niet wachten op de 

avonturen die nog komen gaan. Ik hou van je liefie! 
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