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Understanding the mechanisms that govern cellular behavior is a crucial 

consideration when attempting to overtake billions of years of evolution in the lab. In 

the past decades, scientists have gained insights into how the cellular machinery 

operates while building knowledge infrastructure for the nano-construction of 

artificial systems with nature-like features. A vast library of self-assembling structures 

has been achieved by making use of building blocks with patterned assembly 

information in their structure, opening new possibilities for their use as platforms for 

the construction of functional biomaterials. In this introductory chapter, the self-

assembly of natural and synthetic modular units into highly ordered structures is 

briefly reviewed. In particular, an overview of the state-of-the-art research focused on 

synthetic self-assembling structures that feature natural building blocks, such as e.g. 

DNA, is provided to serve as a conceptual framework for the rest of this thesis. 

 
 

Natural and synthetic 

self-assembling systems 
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Natural and synthetic self-assembling systems 

From the atom to the cell; from discrete interactions to physiological 

responses 

Molecular recognition and self-assembly in the cell 

Cellular complexity arises from recurring discrete interactions between atoms that 

amplify into interactions between molecules, macromolecules, and cells, thereby 

generating physiological responses and bridging different spatial and temporal scales.1 

The astute combination of a limited number of modular units (i.e. carbohydrates, lipids, 

amino acids, and nucleotides) constitute the toolbox of cellular building blocks. Whereas 

the connection between modular units is attained through covalent bonds, their 

assembly into larger macromolecular structures is usually arranged through self-

assembling processes. The prominent modularity in the cell is reflected, among others, 

in the limited amount of molecular building blocks required for the encryption of our 

genetic information. A total of 4 bases of DNA and RNA (Figure 1.1a) are sufficient to form 

the protein production machinery (ribosome) and instruct the expression of billions of 

different proteins, made out of only 20 amino acids. The structural and functional 

diversity emerging from the limited amount of building blocks pinpoints the importance 

of their structural arrangement in the primary covalent structure. For instance, the 

covalent arrangement of the different nucleotides in the DNA sequence determines the 

nature of the stored genetic information. However, it is the high-fidelity base-pairing 

interactions that guarantee further replication, transcription and translation into the 

primary amino acid sequence of proteins. These nucleotide-nucleotide interactions 

consist of a perfectly balanced combination between highly directional donor-acceptor 

hydrogen bonding and flanking hydrophobic interactions originating from the aromatic 

bases, where the water solubility is ensured through the peripheral ribose moieties. 

Similarly, in proteins, the primary position of each amino acid in the sequence and the 

nature of the side chains for each amino acid both dictate whether they will sit in the 

core or at the periphery of the protein when the tertiary structure is formed. The primary 

amino acid structure self-assembles into secondary structures (α helices, β sheets) yet 

again through the patterned assembling information of donor-acceptor hydrogen 

bonding pairs in the amino acid sequence (Figure 1.1b).2 The hydrophobic/hydrophilic 
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balance and van der Waals interactions between the side chains of the amino acids drive 

the collapse of the protein into the tertiary structure.3 

 

Figure 1.1| General representation of the central dogma of biology. a) Single-stranded DNA is 
formed by the covalent linear display of the four deoxyribonucleotides (A, G, C, and T) that self-
assemble with complementary DNA strands through the Watson-Crick base-pairing interactions 
to form the DNA double helix. Transcription of replicated DNA results in RNA that can further 
constitute the encrypted information and translation machinery for the expression of proteins. b) 
Modular building blocks (amino acids) constitute the covalently attached backbone of proteins. 
The amino acid backbone forms a secondary structure through donor-acceptor hydrogen 
bonding. The H-bonding patterns dictate whether the final secondary structure will be α−helix or 
a β−sheet. The amino acid side chains and their position in the sequence direct the final 3D 
assembly through van der Waals interactions and solvophobic interactions.  

On the macroscale, evident self-assembling systems are the cellular membrane and the 

cytoskeleton. The cellular membrane, made out of phospholipids, self-assembles 

through hydrophobic interactions that repel the polar water molecules to form a lipid 
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bilayer that protects the cell from its extracellular environment. Subsequent decoration 

of the membrane with different biomolecules (i.e., cholesterol, carbohydrates, 

membrane proteins) connects the inner and outer part of the cell. Intracellularly, the 

cytoskeleton consists of dynamic higher-order structures made out of self-assembling 

proteins subunits to form the actin filaments, microtubules, and intermediate filaments. 

Upon the local activity of signaling pathways, the protein subunits can assemble and 

disassemble by making use of ATP molecules in a dynamic manner. The cytoskeleton 

drives critical processes that connect different spatio-temporal scales such as cell 

motility, division, signaling, and intracellular transport among many other functions.4 

The design criteria used by nature in these fundamental interactions play an essential 

role when designing artificial supramolecular assemblies that can interact on nature’s 

playground, as will become apparent in the following sections.  

 

Function originates from structure 

The direct implications of the unambiguous relationship between structure and function 

can be observed in signal transduction. Signal transduction is the communication 

machinery of the cell that senses environmental changes (stimuli) and responds 

accordingly through information processing (output).5 A striking phenomenon that 

serves to exemplify the structure-function relationship is phototransduction or light 

sensing. In mammalian cells, upon the absorption of light in the retina (input: photon), 

the seven interconnected transmembrane protein units in the photoreceptor cells 

(opsins) are capable of undergoing a conformational change from the ground to the 

signaling state, due to the isomerization of covalently linked photosensitive derivative 

11-cis retinal into all-trans retinal, that results in a cascade of signaling events. The signal 

is transmitted through different cells to finally end up in the optic nerve that projects the 

image into the brain (output: vision).6 At the different levels of organization 

macromolecules, cell and organism achieve their function through structure (active site, 

organelles and organs, respectively).7 Hence, the connection between the levels of 

organization on the nanoscale (absorption of a photon) have an amplified consequence 

on the macroscale (image in the brain), thereby generating the pertinent physiological 

response.  
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At different scales, the correct flow of information between the extracellular and 

intracellular part of the cell is achieved through recurring non-covalent interactions 

between the appropriate interacting partners in a signaling cascade. Frequent 

extracellular interactions are ligand-protein and protein-protein interactions, while 

intracellularly the most profuse interactions are protein-protein, protein-nucleic acid, 

and nucleic acid-nucleic acid interactions among others.8 The former are often 

generated through post-translational modifications in the amino acid side chains of the 

pertinent interacting proteins, hence adding directional, charge-mediated, hydrophobic 

or steric interactions between binding partners.9 

Interestingly, the mechanisms developed by the cell for signal transduction enzymes, in 

part divert from the mechanisms in classical regulatory metabolic enzymes (See Figure 

1.2a). The latter relies on allosteric effector-induced conformational changes that 

enhance enzyme activity, often generating a linear output.10  However, the activity on 

signaling enzymes is dependent on the physical distances between the interacting 

partners, the so-called proximity-induced enzyme activity.1,11 When the different 

enzymes are nearby, the biomolecular interaction kinetics become faster given the 

reduced penalty of diffusion in the process. Therefore, signaling enzymes have evolved 

complexity by the insertion or recombination of different non-catalytic modules that 

mediate and regulate the diverse connectivities between signaling proteins.10 The 

resulting highly modular signaling components not only have a clear distinction 

between the catalytic and the recognition functions but also allows for independent 

functioning of the input and output signals.12–14 Moreover, the inherent modularity of 

these systems allows for the easy tuning of the number and density of the interacting 

partners, usually generating non-linear dose-response behaviors and creating new 

opportunities for regulation and integration of novel connections.5  

The physical proximity of a subset of proteins in space and time (co-localization) can 

potentially be achieved through three classic mechanisms (Figure 1.2b): co-localization 

of proteins in the cellular membrane, compartmentalization and through scaffold-

mediated enzyme assembly.15 Co-localization of proteins in the cellular membrane 

(clustering of receptor proteins) has been identified as a crucial mechanism in signal 

transduction processes as a response to environmental changes (e.g. binding of a 

ligand).16 Upon extracellular ligand-binding of, for instance, a growth factor, the growth 
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factor receptors cluster to form active dimers or oligomers that result in conformational 

changes in the intracellular part of the receptor. The result is a downstream signaling 

cascade that activates gene transcription.17 Compartmentalization of the different 

components in the organelles constitutes the second fundamental mechanism for the 

segregation of the different enzymatic components in distinct subcellular 

compartments. This mechanism not only increases the local concentration of the 

interacting proteins and the number of binding sites but also promotes the segregation 

of similar modules, avoiding cross-talk between signaling pathways due to unspecific 

interactions. 

 
Figure 1.2| a) Regulatory proteins often become activated through conformational changes 
upon the allosteric binding of a ligand (cofactor). b) Selectivity and specificity in the interactions 
between the binding partners in a signaling pathway are potentially achieved through: i) co-
localization of the components at the cellular membrane, ii) compartmentalization of the 
different components in organelles or iii) through the scaffold-mediated complex assembly. 15 c) 
The classical view of cell signaling: extracellular environmental changes (input) produce the 
appropriate response (output) with high fidelity interactions due to the sequential connections 
between the molecules in the signaling cascade. d) Higher-order structures formed from the 
assembly between proteins, which amplifies the recruitment of other crucial signaling proteins 
giving a non-linear dose-response output.  Figure b adapted from reference 15 and reprinted with 
permission of AAAS; figure c, and d adapted from reference 18 and reprinted with permission of 
Elsevier. 

Last, the use of the so-called scaffold-mediated complex assembly aids in the formation 

of protein complexes.19 Scaffold-mediated assembly consists of the use of non-

enzymatic modules that assist in the specific co-localization of multiple proteins required 
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for a particular signaling cascade. Roughly three sub-types of scaffolds can be 

distinguished: adaptor proteins, scaffold proteins or docking proteins.20 Adaptor 

proteins are covalently attached modules that tether two enzymes together, whereas 

scaffold and docking proteins are larger non-catalytic proteins with multiple binding 

sites that can locate multiple different enzymes and induce activation through their 

clustering in close proximity. Scaffold proteins are often diffusing in the cell, while the 

docking protein fixates to the membrane, usually in a phosphorylation-dependent 

manner.  
 

New paradigms in cell biology 

To date, the elucidation of the underlying complex mechanisms by which the highly 

compact cell can achieve spatio-temporal control over the interacting partners is yet 

unfolding. While the above-mentioned discrete interactions and basic underlying 

mechanisms of action between macromolecules are well established, new complex 

mechanisms are still emerging. As depicted in Figure 1.2c, the classical view in signal 

transduction mechanisms describes the transmission of a signal through sequential 

interaction between the molecules in a signaling cascade. However, inspiring examples 

appear where the formation of higher-order structures can expand the traditional view 

of activation mechanisms in signal transduction. Recent evidence suggests the 

formation of higher-order protein structures from the assembly of intrinsically 

disordered regions21, low complexity domains22 or folded domains,23 to form amyloids 

and prions24, signalosome complexes,23,25 and nuclear and cytoplasmic granules26–28 that 

in some instances undergo liquid-liquid phase separation.27,29 

The formation of higher-order structures in signal transduction does not require 

successive events of activation but rather the formation of oligomers from receptors that 

cluster multiple signaling proteins in close proximity, leading to a threshold behavior 

(Figure 1.2d).25 A rough classification regarding structure and dynamics,21 as well as 

relevant examples for this dissertation will be discussed as follow. 
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Static higher-order structures 

Amyloid fibers are among the most well-known examples of a higher-order structure 

resulting from the intermolecular interactions between intrinsically disordered regions 

of proteins. The thermodynamically stable formation of a central β-sheet core by 

hydrogen bonding (frequently between Asn-Gln side chains) and subsequent 

hydrophobic interactions between β-sheets, result in highly stable and irreversible 

structures.30 However, the formation of these stable protein fibers has also been found 

in several signaling pathways of the innate immune system, as is the case for several 

death domain (DD) signalosomes. For instance, in the TNF-mediated programmed 

necrosis, two fundamental intracellular signaling kinases (RIP 1 and RIP3) form functional 

amyloid-like fiber structures that activate the downstream necrotic cell death signaling 

cascade.31 Similarly, the formation of higher-order structures has been observed as well 

in other death domain (DD) signalosomes like the inflammasome.32 The inflammasome 

is activated by danger and microbial signals that release cytokines and hence activate 

the inflammatory response. The protein oligomer is usually constituted by a danger 

sensor, an adaptor protein (ASC among others) and Caspase-1 (See Figure 1.3a).33 The 

release of stimuli (dsDNA from e.g. viruses or other various pathogen signals) results in 

the abolition of the auto-inhibited state of the danger sensors. This results in the 

polymerization of the adaptor protein ASC into large fibers (Figure 1.3 b and c). The ASC 

polymer (which contains the caspase recruitment domain CARD domain), concomitantly 

polymerizes the CARD domain of the pro-Caspase-1 molecules (Figure 1.3d). The 

physical proximity between the pro-Caspase-1 molecules induces the cleavage and 

activation of multiple Caspase-1 to initiates the inflammation process. Other exciting 

examples have shown the same principle of filament formation in DD signaling 

complexes.34–39 Both amyloid fibers and death domain signalosome fibers form by a first 

seeding event with the subsequent fiber growth assembly in a highly cooperative 

manner. However, while amyloid fiber formation is commonly related to pathological 

behavior, 40 the massive recruitment of crucial signaling proteins in the signalosome 

assembly might be their key mechanism of action. The formed fibers feature a high 

density of linearly displayed receptors that can potentially accommodate multiple 

binding partners thereby giving the necessary non-linear dose-response behavior.  
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Figure 1.3 | a) Schematic representation of the composition of key domains in the 
inflammasome and their possible interactions with other modules. b) ASCPYD

 filament structure 
with the peripheral C-termini for recognition with the ASCCARD. c) Electron microscopy images of 
His-GFP-caspase-1CARD/ASCFL/AIM2PYD ternary complex labeled with anti-ASC gold. d) Model of the 
inflammasome assembly. Upon binding of sensing molecules the model sensor proteins AIM2 
and  NLRP3 oligomerize to form a platform of PYD units that induces ASC filament formation 
(through PYD/PYD interactions). This results in the clustering of multiple CARD domains from the 
ASC protein that recruits pro-Caspase-1 through CARD-CARD interactions, resulting in the 
proximity-induced activation of Caspase-1. Figure adapted from reference33, reprinted with 
permission of Elsevier.  

Dynamic higher-order structures 

While the above examples are generally categorized as static, given their high 

dissociation barrier and their stability, higher-order structures take place as well with 

dynamic profiles. Their dynamic behavior commonly originates from multivalent 

interactions. Multivalency is a fundamental molecular mechanism that makes use of 

multiple weakly binding interactions to achieve higher binding affinities, thus avoiding 

the need for high monovalent affinity interactions. This fundamental phenomenon is 

widely studied in extracellular ligand-receptor interactions,41–43 however, there is 

increasing evidence that multivalency is widely exploited intracellularly, in order to 

achieve strong yet reversible interactions. Higher-order structures where multivalency is 
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exploited to form dynamic assemblies have been reported and classified21 as Head-to-

Tail signalosomes,23 multivalent signaling complexes44–46 and membrane-less 

organelles.29 

Examples of multivalent signaling complexes have been reported where the binding of 

multiple short linear motifs (SLiMs) to scaffold proteins form dynamic and robust 

signaling protein clusters. On the activation of the T-cell receptor (TCR) for instance, 

multiple interconnected SH2 and SH3 domains form dynamic microclusters with LAT 

(Linker for activation of T-cells, LAT).44 Upon ligand binding, the TCR receptor is activated, 

resulting in the tyrosine-protein kinase ZAP70 recruitment and activation, thereby 

phosphorylating key residues in the LAT bound-receptor protein (Figure 1.4a). First, the 

SH2 domains (from GADS and GRB2 adaptor proteins) bind with higher affinity to the 

phosphotyrosine residues in LAT, tethering multiple SH3 domains (from SOS1) to their 

proline-rich binding motifs (Figure 1.4b). This results in a micrometer-sized crosslinked 

droplet assembly that is thought to contain an average of 100 proteins.47 Subsequently, 

among other processes, the recruitment of SLP76, result in the propagation of signal 

transduction and activation of the actin polymerization process.48 The formation of 

similar multivalent two-dimensional lattices for the recruitment of multiple signaling 

proteins has been reported as well in the NF-kB activation pathway.49,50 These dynamic 

cross-linked protein-motif complexes are ideal mechanisms to achieve fast recruitment 

and multivalent display of critical signaling proteins. 

In vitro studies have exploited the engineering of multivalent signaling proteins that 

combined with their respective binding motifs, result in a switch featuring 

ultrasensitivity.51 More interestingly, when these signaling proteins were interconnected 

with flexible linkers, the many possible weak interactions between proteins and motifs 

showed to undergo phase separation, resulting in liquid droplets.52 The previous 

example leads to the last form of higher-order structure described here, multivalent 

condensates.53 The collective weak interactions between intrinsically disordered regions 

of specific proteins often in combination with nucleotides has shown to undergo phase 

separation to form membrane-less organelles, such as the nucleoli, Cajal bodies, P-

bodies, and stress granules.54 For instance, Ddx4 is a common protein observed in 

various RNP (ribonucleoprotein) granules (membrane-less granule). 

 



 
 

11 
 

Chapter 1 

 

 
Figure 1.4 | a) ZAP70 is activated through the ligand-dependent activation of the TCR receptor 
(not shown). The activated kinase phosphorylates LAT (Linker for activation of T-cells), recruiting 
SH2 domains of the adaptor proteins GADS and GRB2 that tether to SOS1 through their SH3 
domains. b) The formed multienzyme complex can, among other processes, recruit SLP76 to 
activate cytoskeletal reorganization or activate the RAS and MAPK activation pathway. Reprinted 
(adapted) with permission from 48. Copyright (2014) American Chemical Society. 

The disordered regions of this protein have repeating units of FG and RG residues that 

interact through multivalent electrostatic interactions to phase separate into droplets. 

By engineering a YFP in the DEADc location of Ddx4 (Figure 1.5a), the authors could 

demonstrate the formation of liquid-liquid phase separation to form membrane-less 

organelles that differ from other reported bodies (Figure 1.5b). Moreover, this 

membrane-less organelles could selectively sequester single-stranded DNA and leave 

out double-stranded DNA, effectively acting as a filter (Figure 1.5c). These liquid droplets 

segregate different components of the cell in a fast and dynamic manner being crucial: 

i) as an organizing principle (via compartmentalization); ii) in certain transcriptional 

activation and repression processes;55 iii) in increasing the local concentration of specific 

molecules and thus enhancing biochemical reaction rates (as seen in vitro);56 iv) or acting 

as a filter to specific molecules. 

In conclusion, in most of the above-mentioned examples, the formation of higher-order 

assemblies is often originated through the intermolecular interactions between 

intrinsically disordered regions of proteins. The contribution of multiple affinities results 

in cooperative binding for both cases of amyloids and signalosome higher-order 

structure formation. Whereas the multivalent weak interactions in signaling complexes 
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and membrane-less organelles, ensure dynamic assembly and disassembly of the 

structures.21 Moreover, the balanced multivalent display of low-affinity binding motifs at 

the correct densities, enhances the transient crosslinking between interacting partners, 

thereby inducing phase transition due to the preference of inter- over intra-molecular 

interactions.25,57,58 The assembly and functional regulation of these structures in natural 

processes are commonly achieved through translational modifications. 

 
Figure 1.5 | a) Ddx4 is a protein recurring in various RNP granules with an intrinsically disordered 
region and the DEAD-box helicase domain. The intrinsically disordered region phase-separates in 
droplets. The disordered domain was fluorescently labeled by replacing the DEADc domain with 
a YFP. b) Ddx4 forms membrane-less organelles that selectively i) recruit single-stranded DNA and 
ii) exclude double-stranded DNA. c) Differential interference contrast (DIC) and fluorescence 
images of HeLa cells expressing Ddx4YFP. Spherical organelles made of Ddx4YFP are formed in the 
nucleus. The use of different antibodies for the staining of nucleoli and PML bodies show the 
distinction with other organelles. Reprinted with permission of reference 59. Creative Commons 
CC-BY license. 

Taken together, these unfolding mechanisms suggest that the collective molecular 

interactions that drive the formation of higher-order structures and condensates might 

be omnipotent mechanisms in cellular processes. The in-depth understanding of their 
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formation and regulation thus is of great importance for the disclosure of mechanisms 

related to cancer, neurodegenerative diseases, and viral infections.  

 

General consequences and outlook 

In the past years, the conceptual understanding of cellular behavior has seen 

extraordinary development. It has become evident that the formation of hierarchical 

non-covalent assemblies is key for the function and regulation of the different cellular 

processes. As an evident consequence of the afore-mentioned modularity of living 

systems, malfunctioning of one of the discrete interactions (for instance a single 

mutation) is the reason for many diseases.  Thus, a better understanding and mimicking 

of the recurring non-covalent interactions in the nanoscale is critical for the 

manipulation of malfunctioning processes. In that regard, the development of synthetic 

systems that mimic complex cellular phenomena could be a powerful tool to understand 

and manipulate failing processes. In particular, synthetic supramolecular structures have 

been envisioned as the perfect architectures to mimic diverse biological processes,60,61 

where the controlled but yet reversible display of bioactive ligands is an essential feature 

for their regulated function. In the following sections, an overview of synthetic 

supramolecular systems is reviewed, in particular, recent work on the tailored positional 

control over important biomolecules and other model moieties using DNA as a guide are 

given.  

Synthetic self-assembling systems 

Non-covalent synthesis of nature-like assemblies 

With nature as a muse, many chemists have used the recurring non-covalent interactions 

observed in biomacromolecules to construct synthetic structures on the nanoscale.62 

Supramolecular chemistry,63–65 known as the chemistry beyond the molecule,66 uses 

modular building blocks to form well-defined structures. Molecules can be designed 

with the appropriate molecular information to drive their self-assembly into the final 

multi-molecular construct, by means of hydrogen bonding, electrostatic and 

hydrophobic interactions among others.67 This modular bottom-up approach to 

construct complex structures inherently dictates processability originating from its 
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structural nature, including a smaller amount of entities, dynamic behavior, and 

adaptability. Moreover, synthetic supramolecular assemblies allow the step-wise 

formation of multicomponent systems by combinatorial and orthogonal interactions. A 

plethora of nano-sized structures have been fabricated, such as e.g. optoelectronic 

materials,68 plasmonic materials,69 multi-component biomaterials,70 nanoparticles71, self-

assembling inorganic nanorods72 and soft materials73 based on the current knowledge 

about stepwise non-covalent synthesis.  

The design criteria to properly construct and characterize stable structures on the 

nanoscale are understood to a great extend67 and serve as a robust framework to evolve 

these structures towards higher-complexity structures bearing functionality, tunability, 

and responsiveness, like biological systems. Nevertheless, the challenges to accomplish 

such structures remain in: i) the chemical stability and synthetic accessibility of the 

concomitant functional building blocks; and ii) the orthogonal and stepwise addition of 

these functional components to the pre-existing structures, without affecting their 

structural and functional properties.74  

 

DNA in a supramolecular world 

In recent years the combination of supramolecular architectures with DNA has gained 

increasing attention due to the synergistic effect of both elements in these types of 

systems. From the pioneering development of DNA nanotechnology in the 80s,75,76 and 

the assembly of the first DNA origami in the 2006,77 DNA has evolved to become an 

essential structural building block in many laboratories. The Watson-Crick base-pairing 

(G-C and A-T) ensures predictable DNA hybridization between complementary strands, 

while the unique H-bonding patterns and hydrophobic π-π interactions between base-

pairs provide high-fidelity modes of interaction. This translates into easily programmable 

and tunable recognition motifs. Moreover, the development of solid-phase DNA 

synthesis using phosphoramidite chemistry has boosted the use of DNA as a building 

block in the past decades.78 More recently, the field has witnessed the expansion of 

functionalization strategies to decorate DNA79 with various building blocks such as tags, 

chromophores, hydrophobic small molecules, dendrons, lipids,80 peptides,81 proteins82,83 

and polymers.79 The current state-of-the-art contributes to the production and 

implementation of libraries of DNA with an improved chemical diversity. Likewise, the 
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commercial availability of functionalized oligonucleotides has given easy access to an 

unlimited and chemically stable library of building blocks which can be readily 

introduced in well-established supramolecular systems.  

Consequently, the combination of supramolecular modules with DNA has become a very 

popular approach to sequentially add functionality and complexity to supramolecular 

assemblies. Likewise, DNA-based nanostructures can be formed with an enhanced 

chemical diversity, novel properties, and geometries, that go beyond the properties from 

the individual elements.84 The recognition motifs of both the DNA and supramolecular 

systems remain orthogonal, effectively avoiding undesired interactions and generating 

synergy.  

 

Design principles: the Lego® construction manual 

The extensive knowledge of DNA hybridization allows for the tunability of a number of 

relevant parameters regarding the position and binding modes, allowing the self-

assembled formation of nanostructures, such as DNA bricks.85 These parameters could 

thus be exploited in order to orientate moieties in a specific direction or distance, for 

instance by making use of the stiff B-form of DNA that has a diameter of approximately 

2 nm, or the reported length of a full turn (10.5 base pairs) which is 3.4 nm.86 Moreover, 

the rigidity of DNA double helix can be tuned to position the DNA strands in a certain 

direction, whereas single-stranded DNA can be used as a flexible linker. The 

directionality of DNA (5’-end and 3’-end), enables tailored positioning of different hybrid 

DNA-moieties (in parallel or on opposite sides) upon duplex formation (Figure 1.6). The 

strength of the interaction between complementary strands and stimuli-response 

behavior can easily be altered by changing the number or nature of complementary 

base pairs, the variation of salt concentration, changes in temperature, the addition of 

metal ions or other strands of DNA. Additionally, the end moieties of ssDNA (single-

stranded DNA) can be functionalized with dyes, quenchers or functional groups which 

make the pre-functionalization of supramolecular monomers79 and the characterization 

of the system more accessible.  

The introduction of DNA in supramolecular structures not only potentially creates a 

responsive material, but also opens unprecedented possibilities to use these highly 

modular supramolecular assemblies as dynamic DNA computing scaffolds. DNA-based 



 
 

16 
 

Natural and synthetic self-assembling systems 

circuits, as well as DNA-enzyme networks, can be scaffolded in close-proximity, thereby 

featuring similar behavior as scaffold-proteins. The additional adaptive behavior of the 

supramolecular element is a unique feature that other static systems (for instance, DNA-

based scaffolds) are lacking.  

 

 
Figure 1.6 | Added functionality can be achieved by the sticky-ends principle, where two 
protruding complementary strands of DNA hybridize to form DNA duplex. a) The monomers that 
constitute the supramolecular assembly can be easily functionalized with DNA either by bio-
conjugation strategies or attached using solid-phase synthesis. b) Pre-functionalized monomers 
can then self-assemble with other hybrid monomers or non-functionalized monomers in order to 
tune the handle density in the supramolecular assembly. c) Post-functionalization is achieved by 
DNA hybridization with DNA-decorated moieties. Post-functionalization with other DNA-
decorated monomers in d) parallel or e) anti-parallel can result in the formation of controlled 1D 
and 2D structures with increased functionality and complexity.  

Pre-functionalization of supramolecular building blocks with DNA overhangs (single-

stranded DNA) leads to the formation of hybrid DNA-monomers (Figure 1.6a). These 

hybrid DNA-monomers can then self-assemble with un-functionalized monomers to 

form multi-component assemblies with a controllable DNA overhang density (Figure 
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1.6b). Post-functionalization of these supramolecular assemblies with hybrid DNA-

peptides, -proteins, -organic and -inorganic molecules or DNA-based nanostructures can 

quickly form multi-molecular structures in a bottom-up manner (Figure 1.6c).87 The post-

functionalization approach is advantageous when high temperatures or long incubation 

times are needed for the self-assembly process of the supramolecular structures, which 

can potentially affect the stability and function of the appended moieties. Moreover, the 

extent of functionalization of the supramolecular scaffold does here no longer depend 

on the conjugation strategy efficiency, but rather on the tailored strength of DNA 

hybridization between the complementary strands. Positional control is achieved 

through the inherent directionality of DNA which could not only lead to precise 

positioning of functional moieties or inter-structure linkage of hybrid DNA-monomers 

(Figure 1.6d) but also to higher-order two-dimensional structures through inter-

structure interactions (Figure 1.6e). 

DNA can thus act as an ideal programmable, hydrophilic and orthogonal recognition 

motif in the supramolecular assembly to add functionality in a specific and fast manner, 

to achieve spatio-temporal control over the different components in the supramolecular 

assembly. The interaction can also be reversible by exploiting the DNA interactions, for 

instance through the interaction strength or by the use of competing strands, as well as 

the responsive behavior of the supramolecular structure, for instance through the 

addition of monomers with no functional moieties.  

A large body of reviews have addressed the implementation of DNA nanotechnology in 

different non-covalent and covalent systems. Therefore, the reader is directed to the 

many topical reviews that have addressed the inspiring work done in organic molecule-

guided self-assembly of DNA,88 the use of DNA as cross-linker in supramolecular 

hydrogels89 amphiphilicity driven assembly of hybrid DNA-assemblies,90 block-

copolymers,91,92 hydrophobic molecules,88,90,93 synthetic polymers,94  lipids,95 

supramolecular assemblies88,96 and peptides97. DNA has also been used for the precise 

templation of hybrids in supramolecular and covalent polymers and sequenced-

controlled polymers.98 Given the relevance of linear hybrid DNA-supramolecular 

assemblies in this dissertation as well as in biological systems, an overview of the 

pioneering work on this topic is given in the remainder of this chapter.  

DNA-decorated linear assemblies 
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The combination of DNA with organic moieties capable of forming supramolecular 

assemblies, and in particular the DNA-functionalization of linear supramolecular 

assemblies has seen increasing attention during the last decade.99–101 Supramolecular 

polymers are non-covalent linear assemblies made from repeating monomeric units, 

that self-assemble to form dynamic fibers.102 These linear assemblies are not only key 

structures for many biological processes but can feature unique properties such as high 

valency, chirality, high density, and directionality. The decoration of water-soluble 

supramolecular polymers with bioactive ligands is a straight-forward approach to 

dynamically display molecules in a multivalent and linear fashion.60,61 However, the 

functionalization of amphiphilic supramolecular polymers with (often) hydrophilic 

relevant ligands such as carbohydrates, peptides, proteins or lipids can result 

challenging due to tedious synthesis, purification, and characterization of the structures, 

or due to the incompatibility of reactivities (i.e. with proteins). Moreover, in some cases, 

the inserted moiety can affect the structural arrangement of the monomers due to steric 

effects or due to a dramatic change in solubility.  

The following section addresses the emerging field of hybrid DNA supramolecular 

polymers. In particular, the focus is on the use of DNA hybridization as a versatile tool to 

organize different moieties in a controlled fashion and achieve supramolecular 

assemblies with novel structures, properties, and functionalities. 

Haner et al., one of the pioneers in the field, have addressed the controlled linear and 

chiral display of gold nanoparticles by using DNA-decorated supramolecular polymers 

(See Figure 1.7a).103 They reported on the synthesis and characterization of hybrid DNA-

supramolecular nanoribbons that can recruit complementary DNA-decorated gold 

nanoparticles (AuNP) in a sequence-specific manner. Seven units of 2,7-pentynyl 

substituted pyrenes were functionalized with a ten-nucleotide-long single-stranded 

DNA using solid-phase synthesis. The presence of the DNA strand in the construct had a 

structural effect on the final self-assembly of the nanoarchitecture, showing chirality in 

CD experiments. AFM showed the self-assembly of hybrids into three types of 

nanoribbons ranging from micro- and nanometer-sized stacks and aggregates with sizes 

below 20 nm. The hydrophobic and aromatic stacking drives the self-assembly of the 

nanoribbons, while the peripheral single-stranded DNAs were displayed in a cone-

shaped fashion. The DNA strand was used as a versatile recognition motif to selectively 
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recruit a model cargo (AuNP-DNA conjugate). In a similar work, Varghese et al. reported 

on the synthesis and characterization of amphiphilic hybrid DNA-supramolecular 

helically twisted nanoribbons made of a hexaphenylbenzene (HPB) central core.104 They 

additionally showed the reversibility of the recruitment process by the addition of 

complementary un-modified DNA strands that disrupted the formed gold nanowire. 

Both studies show the potential of amphiphilic driven ribbon formation of hybrid DNA-

hydrophobic molecules as a tool for the dynamic assembly of high-density peripheral 

DNA handles where complementary DNA-conjugated cargo can be reversibly recruited. 

 
Figure 1.7 a) DNA-grafted supramolecular polymers made of pyrenes functionalized with AuNPs, 
using DNA duplex formation as a versatile linker. The TEM image shows the nanowire structures 
with incorporated AuNPs. Reprinted from reference 103 with permission from the Royal Society of 
Chemistry. b) DNA-decorated phenanthrene supramolecular polymers can position FRET dyes 
such that it functions as a photonic wire. Reprinted (adapted) with permission from reference  105. 
Copyright (2013) American Chemical Society.  

The same sticky-ends principle can be used to position various moieties. For instance, 

the exact positioning of dyes using hybrid DNA structures can be used for the 

construction of DNA photonic wires (Figure 1.7b).106 Light-harvesting supramolecular 

polymer made of phenanthrene, in combination with dye-labeled DNA strands, allowed 

for the exact positioning of different dyes on the 1D nanoscaffold. The excitation energy 

absorbed by the phenanthrene supramolecular wire together with three precisely 

positioned chromophores through DNA duplexes showed to undergo a step-wise 

energy transfer with high efficiencies up to 59%. By combining supramolecular polymers 
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with DNA, they showed the potential of spatial control in hybrid systems in a non-

covalent manner in a quasi-2D display and the efficient and directional propagation of 

the energy along the supramolecular wire.  

 
Figure 1.8 | a) DNA-decorated supramolecular polymers are used to accelerate DNA computing 
operations due to a higher local concentration of the components compared with the free 
diffusing reagents. Reprinted (adapted) with permission from reference 107. Copyright (2018) 
American Chemical Society. b) DNA-decorated supramolecular polymers can dynamically recruit 
DNA-decorated proteins that again increase the local concentration of both elements to tune the 
activity of the enzymes. Reprinted (adapted) with permission from reference 108. Copyright © 
2018, Springer Nature. 

Linear structures can also be decorated with biologically relevant molecules. Merkx et al. 

have reported on two papers where DNA-decorated supramolecular polymers, 

constructed from DNA functionalized benzene-1,3,5-tricarboxamide (BTA), allowed for 
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Figure 1.9 | a) DNA amphiphiles usually feature spherical shapes. b) The presence of a Cy3-dye 
moiety results in a morphological change to fibers due to the hydrophobic-hydrophilic ratio. The 
available DNA overhangs allow for the c) templation of gold nanoparticles and d) the directional 
templation of the fibers in DNA origami. Reprinted (adapted) with permission from reference 109. 
Copyright (2018) American Chemical Society. 

the recruitment of complementary DNA-circuit reagents and DNA-decorated proteins. 

In both examples, they studied the enhancement of the kinetic rates of the pertinent 

biomolecular reactions due to the co-localization of the reagents through the 

supramolecular scaffold, in comparison to the slow kinetics of the free diffusing reagents 

in solution. A fundamental study showed the recruitment of DNA circuit components to 

a supramolecular scaffold while templating key DNA computing operations, such as e.g. 

toehold-mediated strand displacement, strand exchange reactions, multiple-input AND 

gates, and signal amplification reactions, at faster kinetic profiles up to 100-fold (Figure 

1.8a). In another system, two protein inhibitor conjugates were dynamically recruited to 

the supramolecular polymer utilizing DNA duplex formation, which increased the 

inhibition by 1000-fold through the enhanced local concentration (Figure 1.8b). The 

dynamic nature of the supramolecular polymer together with DNA strand displacement 
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reactions allowed for rearrangement of the proteins along with the polymer as well as 

for the dynamic recruitment of the proteins.  

 
Figure 1.10 | The linear discrete assemblies of phenanthrene self-assemble into two-dimensional 
vesicles through the orthogonal hybridization of two complementary antiparallel DNA strands. 
The precise positioning of dyes in the vesicles provides the assembly with light-harvesting 
properties. Reprinted (adapted) with permission from reference 110. Copyright (2018) American 
Chemical Society.  

As previously mentioned, the addition of single-stranded DNA to hydrophobic building 

blocks can have a dramatic effect on the morphology of the assembly, through possible 

changes in the hydrophobic/hydrophilic ratio. Shape-shifting phenomena governed by 

hydrophilicity and stacking have, for instance, been observed by Sleiman et al. through 

reporting on DNA amphiphiles that assemble, in a controlled manner, into micelles or 

nanofiber depending on the presence of Cy3-dye moieties (Figure 1.9a).109 The 

hydrophobicity of the Cy3-dye moiety drove the self-assembly into nanofibers instead 

of the expected spherical assembly. Subsequently, the DNA overhangs allowed for the 

hierarchical recruitment and hence templation of gold nanoparticles along the surface 

(Figure 1.9b). The directional templation of these nanofibers, along with a rectangular 

DNA origami through DNA duplex formation, opened up interesting avenues for hybrid 

1D-2D nanomaterials (Figure 1.9c). Extensive efforts on the morphological control and 

responsiveness to environmental changes of amphiphiles have been reported and, thus, 

the reader is directed to recent reviews on this topic.90,91,93  

Lastly, the use of 1D structures for the formation of 2D materials by means of the astute 

positioning of DNA duplexes is discussed. Haner et al. have reported on the use of DNA 

to guide supramolecular assemblies of monomeric phenanthrene moieties into vesicle-

shaped supramolecular assemblies with light-harvesting properties (Figure 1.10).110 They 

showed the suitability of DNA to position, not only the monomers in opposite directions 

but also dye molecules within the vesicle. Two sets of 3 covalently-attached 
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phenanthrene moieties were decorated with two complementary single-stranded DNAs, 

both attached at the 3’-end. The addition of spermidine triggered DNA duplex 

formation, positioning three phenanthrene moieties on opposite sides of the DNA 

duplex. The terminal phenanthrene moieties self-assembled through hydrophobic 

interactions into linear discrete assemblies that subsequently directed the structure to 

form vesicles with a diameter ranging from 50-200 nm. The chromophore of interest was 

positioned on the system by doping the vesicle with a pyrene containing oligomer or 

introduced via a dye-labeled DNA strand. Finally, they showed the reversibility of the 

process by the addition of sodium chloride which disassembled the vesicle. 

 

Two-dimensional DNA-decorated supramolecular assemblies  

In this section, a flavor of the potential of interfacing 1D and 2D hybrid materials is given. 

Two examples are provided where DNA has been used to guide the precise self-assembly 

of hybrid DNA-supramolecular conjugates, such as hydrophobic small molecules and 

lipids. DNA is used in these examples for the positional control of monomeric units that 

can then further self-assemble through supramolecular interactions with other 

structures into 2D materials. The so-called “structural DNA nanotechnology” approach is 

exploited which makes use of the predictable interactions of DNA to create modular 

building blocks for the construction of nano-sized structures with defined shapes.111  

Sleiman et al. have recently reported on the spatial positioning of cholesterol units in a 

DNA nanocube for the formation of a membrane protein mimics (Figure 1.11).112 The 

DNA cubes bearing single-stranded DNA overhangs served to recruit DNA-

functionalized cholesterol units. Depending on the orientation of the cholesterol units, 

the cube interacted differently with the lipid membrane. Single-face cube decoration 

resulted in the peripheral tethering of the cube to the membrane, whereas the 

decoration of both faces resulted in the insertion of the cube. The latter allowed for the 

flow of small molecules across the membrane and their mobility was easily tuned by 

changing the number of cholesterol units. 
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Figure 1.11 | Scaffold-directed assembly of cholesterol units on a DNA-based cube through DNA 
duplex formation. The decoration of the DNA-based cubes with a different number of cholesterol 
units in diverse orientations dictates the modes of interaction of the DNA nanostructure with a 
lipid bilayer, giving valuable insight into the modes of interaction that govern membrane 
function. Reprinted (adapted) with permission from reference 112.  Copyright (2019) American 
Chemical Society.  

An inspiring example that exploits structural DNA nanotechnology is reported by Lin et 

al. on the use of ring-shaped DNA-origami as a templating nanoscaffold for the 

nucleated growth of lipid vesicles with controlled size (Figure 1.12).113 The rational design 

of DNA hybridization to form nano-templates with a defined geometry and surface was 

exploited. The origami nano-templates are designed with single-stranded DNA 

overhangs positioned on the inner part of the rings, available to capture complementary 

DNA-decorated lipid intermediates. The further addition of unmodified lipids results in 

the formation of monodisperse liposomes. The method works for different lipid 

compositions and the modularity of the DNA origami allows for the tuning of the 

number of available handles inside of the ring, hence making it possible to study the 

liposome formation mechanism. The DNA-based template could be removed by the use 

of enzymes (DNase I), without altering the size or shape of the liposomes.  

The spatio-temporal control, the dynamic nature, and the controllable recruitment that 

DNA-decorated linear assemblies directly translate to the higher-order 2D materials that 
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are assembled from them, opening interesting possibilities for the construction of 

supramolecular nanomaterials. 

 

Figure 1.12| Nano-templation of liposome formation by using ring-shaped DNA origamis 
bearing DNA handles on the inside of the ring. The addition of complementary DNA-lipid 
conjugates allows for the recruitment of the key intermediates for the liposome assembly. Further 
addition of non-functionalized lipids results in the formation of vesicles with defined sizes. The 
template can further be removed by enzymatic DNA digestion. Figure reprinted (adapted) from 
reference 113 . Copyright © 2016, Springer Nature. 

Other examples, not discussed here, make use of DNA origami in combination with 

hybrid DNA-dendrons and amphiphiles, to influence the DNA origamis folding 

parameters as well as to form densely packed 2D amphiphilic sandwiches.90,93,114–116 

Central synthetic supramolecular platform described in this thesis 

Discotic amphiphiles 

This thesis is centered around discotic molecules made out of three 2,2’-bipyridine-3,3’-

diamine moieties connected to a central core of a benzene-1,3,5 tricabonyl moiety 

(Figure 1.13a). The molecule is designed with a number of un-specific (solvophobic and 

arene-arene interactions) and directional and specific hydrogen-bonding interactions 
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Figure 1.13 | a) Chemical structure of the central core of the extended BTA monomers and the 
toolbox of the primary peripheral wedged that form the fundamental monomers or precursors 
for the formation of a complete library of discotic monomers. b) Previous work done on the 
interactions of the supramolecular scaffold with fluorescent proteins. The dynamic of the system 
were monitored using FRET between the discotic platform and the combination of proteins. The 
covalent approach (b1) consists of the site-selective labeling of YFP- and CFP-SNAP-Tag with the 
1-Benzylguanine-Disc. Whereas the semi-covalent approach (b2) consists of the association 
between the 1-Biotin-Disc and dye-labeled streptavidin or an anti-biotin antibody. 

that result in the self-assembly of the discotic units into columnar stacks in water. The 

design principles for the construction of these amphiphilic molecules are based on the 

assembly of macromolecules where the hydrophobic domain shields the crucial 
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directional interactions in the core. To ensure water solubility the molecules are 

endowed with water solubilizing units. On the one hand, the bipyridine units can 

potentially form six hydrogen bonds between the donors (NH) and the acceptors 

(pyridines). These directional interactions effectively planarize the central core of the 

discotic molecules and favor the intramolecular over the intermolecular H-bonding, 

resulting in a propeller-like conformation of the molecules within the stack. 117,118 The 

created hydrophobic microenvironment allows this interaction to be active. The side 

chains made out of polyethylene glycol, enhance the solubility of the stacks in water. The 

hydrophobic central core decorated with aliphatic chains has shown to form long stacks 

in a cooperative manner in alkane solvents.119 Interestingly, the molecules exhibit a fast 

decay of the excited state in the monomeric state, whereas the rotational freedom of the 

bis-pyridine units is restricted in the aggregated state by the formation of hydrogen 

bonding resulting in fluorescence. The exhibited fluorescence likely corresponds to the 

proton transfer process mediated by the intramolecular hydrogen bonding that causes 

a large stoke shift.120 This aggregation-induced fluorescence results useful for 

monitoring the self-assembly of the structure for the co-assembly with other structures 

by exploiting the use of fluorescence energy transfer and for tracking the self-assembled 

state in cellular imaging.  

The mechanism and boundaries of the supramolecular polymer at hand have not only 

been studied in-depth, but also functionality has been supplemented in different 

inspiring examples that will be briefly reviewed to provide for a framework for this thesis. 

The supramolecular wire has been decorated with relevant biomolecules. For instance, 

a highly modular approach exploited the use of the SNAP-Tag technology for the site-

specific covalent attachment of diverse SNAP-Tag fusion proteins to the self-assembled 

benzylguanine-decorated discotic. The dynamic nature of the supramolecular polymer 

allowed for the intermixing of the supramolecular building blocks within the stacks 

(Figure 1.13b).121 The fluorescent properties of the two proteins assembled along the 

supramolecular wire, allowed to monitor the intermixing dynamics using FRET. In a 

similar approach, the use of biotin-decorated monomers allowed for the recruitment of 

streptavidin and anti-biotin-antibodies to the supramolecular scaffold. 122 This same 

discotic was used to study the multivalent effect on the binding affinitites of a series of 

streptavidin mutants with different valencies.123  
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The potential of these supramolecular structures for cellular targeting has been tested 

in a number of studies. For instance, the display of multiple copies of mannose moieties 

at the periphery of the supramolecular wire allowed their multivalent interactions with 

 
Figure 1.14 | Supramolecular scaffold interacting with cells. a) Interaction of the supramolecular 
scaffold with Escherichia Coli by the multivalent display of peripheral mannoses.124 b) Charged-
mediated unspecific cellular uptake is more efficient though guanidinium moieties in contrast to 
amine moieties, while the 1-cRGD-Disc allows for specific cellular uptake. Combinatorial 
supramolecular assemblies provide for a mutually exclusive cellular uptake behavior.  

bacteria (Figure 1.14a).124 The degree of internalization of a library of charged discotic 

molecules (bearing 1, 3, or 9 amine moieties at the periphery of the polyethyleneglycol 

chains) and uncharged discotics was tested (Figure 1.14b). The study showed that 

uncharged discotic wires did not undergo cellular uptake, whereas the increasing 

amount of positive charges in the discotic molecules showed an increased cellular 

uptake through electrostatic interactions in an unspecific manner.125 In a follow-up 

study, the additional cationic nature of the discotic molecules (Guanidine-Disc), resulted 

in enhanced uptake in comparison to the amine-derivatives. Moreover, specific integrin-

mediated cellular uptake was achieved through the decoration of the discotic 

monomers with cRGD molecules.126 Interestingly, mutually exclusive cellular uptake 

behavior was observed by mixing the Guanidine-Disc and cRGD-Disc at different ratios, 

stretching the importance of ligand-density and multivalency and revealing the power 

of noncovalent synthesis. 
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Aim and scope of this thesis 

Self-assembling systems and, in particular supramolecular linear assemblies offer 

distinct benefits that other polymeric, protein-based, or DNA-based nanomaterials are 

lacking. Whereas the multivalent presentation of potential peripheral binding sites could 

also be achieved with polymeric materials, the intrinsic dynamic and adaptive behavior 

of supramolecular assemblies are incomparable with other existing systems. These 

inherent features allow to fastly attain diverse compositions through the simple mixing 

of the pertinent building blocks. By engineering synthetic supramolecular scaffolds with 

bioactive ligands, an entire spectrum of possibilities is unfolded. One can envision 

engineered synthetic protein cascades supported by supramolecular polymers inside of 

cells for the manipulation and regulation of their function.  

In this thesis, the BiPy-Disc is used as the main supramolecular scaffold of interest given 

its spectroscopic properties and given its lack of unspecific interactions with biological 

matter. More importantly, the directional assembly in columns of the BiPy-Disc is ideal 

for the spatial arrangement of relevant biomolecules as it has been proven with previous 

disc conjugates. Here, the introduction and implementation of DNA in supramolecular 

polymer made out of BiPy-Discs will aid in the spatial control over different components 

within the dynamic structures for the nano-construction of programmable assemblies 

with added functionality, bringing complexity to the existing systems.  

Chapter 2, describes the implementation of DNA nanotechnology in supramolecular 

polymers made out of BiPy-Disc. The supramolecular nanoscaffold is decorated with 

short complementary strands of DNA that upon hybridization allow for the positional 

control of the monomers in the stack by the formation of paired dimers. Moreover, the 

programmability of DNA allows the tuning of the interaction affinities between 

monomers by changing the number of complementary base pairs, salt concentration or 

by the addition of monomers lacking DNA strands. This chapter serves as the basis for 

the rest of the thesis, providing insightful information on the synthesis, characterization, 

and versatility of the system. 

By drawing on the concept of multivalency, Chapter 3 describes the use of 

supramolecular polymers decorated with DNA overhangs as multivalent nanoplatforms 

for the assembly of complementary n-valent DNA-based ligands. The two nanoplatforms 

serve for the study of multivalency on interfacing linear self-assembling systems and 
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stands as a tunable system where to study the effects of interaction strength, ligand 

valency and receptor density on binding affinities. 

In Chapter 4, a similar concept is brought forward. The use of supramolecular polymers 

decorated with DNA overhangs opens the opportunity to post-functionalize the 

nanostructure with bioactive ligands such as peptides, in a sequence-specific manner by 

making use of oligonucleotide-peptide conjugates. The resulting multivalent array of 

peptides can further interact with their respective binding partners, in this case, 

engineered signaling proteins featuring multiple protein copies, allowing the study of 

multivalency between self-assembling systems and proteins.   

Chapter 5 describes the implementation of the DNA-decorated supramolecular 

polymers as docking platform for the recruitment of complementary DNA-decorated 

enzyme hybrids. The supramolecular nanoscaffold effectively induces enzymatic 

activation through the tethering of the enzymes nearby. The responsive behavior of the 

supramolecular assembly can be exploited to pull the enzymes apart, potentially 

resulting in the inactivation of the enzymes. 

The potential of supramolecular polymers to effectively localize biomolecules in a 

cytomimetic protocell is described in Chapter 6, where oligonucleotides-decorated 

supramolecular polymers act as localization hubs of oligonucleotides strands. In contrast 

with the free diffusing oligonucleotides, the supramolecular-scaffolded 

oligonucleotides remain sequestered in the protocells, opening new possibilities for the 

implementation of basic DNA operations in and between protocells. 

Chapter 7 delineates the epilogue that briefly describes the challenges and scientific 

progress done in the field of supramolecular DNA assemblies and the present thesis, 

finishing with examples that combine different aspects and systems of this dissertation, 

towards the bottom-up construction of nature-like arrangements. 
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The combination of oligonucleotides and synthetic supramolecular systems allows for 

novel and long-needed modes of regulation of the self-assembly of both molecular 

elements. Discotic molecules were conjugated with short oligonucleotides and their 

assembly into responsive supramolecular wires studied. The self-assembly of the 

discotic molecules provides additional stability for DNA-duplex formation due to a 

cooperative effect. The appended oligonucleotides allow for positional control of the 

discotic elements within the supramolecular wire. The programmed assembly of these 

hybrid architectures can be modulated via the DNA, e.g. by changing the number of 

base pairs or salt concentration, and through the discotic platform by the addition of 

discotics without oligonucleotide handles. These hybrid supramolecular-DNA 

structures allow for advanced levels of control over 1-D dynamic platforms with 

responsive regulatory elements at the interface with biological systems 

Part of this chapter has been published as:  

Alemán García, M. Á.,† Magdalena Estirado, E.†; Milroy, L.-G.; Brunsveld, L. Dual-Input regulation 
and Positional Control in Hybrid Oligonucleotide/Discotic Supramolecular Wires. Angewandte 
Chemie International Edition 2018, 57 (18), 4976–4980.  
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Introduction 

The combination of synthetic supramolecular systems with biomolecules such as 

proteins and DNA creates new opportunities for modulation of the function of the 

biomolecules through the supramolecular elements and, vice versa, for control over the 

assembly of the synthetic building blocks via the well-structured biomolecular 

platform.1–4 Programmable assemblies based on sequence-designed DNA biomolecules 

have shown enormous potential in nanotechnology.5–7 Simultaneously, challenges for 

the optimal usage and implementation of DNA nanotechnology still exist, such as the 

need for specific salt concentrations for DNA-duplex formation and the limited breath of 

chemical diversity achievable by structures composed exclusively of DNA.8 The research 

field of “supramolecular DNA assembly”2,9 bridges a link between synthetic 

supramolecular structures and biological systems, by on the one hand expanding the 

diversity, complexity and functionality available to DNA structures and by providing 

directionality and a higher level of assembly control to supramolecular systems. For 

instance, different groups have reported the introduction of synthetic vertices into 

oligonucleotides to control the geometry and stability of DNA hybrid structures.10–13 

Foldamers consisting of oligonucleotides with extended aromatic molecules integrated 

into their backbone, have resulted in temperature-responsive structures14 and 

decoration of DNA structures with hydrophobic polymers of diverse length and 

composition was shown to control the self-assembly properties of DNA prismatic cages, 

adding a higher level of complexity.15 The addition of lipids into DNA scaffolds has led to 

the development of supramolecular systems with novel functions, as highlighted in 

recent reviews.16–18 DNA hybrid-grafted supramolecular polymers based on the self-

assembly properties of oligopyrenes have been reported, with the structure of the 

oligopyrenes dictating the morphology of the final assembly into helical 1-D 

supramolecular polymers,19,20 and requiring a high temperature to incorporate 

additional monomers.21 

Synthetic supramolecular systems have been designed to assemble in both small 

discrete as well as polymeric assemblies.22,23 While great control over the interaction 

strengths between the supramolecular building blocks has been shown possible, control 

over the precise positioning of these supramolecular elements within the final 
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assemblies has remained challenging. Concepts such as charge alternation or charge-

mediated clustering have shown promise for more general levels of control.24,25 

Combining DNA elements with synthetic supramolecular systems has the potential to 

address the fundamental challenge of exact positional control in polymeric 

supramolecular self-assemblies. Hybrid structures of supramolecular polymeric systems 

and DNA thus promise to provide novel levels of control “both ways.”  

 

Figure 2.1| a) Bis-pyridine-based C3-symmetrical amphiphilic discotic monomers can self-
assemble in water to form stacks. b) The functionalization of the monomers with DNA-handles 
results in hybrid stacks c) that can further intermixed with other monomers to forme mixed stacks. 
d) The addition of salts (i.e. Mg2+) potentially results in the controlled positioning of the discs in 
the supramolecular wire due to DNA-duplex formation. e) The extent of DNA-duplex formation 
can be modulated by the addition of unmodified discotics (1). 

Bis-pyridine-based C3-symmetrical amphiphilic discotics (BiPy-Discs) have been 

reported to spontaneously assemble into fluorescent supramolecular wires in water,26 

which can operate as quasi 1-D scaffolds for the assembly and reversible exchange of 

proteins.27,28 Like for other supramolecular polymers, positional control over individual 

monomers within the final polymeric assembly has remained elusive. Combining 
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oligonucleotides (ODNs) with the BiPy-Disc would, on the one hand, modulate the 

hybridization of the ODNs via the discotics and, on the other hand, control the 

positioning of the discotics in the supramolecular wires via the hybridization of 

appended ODNs (Figure 2.1). Here, the synthesis and novel properties of hybrid 

supramolecular wires composed of short ODNs attached to BiPy-Disc molecules and 

their multi-input regulation and positional control are reported. 

Results and discussion  

Design of the hybrid oligonucleotide-discotic supramolecular wire 

The novel supramolecular-DNA assembly system centers around the water-soluble BiPy-

Disc molecule 1 (Figure 2.2a). The mono-functionalized NH2-BiPy-Disc (2) was used as 

starting material for subsequent ODN attachment by first reacting with an excess of 

dibenzocyclooctyne-N-hydroxysuccinimidyl ester (NHS-DBCO) to yield the DBCO-BiPy-

Disc (3) (Figure 2.2b and c). 3 was used as platform for the monovalent attachment of a 

diverse array of oligonucleotides (a-k) by strain promoted azide-alkyne cycloaddition 

(Figure 2.2d).29 Short ODNs thirteen bases in length – unlabeled (a-d) and dye-labeled 

(e-h) – were designed with varying numbers of complementary bases (4 to 7 bases) 

matching ODNs j and k, and aimed to avoid background DNA-duplex formation 

between the ODNs at room temperature (Figure 2.2e). The ODNs contained spacers of 

three thymine bases at both ends of the sequences to limit any repulsive interaction by 

the ethylene glycol chains.30 ODNs a-d were functionalized at the 5’ end with an azide 

group and conjugated with 3, to yield ODN-BiPy-Discs 3a-3d. ODNs e-h were 

additionally functionalized with a Cy3 dye at the 3’ to generate 3e-3h. By contrast, the 

complementary ODNs (j and k) were functionalized with an azide group at the 3’ position 

and a Cy5 dye (j) in the backbone or Iowa Black® RQ (k) at the 5’ position to give 3j and 

3k. Likewise, an ODN (i) bearing a Cy5 dye, but fully non-complementary to sequences 

a-h, was used to generate ODN-BiPy-Disc (3i). All the ODN-BiPy-Discs were purified by 

precipitation with isopropanol to remove unreacted 3. Native polyacrylamide gel 

electrophoresis showed BiPy-Disc 1 and ODN-BiPy-Discs 3a-3k to not feature electro- 
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Figure 2.2 | a) Chemical structure of BiPy-Disc (1), NH2-BiPy-Disc (2) and DBCO-BiPy-Disc (3). b) 
Schematic representation of the synthesis of ODN-BiPy Discs 3a-3k. Synthesis of the DBCO-BiPy-
Disc (3) by amide coupling of the NH2-BiPy-Disc (2) with NHS-DBCO. c) MALDI-ToF analysis of the 
DBCO-BiPy-Disc 3 shows a single peak at 3619 Da corresponding to the calculated mass of the 
[M+Na+] ion with a mass of 3619 Da. d) 3 was subsequently reacted with azide-ODNs a-k (e) to 
yield ODN-BiPy-Discs (3a-3k). e) ODN sequences used in this study (a-k). Sequences (a-d) and 
their Cy3-labeled variants (e-h) and their complementary Cy5-labeled (j) and quencher-labeled 
(k) sequence, as well as non-complementary reference sequence (i). 

phoretic mobility and to be pure and free from unconjugated ODNs (a-k) (Figure S2.1a). 

Thin-layer chromatography also revealed full conversion and purity of the final ODN-
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BiPy-Discs (Figure S2.1b). ES-MS confirmed the identity of compounds 3a-3k (Figure 

S2.2).  

 
Figure 2.3 | a) BiPy-Disc fluorescence of the self-assembled supramolecular wires with ODNs 
attached (3 µM) (3a-3d) and the unmodified BiPy-Disc 1. b) Fluorescence spectra when irradiated 
at 345 nm of a 1:1 mixture of the BiPy-Disc 1 with ODN a (black line) and ODN-BiPy-Disc 3a (pink 
line). c) Fluorescence spectra when irradiating at 345 nm a 1:1 mixture of the BiPy Disc 1 with ODN 
j (black line) and ODN-BiPy-Disc 3j (blue line). 

The effect of the ODNs on the general self-assembling properties of the discs was 

monitored by using the fluorescence of the discs in the stacks. Solutions containing 

ODN-BiPy-Discs (3a-3d) (3 µM) showed fluorescence signal intensities comparable to the 

fluorescence of BiPy-Disc 1 (Figure 2.3a). Charge screening by MgCl2 (1-5 mM, required 

for subsequent tuning of the DNA hybridization) did not perturb the stacking of the discs 

either (Figure S2.3). The assembly of the ODN-BiPy-Discs was further analyzed by FRET 

studies, using the discotic core as fluorescence donor and the Cy3 or Cy5 fluorophores 

on the ODNs as acceptors. Irradiation of a solution of ODN-BiPy-Disc 3e, at 345 nm 

resulted in only a weak residual signal of the disc fluorescence at 520 nm and a strong 

new signal at 565 nm of the Cy3 dye (Figure 2.3b). Reference experiments with free BiPy-

Disc and Cy3-ODN intermixed did not show any FRET. Analogous results were obtained 

for a supramolecular wire composed of 3j monomers, bearing a Cy5 dye. In this case, 

irradiation at 345 nm resulted in a fully quenched disc fluorescence signal and the 

appearance of only the Cy5 fluorescence at 665 nm (Figure 2.3c).  

Mixtures of ODN-BiPy-Disc 3j and BiPy-Disc 1 were prepared to study the formation of 

mixed supramolecular wires and their dynamics. Directly after mixing 3j and 1, the 
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fluorescence spectra represented the simple addition of both individual components, 

with a concentration-dependent increase of the disc fluorescence at 520 nm (Figure 

2.4a). Over time, mixing of the two supramolecular building blocks occurred to form 

supramolecular copolymers as judged by enhanced energy transfer, reaching 

equilibrium after approximately three hours (Figure 2.4b). 

 

Figure 2.4 | a) Fluorescence of the hybrid supramolecular wire 3j (1 µM) directly after addition of 
1-4 eq BiPy-Disc 1 when excited at 345nm. b) Fluorescence spectra of mixture of 1 and 3j, 
irradiated at 345 nm and followed over time. 

A set of Cy3/Cy5 conjugated ODN-BiPy-Discs, potentially capable of displaying FRET 

signals between their respective complementary sequences, was used as a reporter to 

study ODN-BiPy-Disc heterodimerization in the supramolecular wires. The system with 

four complementary bases (3e-3j) strongly exemplifies the influence of the supramole- 
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Figure 2.5 | Extent of DNA duplex formation under different MgCl2 concentrations (0-5 mM) using 
ODNs with four (a-c), five (d-f), six (g-i) and seven (j-l) complementary bases. The left column is the 
change in Cy3/Cy5 FRET signals upon duplex formation with complementary unmodified ODNs 
(0.5 µM). The middle column is the significant change in Cy3/Cy5 FRET signals upon duplex 
formation with complementary ODN-BiPy-Disc (0.5 µM). The right column is Cy3/Cy5 FRET signals 
with ODN-BiPy-Disc lacking bases of complementarity.  

cular wire on DNA hybridization (Figure 2.5). A 1:1 mixture of unmodified ODNs with four 

complementary base pairs e (0.5 µM) and j (0.5 µM), did not show any FRET signal under 
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different salt concentrations (0-5 mM MgCl2) (Figure 2.5a). In contrast, when the same 

experiment was performed using a mixture of ODN-BiPy-Discs 3e (0.5 µM) and 3j (0.5 

µM), a strong, MgCl2-dependent, FRET signal was observed (Figure 2.5b). 

In the absence of MgCl2 no DNA-duplex formation was observed, but a strong Cy3/Cy5-

FRET signal was obtained immediately upon addition of MgCl2 (1-5 mM). The systems 

reached equilibrium 20 to 30 minutes after the addition of MgCl2. A control set of ODN-

BiPy-Discs (3e and 3i), with zero complementary bases, featured no FRET signal (Figure 

2.5c). Similar results were obtained for the supramolecular wires featuring five (3f-3j), six 

(3g-3j) and seven (3h-3j) complementary base pairs (Figure 2.5d-l). A weak FRET signal 

has also been observed previously for the same discotic molecules appended with 

fluorescent proteins.31 These sets of experiments thus confirmed 1) two different 

discotics are co-positioned via the ODNs; 2) the DNA-duplex formation is specific to the 

ODN sequences and; 3) hybridization is strengthened by the supramolecular BiPy-Disc 

assembly. Remarkably, the extra stability engendered by the Disc-Disc interaction 

allowed DNA-duplex formation under low salt concentrations and at very low numbers 

of complementary base pairs. 

The stabilizing effect of the Disc elements on DNA-duplex formation was quantified by 

titration experiments. ODN-BiPy-Disc 3k, functionalized with a quencher (RQ) at the 5’ 

end, was titrated into solutions containing ODN-BiPy-Discs with the corresponding 

complementary sequence (3e-3h) and Cy3 dye (Figure S2.4a). Low MgCl2 concentrations 

were used, to be able to determine the dissociation constant for the supramolecular 

wires with four, five and six complementary bases (Table 2.1). The dissociation constant 

of the system with seven complementary bases (3h-3k) was, even at these low MgCl2 

concentrations, already too strong to be determined. The dissociation constants of ODNs 

alone, with 9, 10, and 11 complementary bases, were also determined, as these showed 

similar overall KD values as the hybrid systems (See Figure S2.5 for ODN sequences). 

The binding energy for the final DNA-duplex complex (∆Go) was calculated from the 

measured dissociation constant values and served to analyze the contribution of the 

BiPy-Disc to the DNA-duplex formation. The theoretical ∆Go of the DNA hybridization 

only was calculated using the software package UNAFold (Unified Nucleic Acid 

Folding).32 From the ∆∆Go value between the ∆Go of the experimental result and the 
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computed ∆Go for DNA hybridization only, the contribution of the BiPy-Discs to the 

overall assembly could be calculated. 

 

Table 2.1. Dissociation constants (KD) for the series of ODN-BiPy-Disc duplexes 3e-
3h + 3k, experimental and theoretical ∆G°. 

Discs / ODNs KD (nM) 
∆Go (a) 

(Kcal/mol) 
∆Go (b) 

(Kcal/mol) 

∆∆Go 
(Kcal/mol) 

3e + 3k 1.4∙103 -8.0 -1.9 -6.1 

3f + 3k 39 -10 -4.1 -6.0 

3g + 3k 7.6 -11 -5.1 -6.0 

3h + 3k < 5 < -11 -7.5 - 

l + k 8.7∙103 -6.9 -7.9 - 

m + k 3.5∙102 -8.8 -10 - 

n + k < 5 < -11 -12 - 

(a) Experimentally determined ∆Go at 0.5 mM Mg2+. (b) Calculated ∆Go of the DNA 
component alone at 0.5 mM Mg2+ and 10 mM Na+, using software package UNAFold. 

A value of at least -6.0 Kcal·mol-1 was obtained for the ∆∆Go. This extra ∆Go imposed by 

the discotics is roughly equivalent to the binding energy of an additional 4 base pairs. 

Additionally, it should be noted that the computed results were calculated under equal 

MgCl2 conditions (0,5 mM) as used for the measurement, but with an additional NaCl 

concentration (10 mM) since the program does not permit calculations with lower NaCl 

salt concentrations. The data on the DNA-only measurements (Figure S2.4b and Table 

2.1) show that the addition of NaCl in the calculations leads to a larger calculated ∆Go for 

the DNA component as compared to the actual measured values. The calculated ∆∆Go 

as incurred by the discotic elements, thus represent a minimal contribution of the 

discotic component to the overall affinity.  

The ∆∆Go values can be used to calculate the effective molarity (EM)33 for the appended 

ODNs on the supramolecular wire. In this case, the EM is a quantitative parameter for the 

evaluation of the chelate cooperative effect in DNA-duplex formation. The resulting EM 

for our supramolecular system ranges between 0.2 and 20 mM (see supporting 
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information for the calculation). The different self-assembling properties of charged 

discotics and the underestimation of the ∆∆Go (see above) imply that the EM is most 

probably even somewhat larger. These EM values are comparable to those obtained for 

other supramolecular systems. For instance, for the formation of highly optimal 

intramolecular H-bonds, using coordination complexes between zinc porphyrins and 

pyridine ligands (EM from 3 to 240 mM).34 

 
Figure 2.6 | a) Change in the fluorescence spectra overtime of a 1:1 mixture of complementary (4 
bases) ODN-BiPy-Discs 3j+3e (0.5 µM) with 1 mM of MgCl2 when irradiated at 545 nm upon 
addition of 10 equivalents of BiPy-Disc (1). The decrease in FRET signal shows disruption of DNA 
duplex. b) Fluorescence spectra of a 1:1 mixture of complementary (7 bases) ODN-BiPy-Discs 
3j+3h under the same experimental conditions. No significant changes are observed because the 
DNA duplex is too stable to be dissociated by the addition of BiPy-Disc (1). 

The DNA-duplex formation in the context of the ODN-BiPy-Disc is thus in part driven by 

the self-assembly of the supramolecular wire. Therefore, modulation of the degree of 

duplex formation should be possible through copolymerization with BiPy-Disc 1. The 

system with the weakest DNA hybridization based on four complementary base pairs 

(3e-3j) should be the most sensitive in this regard. Irradiation of a solution containing 3e 
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and 3j (both at 0,5 µM; 1 mM of MgCl2) at 545 nm resulted in the Cy3/Cy5 FRET signal 

concomitant with the DNA-duplex formation (Figure 2.6a). Upon addition of BiPy-Disc 1 

(10 µM) as supramolecular monomer the Cy3/Cy5 FRET signal decreased over a period 

of 2 hours. Simultaneously, the FRET from the discotic core to the Cy3 and Cy5 dyes 

increased upon intermixing of BiPy-Disc 1 (Figure S2.6a). Both FRET events are strong 

evidence of the disruption of DNA-duplex formation, via intercalation of BiPy-Disc 1 in 

between the hybridized 3e-3j pairs. 

The copolymerization with BiPy-Disc 1 was also performed on the supramolecular wire 

featuring ODNs with seven complementary base pairs (3h-3j) (Figure 2.6b). In this case, 

the addition of 1 to the 3h-3j mixture did not result in a change in the Cy3/Cy5 FRET 

signal. The energy transfer from the discotic core to the Cy3 and Cy5 dyes did increase 

but to a lesser extent than for the 3e-3j mixture (Figure S2.6b). While the BiPy-Disc 1 thus 

does insert into the wire, here the DNA hybridization yields supramolecular copolymers 

in which the joined positioning of one 3h and one 3j is maintained because here the 

DNA hybridization is sufficiently strong to maintain dimer formation in supramolecular 

wires constructed from three different monomers. 

 

  



 

51 
 

Chapter 2 

Conclusions  

In summary, combining ODNs with discotic-based supramolecular wires resulted in a 

dual-responsive supramolecular-DNA hybrid system. The programmed assembly of the 

hybrid architectures and positional control of the monomers can be modulated via the 

DNA, by changing the number of base pairs or the salt concentration. The dynamic 

nature of the supramolecular wire also allows for a DNA-orthogonal control over the 

extent of the DNA-duplex formation, by the content of non-functionalized discotic 

monomers.  

The hybrid oligonucleotide-discotic supramolecular wires provide, on the one hand, for 

increased stability for DNA-duplex formation. This enabled the formation of duplexes 

between complementary sequences as short as 4 base pairs. The additional stability 

imposed by the discotic system is comparable to approximately four to five extra base 

pairs. The combined properties of oligonucleotide duplex formation at low salt 

concentrations and with limited number of base pairing opens up the possibility to use 

these hybrid DNA-supramolecular assemblies in applications in biologically relevant 

media. On the other hand, the appended ODNs enable a specific positioning of the 

discotics within the final supramolecular assemblies as paired dimers. This allows entry 

into the long-desired positional control over monomeric units in supramolecular 

polymers and provides many opportunities for the use of these 1-D hybrid platforms for 

the programmable and positional recruitment of proteins and generation of functional 

molecular systems. 
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Supplementary information 

 
Figure S2.1 | a) Native PAGE Gels (15%Urea) stained with Cresyl violet (0.01 %) of the ODN-BiPy-
Discs (3a-3k). The lower bands corresponding to ODNs a-k. The top bands correspond to ODN-
BiPy-Discs (3a-3k). The number of potential Watson-Crick base pairs are shown for each 
sequence. b) TLC analysis using DCM:MeOH (1:1) as eluent. Unmodified Disc 1 with Rf = 0.5 is 
compared with ODN-BiPy-Discs (3a-3k) and ODN e. The green box highlights the absence of 
unreacted Disc 3 in 3a-3k. The red box shows the retained ODN-BiPy-Discs, Rf = 0. 
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Figure S2.2. | Deconvoluted MS-EI spectra of ODN-BiPy-Discs (3a-3k) measured in negative ion 
mode. The calculated masses and measured masses are indicated for each conjugate in Daltons. 
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Figure S2.3 | Fluorescence emission spectra of ODN-BiPy Disc 3a (1 µM) with increasing 
concentrations of MgCl2, when irradiated at the absorption band of the BiPy-Disc at 345 nm. 

 
Figure S2.4 | Titration experiment of a) 3k to 3e, 3f, 3g, 3h, and b) k to l, m and n (5 nM) with 0,5 
mM of MgCl2 at 20°C. Representation of the fluorescence of the free Cy3 dye. 
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Figure S2.5 | ODN sequences of l, m, n. 

 

 
Figure S2.6 | Comparison between the system bearing a) four and b) seven complementary 
bases. In dashed-lines, fluorescence spectra of an equimolar solution of 3j, 3h and 3h (0.5 µM, 0.5 
µM) with 0.5 mM of MgCl2 at t=0 min with maximum duplex formation (excitation at 345nm). In 
doted-lines, evolution over time of the fluorescence of the mixture after the addition of 10 
equivalents of BiPy-Disc 1. In continuous-line, final spectra of the intermixed discs. 

 
Calculation of the effective molarity EM. 
 
Kobs = K1K2EM 
 
K1: dimerization constant for disc stacking is around K1 = 108 M-1 for inert discotic35 and lowered 
to around 106 M-1 depending on the number of appended charges.36 
K2: DNA duplex formation, which depends on the number of base pairings, and obtained via 
calculations. 



 

56 
 

Dual-input regulation and positional control in hybrid ODN/discotic supramolecular wires 

Kobs: is the overall association resulting from the combined duplex + disc dimerization and is 
determined experimentally. 
 
∆∆G = -RT ln(K1K2EM) + RT ln(K2) = -RT ln(K1EM) ~ -6 kcal/mol 
 
K1EM = e(-∆∆G/RT) = e10 = 22000 
 
With 106 < K1 < 108 

 
EM = 0.2-20 mM 
 
 

Materials 

All solvents employed were obtained from Biosolve BV. All reagents and solvents were used 

without further purification. Dibenzocyclooctyne-N-hydroxysuccinimidyl ester (DBCO-NHS), 

triethylamine ≥99% (Et3N), anhydrous dichloromethane (DCM), and minisart filter with pore size 

0.2 µm were purchased from Sigma Aldrich. Compound 1 (BiPy-Disc) and 2 (NH2-BiPy Disc) were 

provided by dr. Katja Petkau-Milroy.37 BioBeads™ S-X1 Support 200-400 mesh, N,N,N’,N’-

tetramethyl-ethane-1,2-diamine (TEMED) and Urea sample buffer were purchased from BioRad. 

Urea PAGE gel was prepared from the kit SequeaGel – UreaGel System and purchased from 

National Diagnostics. UltraPureTM DNase/RNase-Free Distilled Water and GeneRuler Ultra Low 

Range DNA Ladder were purchased from Thermo Fisher Scientific. All the oligonucleotide 

sequences were purchased from IDT technology. Ammonium persulfate (APS) was ordered from 

Merck.  

Dibenzocyclooctyne-N-hydroxysuccinimidyl ester (DBCO-NHS), triethylamine ≥ 99% (Et3N) and 

anhydrous and dichloromethane (DCM) were purchased from Sigma Aldrich. Compound 1 (BiPy-

Disc) and 2 (NH2-BiPy-Disc) were obtained as previously described.36,38 BioBeads™ S-X1 Support 

200-400 mesh were purchased from Bio-Rad. Urea PAGE gel was prepared from the kit SequeaGel 

– UreaGel System and purchased from National Diagnostics. Urea sample buffer was purchased 

from BioRad. The water used was UltraPureTM DNase/RNase-Free Distilled Water which was 

purchased from Thermo Fisher Scientific. All the oligonucleotide sequences were purchased from 

IDT technology. 
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Methods 

Synthesis of ODN-BiPy Discotic Monomer 

DBCO-BiPy-Disc (3) was synthesized by the reaction of NH2-BiPy-Disc (2) with NHS-DBCO. 

Compound 2 (3 mg, 0,91 µmol, 1 eq), NHS-DBCO (1,1 mg, 2,73 µmol, 3 eq) and Et3N (0,2 µL, 1,37 

µmol, 1,5 eq) were dissolved in 0.5 mL of dry DCM . The reaction mixture was stirred at room 

temperature for two hours and then placed at 4 ºC for an additional twelve hours. The crude was 

purified by size exclusion chromatography using dichloromethane as eluent.  The collected 

fractions were dried under low pressure and redissolved in water. The final aqueous solution was 

lyophilized to give the desired product as a white powder (90% yield). Product (3) was 

characterized by MALDI-TOF.  
All oligonucleotides (a-n) were dissolved in UltraPure™ DNase/RNase-Free Distilled Water to reach 

a final concentration of 100 μM. Compounds a-k (50 μL, 100 μM) were reacted with an excess of 

compound 3 (50 μL, 250 μM) at 4 °C with shaking overnight. The crude was saturated with 5 μL of 

UltraPure™ DNase/RNase-Free NaCl (5 M) solution and dissolved in 300 μL of ice-cold isopropanol. 

The samples were incubated at -20 °C overnight. The resulting suspension was centrifuged at 4°C, 

14.000 rpm and the supernatant containing unreacted DBCO-BiPy-Disc (3) was discarded. The 

reaction between the DBCO-BiPy-Disc (3) and the azide-ODNs (a-k) was evaluated by Urea Gel, 

ESI-MS and TLC. 

 

TLC 

Analytical thin-layer chromatography (TLC) was carried out using Merck pre-coated silica gel 

using ultraviolet light irradiation at 254 and 365 nm. 

 

Urea PAGE Gel 

Urea PAGE gel was prepared fresh using the Mix UreaGel System components. 8 mL of UreaGel 

Concentrate solution, 1 mL of UreaGel Buffer and 1 mL of UreaGel Diluent were combined in a 

falcon tube, vortexed and filtered using a 0.2 μm filter. Subsequently, 4 µL of TEMED were added 

and the mixture was gently swirled to ensure homogeneity. Lastly, 80 µL of freshly prepared 10% 

(w/v) ammonium persulphate solution was added to the solution. The liquid was inserted in the 

comb and allowed to polymerize for 2 hours. The gel was pre-run for 60 min using TBE as running 

buffer. The loading samples were prepared in PCR tubes using UREA sample buffer, heating for 5 

minutes at 95 °C in a thermal cycler. The ladder used was Thermo Scientific GeneRuler Ultra Low 

Range DNA Ladder. The gel was run at 150 V for 90 min and washed for 15 minutes with milli-Q 
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water to remove the TBE. The gel was post-stained by using 100 mL of 0.1% Cresyl Violet solution 

for 10 minutes and washed with water overnight. The gel was imaged using ImageQuant and 

SYBR Safe filter. 

 

MALDI-TOF 

Matrix-assisted laser desorption/ionization-time of flight mass spectra (MALDI-TOF-MS) were 

measured on a PerSeptive Biosystems Voyager-DE Pro spectrometer with a Biospectrometry 

workstation using α-Cyano-4-hydroxycinnamic acid (CHCA) as matrix material and 

dichloromethane as solvent. 

 

ESI-MS 

ESI-MS spectra were recorded using a Quadrupole Electrospray Ionization Mass Spectrometer in 

negative mode (API-150EX, Applied Biosystems) using 30% isopropanol in water and 0.1% Et3N 

as buffer.  

 

UV-ViS 

UV-Vis spectra were obtained using a Jasco V-650 spectrophotometer equipped with a Perkin 

Elmer PTP-1 Peltier temperature control system. The measurements were carried out in quartz 

cuvettes of 50 μL, with a path length of 0.3 cm. The final concentrations of the ODN-BiPy-Discs 

were calculated using the extinction coefficient of the Cy3 and Cy5 dyes (136.000 and 250.000 

cm-1·M-1
, respectively).  

 

Fluorescence Spectroscopy 

Fluorescence emission spectra were recorded on a Varian Cary Eclipse fluorescence 

spectrophotometer. The excitation wavelength used to excite the discotic molecule, Cy3, and Cy5 

derivatives was 345 nm, 545 nm and 635 nm, respectively. Subsequently, the emission spectra 

were recorded at 360 nm, 560 nm, and 650 nm. 
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Multivalent display on linear platforms is used by many biomolecular systems to 

effectively interact with their corresponding binding partners in a dose-responsive 

and ultrasensitive manner appropriate to the biological system at hand. Synthetic 

supramolecular multivalent displays offer a matching approach for the modular and 

bottom-up construction and systematic study of dynamic 1D materials. In this 

chapter, the interfacing of two synthetic multivalent linear nanoplatforms based on a 

dynamic supramolecular polymer, formed by hybrid discotic-oligonucleotide 

monomers, and a series of complementary DNA-duplex-based multivalent ligands, 

also with appended short oligonucleotides is shown. The combination of these two 

multivalent nanoplatforms provides for the first time entry to study multivalent effects 

in dynamic 1D systems, of relevance for the conceptual understanding of multivalency 

in biology and the generation of novel multivalent biomaterials. Together the two 

nanoscaffolds provide easy access to libraries of multivalent ligands with tunable 

affinities. The DNA scaffold allows for precise control over valency and spatial ligand 

distribution, and the discotic supramolecular polymer allows for dynamic adaptation 

and control over receptor density. 

Part of this chapter has been published as:  

Eva Magdalena Estirado‡, Miguel Angel Aleman Garcia‡, Jurgen Schill, Luc Brunsveld* Multivalent 
ultrasensitive interfacing of supramolecular 1D nanoplatforms.  Journal of the American Chemical Society. 
2019, 141 (45), 18030-18037. 

Multivalent ultrasensitive interfacing of 

supramolecular 1D nanoplatforms 
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Introduction 

Multivalency plays a critical role in tuning and increasing the affinity and selectivity 

between interaction partners in numerous biological systems.1–3 The combination of 

multiple interaction pairs allows for strong, but yet dynamic, binding between platforms 

displaying the complementary binding partners, even when the individual interaction 

pairs bind only weakly.4,5 For instance, the clustering of receptors on the cell surface due 

to the interaction with extracellular multivalent ligands results in intracellular 

downstream signals that activate specific signaling pathways.6 Inside the cell, the 

activation of gene transcription typically occurs upon the joint oligomerization of 

multiple transcription factors on specific DNA sequences. The DNA acts as a quasi 1D 

platform for the templated assembly of multi-protein complexes, as a mechanism to 

overcome the low binding affinity of the individual proteins and to install selectivity in 

the gene regulation.7,8 Synthetic materials like polymers, 2D nanomaterials, and 

branched dendrimers have all been used as engineered multivalent platforms to 

enhance binding affinities.9–18 In contrast to most biological multivalent systems, these 

synthetic materials are typically not of a supramolecular, but of a polymeric or 

nanoparticle nature. As a result, systems studied thus far only have limited internal self-

reorganization capacity to adapt to their complementary multivalent binding partners 

in a dynamic and potentially ultrasensitive manner, as observed for supramolecular 

biological systems.19,20 

Synthetic supramolecular systems provide an alternative entry into multivalent 

nanoplatforms, with properties more aligned to their biological counterparts, including 

novel regulatory properties.21–24 The intrinsic dynamic nature of supramolecular systems 

facilitates rearrangement of interaction pairs within the multivalent platform, providing 

responsive and functional adaptation. It nevertheless remains a challenge to vary the 

ligand valency, position, and density in a controlled manner on such synthetic 

multivalent platforms, which limits to explore the effects of these parameters on the 

interfacing of supramolecular nanoplatforms. While both 2D and 3D materials have 

received considerable conceptual evaluation regarding the effects and fundamentals of 

the multivalency phenomenon,4,6 in contrast, linear 1D scaffolds have been addressed 

significantly less,22 especially within the context of biomolecular recognition.25  
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DNA is a molecular programmable material that can be used as nanoplatforms with 

controlled positioning of bioactive ligands.26 Additionally, short DNA oligonucleotide 

overhangs can be used as modular interaction pairs with controllable interaction 

strength by varying the number and identity of complementary base pairs.27–29 

Interfacing DNA materials with supramolecular materials have shown great promises in 

generating emergent properties.30–33  

As in the previous chapter, work done by other have reported on the synthesis and study 

of supramolecular polymers featuring appended DNA strands as ligands for inducing 

specific interactions on a supramolecular platform.33–37 Typically, the DNA-decorated 

supramolecular monomers self-assemble into nanoplatforms that present short single-

stranded DNA overhangs, together effectively acting as a linear, 1D, multivalent scaffold 

(see e.g. Figure 3.1). These self-assembling multivalent platforms provide ideal systems 

for studying fundamental concepts in multivalent interactions, such as the role of ligand 

affinity, valency, and density in interacting 1D nanoplatforms. 

Here, 1D supramolecular columnar assemblies of discotics are interfaced with the 1D 

columnar nanoscaffolds formed by DNA duplexes, via short DNA overhangs as 

biomolecular interaction pairs, resulting in two multivalent linear nanoplatforms with 

controllable and responsive display of ligands (Figure 3.2). The decoration of these 

nanoscaffolds with short oligonucleotide sequences, acting as controllable biomolecular 

ligands, allowed to address the long-standing desire to study the interplay and role of 

valency, density, and interaction strength in well-defined quasi 1D multivalent 

platforms. The number of complementary base pairs between the DNA overhangs was 

adjusted to tune the overall affinity of multivalent complex formation between both 

platforms. The role of receptor density in the multivalent binding process was explored 

by systematically changing the composition of the supramolecular discotic polymer, 

revealing ultrasensitivity, and providing insights into the non-linear behavior of such 

adaptive supramolecular materials with biomolecular interaction pairs. 
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Results and discussion  

Design of the two multivalent nanoplatforms 

Oligonucleotide-functionalized bis-pyridine-based C3-symmetrical amphiphilic 

monomers38,39 were used as building blocks for the formation of the dynamic self-

assembled receptor nanoscaffolds with single-stranded DNA overhangs as reported in 

Chapter 2 (Figure 3.1). Transmission electron microscopy shows the columnar assembly 

of these DNA-appended discotic monomers by virtue of the stacking of the discotics 

(Figure S3.1a), in line with observations on discotics decorated with diverse other 

functional groups.40 The resulting 1D assembly (termed ‘the receptor’) can thus present 

multiple copies of single-stranded DNA overhangs. The receptor monomer toolbox 

consists of a discotic monomer featuring only glycol side-chains (Inert-Disc) and a set of 

single-stranded oligonucleotide-functionalized monomers (receptor monomer, m-Disc), 

with “m” being the number of deoxythymidylates (4 or 5) available for hybridization.  

 

 
Figure 3.1 | Chemical structures of i) DNA-overhang-functionalized receptor monomers (4-Disc 
and 5-Disc), the DNA overhangs are shown as light gray curved lines on the green discotic 
scaffold, and ii) unfunctionalized monomer (Inert-Disc). In water, the discotic monomers self-
assemble into columnar stacks, referred to here as receptor nanoscaffold.  
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These low numbers of complementary bases in the oligonucleotide overhang ensure 

binding via multivalent mechanisms only. The multivalent DNA duplex-based 

nanoplatforms (termed ‘the ligand’) were obtained by the assembly of a series of DNA 

branches (mx and my, Figure 3.2) on single-stranded DNA backbones of different 

lengths. The repetition of the backbone units (Bn) defines the final valency of the nano- 

 

 
Figure 3.2 |  Schematic representation of the receptor-ligand complex formed by the receptor 
nanoscaffold (made out of the discotics) and the DNA-duplex-based ligands. The ligand (mLn) 
and its corresponding components are shown: in yellow the branches (mx and my) and in dark 
gray the backbones (Bn). “n” denotes the valency of the ligands, while “m” represents the number 
of complementary A-T base pairs between the DNA overhangs. The backbone units are made of 
sequences x’ and y’ which are complementary to the branches mx and my, respectively. The 
complementary base pairs between ligand/receptor and backbone/branches are drawn with 
black dashed lines. The specific DNA sequences used for the DNA-functionalized discotic 
monomers (4-Disc and 5-Disc) and DNA-based ligands of Series I (m=4) and Series II (m=5) are 
shown in Figure S3.2. 

scaffold ligands. The final assembly outcome is a double-stranded DNA duplex with “n” 

number of single-stranded oligonucleotide overhangs with “m” number of 

deoxyadenylates (4 or 5), complementary to the receptor oligonucleotide overhangs. 

The design accounts for the helicity of DNA-duplexes of 10.5 bases per turn to position 

the oligonucleotides at one side of the double helix. The branches were designed with 

sequences x and y with 10 and 11 complementary bases of the respective DNA backbone 
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repeating units x’ and y’. As depicted in Figure S3.2, the overhangs of the ligand 

oligonucleotides are functionalized at the 3’-end with a quencher (BHQ-2), while the 

receptor oligonucleotides have a Cy3-dye at their 3’-end. These two moieties allow to 

monitor the duplex formation using FRET quenching; in the bound state, dye and 

quencher are in the required close proximity to observe fluorescence energy transfer 

with resulting quenching of the Cy3-fluorescence (see also Figure 3.3a).  

 

Effect of ligand affinity and valency 

Ligand valency plays a key role in the enhancement of the binding affinities between 

ligands and receptors. Therefore, the effect of valency on the binding affinities between 

the two nanoplatforms was tested using a library of ligands (Figure 3.3). The experiments 

were carried out for two series of ligands with four (Series I, 4Ln) and five (Series II, 5Ln) 

complementary base pairs to the discotic receptor nanoscaffold (built up out of 4-Disc 

or 5-Disc, respectively). The binding studies between the supramolecular receptor and 

the DNA duplex ligand series were followed using the quenching of the fluorescence of 

the Cy3-labelled receptor as a reporter to determine the fraction of bound receptor.  

Visualization of the ligand-receptor complex with transmission electron microscopy 

(Figure S3.1b and S3.1c), in combination with temperature-dependent spectroscopic 

studies (Figure S3.3), showed a similar stacking behavior of the nanoscaffold upon 

binding of the DNA-based ligand in comparison with the free receptor nanoscaffold. 

Figures 3.3b and 3.3c depict the binding isotherms for both Series I and II, respectively. 

The association constants for the corresponding series are calculated from the titration 

curves (Table 3.1). The increase in valency of the ligands for both series shows a linear 

correlation with the overall association constants (Figure 3.3d). As expected Series II, 

made of ligands with five complementary bases, has overall higher association constants 

than Series I, which only uses four complementary bases. As a result of the higher 

monovalent binding affinity within Series II, only two ligands (5L2) are required to 

observe full binding between the two nanoplatforms at the concentrations studied. In 

contrast, for Series I three (4L3) receptor-ligand interactions just sufficed to observe 

complete binding saturation. 
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Figure 3.3 | a) Schematic representation of the Cy3-functionalized discotic receptor building 
block and nanoscaffold, and the BHQ-2-functionalized ligand nanoscaffold (Series I and II, 
respectively feature 4 and 5 bases of complementarity). Binding of the ligand to the receptor via 
duplex formation between the overhangs results in the quenching of the Cy3-dye fluorescence. 
b) Titration curves of Series I ligands (4L2, 4L3, 4L4, 4L5, 4L6) to the receptor nanoscaffold formed by 
the 4-Disc (10 nM). c) Titration curves of Series II ligands (5L2, 5L3, 5L4, 5L5, 5L6) to the receptor 
nanoscaffold formed by the 5-Disc (10 nM). The assay concentration conditions limit the 
evaluation of binding affinities below 1 nM (see. e.g. 5L6, yellow line). d) Gibbs free energies (∆G°) 
for each ligand-receptor complex formation plotted against the valency of the ligand (Ln) and 
linear fit for each series. 

The stronger monovalent binding affinity within Series II results in the hexameric (n=6) 

ligand having a binding affinity, which is beyond the assay window (Figure 3.3c, yellow 

line). The monovalent binding affinity for Series I was too weak to be experimentally 

determined and was, therefore, only calculated (Table 3.1). Figure 3.3d shows the 

plotting of the change in free energy (∆Go) versus the ligand valency. The free energy 

values are extracted from the binding isotherms obtained in Figures 3.3b and 3.3c. 
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Table 3.1 | Association constants (Ka), free energies (∆G°) and the β enhancement factor of 
the ligand Series I and Series II; a Calculated value; b affinity of the DNA overhang when not 
displayed on the receptor; n.d. not determined. 
 

Receptor 
density (ΘR) 

Ligand (Ln) Ka (M-1) ∆Go (Kcal/mol) β 

Series I 4L1 to free DNAb 1.32·103 a -4.2 a  
 4L2 1.10·105 -6.7 8.2·101 
 4L3 2.79·105 -7.3 2.1·102 
 4L4 2.53·106 -8.6 1.9·103 
 4L5 1.54·107 -9.7 1.2·104 
 4L6 4.31·107 -10.3 3.3·104 

Series II 5L1 to free DNAb 1.50·104 -5.6a/-5.7  
 5L1 1.07·105 -6.8  
 5L2 1.64·106 -8.4 1.1·102 
 5L3 1.56·107 -9.7 1.0·103 
 5L4 1.75·108 -11.1 1.2·104 
 5L5 1.59·109 -12.4 1.1·105 
 5L6 n.d. n.d. n.d. 

 

The results show a linear relationship between the number of binding epitopes (n) and 

the free energy (∆Go) associated with the binding event for both series. The slope of the 

line represents the sensitivity of the system to changes in the number of epitopes. The 

slope of Series I (with four complementary base pairs) has a value of -0.89, while in Series 

II (with five complementary base pairs), the slope value is -1.4 Kcal/mol. This result 

indicates that the favorable energetic contribution of each additional binding epitope 

depends on the binding strength of the interaction between the ligand and the receptor. 

Multivalent interactions are often characterized using the cooperativity factor α or the 

effective molarity parameter (EM).41–46 However, these parameters are not suitable for a 

dynamic supramolecular system, since the exact geometry, the statistical factors of all 

the possible interactions, and the stoichiometry of the interaction are not known and will 

responsively change upon adjustments to the system. The present supramolecular 

nanoscaffold receptor has an unknown and adaptive number of available epitopes for 

binding, with different interaction geometries. Hence, in order to quantify the role of the 

multivalency effect in our system, we strictly used the “enhancement parameter” β as 

defined by Whitesides et al. was calculated.5 The term β (Equation 1), quantifies the 
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contribution of the multivalent interaction in relation to the monovalent interaction, in 

a simplified manner. 

 

β = Knmulti

Kmono Eq.  1 

 

Where β is the enhancement parameter, Kn
multi is the association constant of the n-valent 

interaction and Kmono is the association constant of the monovalent interaction. The 

parameter β was calculated for both series (I and II) using the theoretically expected 

Kmono. The expected monovalent association constant values were obtained using the 

NuPack package. The monovalent interaction with four complementary bases has a ∆Go  

value of -4.2 Kcal/mol, and the corresponding system with five base pairs has a ∆Go value 

of -5.6 Kcal/mol. The theoretically expected ∆Go value of the monovalent interaction for 

Series II was also experimentally corroborated, giving a value of -5.7 Kcal/mol (Figure 

S3.4a). The enhancement parameter β (Table 3.1, Figure S3.5) shows that Series II is more 

sensitive to the increase of valency (n) than Series I. Since the contribution of each 

individual binding epitope is lower in Series I than in Series II, the increase in the number 

of interactions is reflected in higher β values for Series II. 

It is worth noticing that the theoretical values of the monovalent base pairing of the 

overhangs do not correspond to the values that can be extracted from the fit of the data 

(Figure 3.3d, Table 3.1, Table S3.2). Thus, the association constant was measured for the 

case of the monovalent 5L1 ligand with the receptor supramolecular nanoscaffold 5-Disc 

under adjusted assay conditions enabling to measure this weaker affinity (Figure S3.4b). 

This monovalent binding affinity of the 5-Disc corresponded nicely to the fit from the 

plot in Figure 3.3d (Series II, n=1). It can thus be concluded that the display of the DNA 

overhangs on the supramolecular nanoscaffold translates in a higher monovalent 

association value due to the high, multivalent, density of available receptor strands. 

When the supramolecular nanoscaffold is present, the rebinding of the dissociated 

ligands is more favorable due to the high ligand density making the dissociation of the 

ligand shift to the bound state. The energetic contribution of this multivalent display in 

the nanoscaffold to the binding affinity is -1.1 Kcal/mol.  
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Effect of the receptor density 

Next to enhancing interaction strengths, multivalency can also increase the sensitivity of 

the interaction between binding partners in a non-linear manner. Amongst others, the 

binding strength can be sensitive to the receptor concentration, resulting in 

ultrasensitivity,19 potentially even superselectivity,22,47,48 but studies showing such events 

between two complementary linear supramolecular platforms have been lacking. 

Therefore, here the role of the receptor density on the interaction between these two 1D 

nanoscaffolds and probed its interplay with the valency of the ligands is explored. For 

this, the receptor density ΘR (Equation 2) was varied by increasing the total number of 

monomers (NT) via the additional incorporation of Inert-Disc (Figure 3.4a) at different 

ratios. 

 

ΘR  =  𝑁𝑁𝑅𝑅
𝑁𝑁𝑇𝑇

 ×  100% Eq.  2 

 

The total concentration of receptor 5-Disc (NR) was thus kept constant (10 nM) and the 

concentration of Inert-Disc monomers was varied from 0 to 1 µM leading to 

nanoscaffolds with a receptor density ΘR ranging from 1-100%. Series II was selected for 

the receptor density studies because the higher epitope affinity for this series offers to 

study a broader range of combinations of receptor densities and valencies. 

The multivalent ligands of Series II (5Ln) were incubated with the receptor platforms at 

the variable receptor densities. The binding isotherms of the 5L2-5L6 ligands with the 

discotic nanoscaffolds of different receptor densities were monitored by using the 

quenching of the fluorescent signal of the receptor nanoscaffold upon binding of the 

quencher-labeled ligands. Figure 3.4 shows the binding curves corresponding to the 

multivalent ligands at different receptor densities ΘR (100, 50, 10, 2, 1%). The binding 

isotherms report a strong sensitivity of the affinity between the two nanoscaffolds on 

the receptor density. The values of the binding constants drop up to approximately two 

orders of magnitude upon reduction of receptor density, but with constant receptor 

concentration. Table S3.3 reports the free energy (∆Go) values calculated for the ligand-

receptor interactions at the different receptor densities. The lowering of the interaction 

strength is more pronounced with higher ligand valency; the ∆∆G between high and low 
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receptor density is larger for the 5L6 ligand than for the 5L3 ligand, for example (compare 

Figures 3.4f and 3.4c and see Table S3.3). This phenomenon implies that for these ligand 

affinities the valency has a big effect in determining the binding event, requiring the 

supramolecular receptor nanoscaffold to include multiple copies of the DNA overhangs 

in its structure. Reference studies with both nanoplatforms featuring DNA overhangs 

with significantly higher affinity, using 7 and 8 complementary base pairings, showed 

much less dependency on the receptor density in the concentration regime studied 

(Figure S3.6). In those cases, the strong ligand affinity thus overrules the need for 

precisely controlled valency numbers and density.  

The receptor density binding affinities were also analyzed in terms of the enhancement 

parameter β (Table S3.4, Figure 3.4g-h). The β values converge to a lower limit for each 

multivalent ligand when the receptor density reached lower levels of around 2%. 

Nevertheless, the β values remained high, especially those of the ligands with higher 

valency, indicating that the number of multivalent interactions between the two 

nanoplatforms likewise remains high. The binding of the multivalent DNA nanoscaffold 

ligand to the discotic receptor platform thus probably plays a role in directing the 

templation of the supramolecular building blocks. Overall, the association constant 

values for even the most dilute receptor densities measured are still significantly higher 

than those of the monovalent interaction. For instance, with the receptor diluted 100-

fold (ΘR = 1%), the association constant is still three orders of magnitude higher for the 

multivalent ligands 5L6 and 5L5 than that of the monovalent interaction. The steep, non-

linear, rise in the β values indicates ultrasensitivity for the interaction of the multivalent 

nanoplatforms for the receptor density. The interplay of ligand density, local 

concentration of receptors, dynamics within the supramolecular polymer and templated 

assembly of the discotics most probably all come to action to direct the overall assembly 

process and ultrasensitive response. 
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Figure 3.4 | a) Schematic representation of receptor nanoscaffold with different densities of DNA 
overhangs. Please note that the total concentration of receptor building blocks with DNA 
overhangs (i.e. 5-Disc) was kept constant and that the density was controlled by the addition of 
Inert-Disc. b-f) Titration curves of ligands 5L2-5L6 from Series II with five complementary base pairs 
to the receptor nanoscaffolds with differing receptor density (for color coding see Figure 3.4a). 
The concentration of 5-Disc was constant at 10 nM. β enhancement factors calculated with 
Equation 1 (see also Table S3.3), plotted against g) the ligand valency (n), and h) receptor density 
(ΘR).  

 

Conclusions 

In this chapter, the use of two 1D supramolecular nanoplatforms is brought forward, 

based on a supramolecular polymer as the receptor and multivalent DNA-based ligands, 

to evaluate the multivalent display on dynamic linear platforms. The sequential increase 

in the number of displayed DNA overhangs, as interacting elements between the two 

nanoplatforms, induces a linear increase in binding affinity, enhanced several orders of 

magnitude in comparison with the monovalent interaction. The DNA nanoplatform 

provides rapid access to a library of 1D multivalent ligands with tunable affinities, both 

in affinity and valency. The discotic supramolecular nanoplatform allows for simple 

tuning of ligand density by copolymerization with monomers without DNA-overhangs. 

The binding characteristics between both nanoplatforms were studied as a function of 

the ligand interaction strength, valency number, and ligand density. The effects of ligand 

valency and affinity of this multivalent system could be efficiently analyzed using the 

enhancement parameter β. The results revealed a generalized principle of additive 

binding increments, similar to the case of interactions between multivalent charged 

species, with a constant increment of ∆Go = -1.4 Kcal/mol per each additional ligand for 

Series II. The receptor density was shown to be crucially and non-linearly correlated with 

the binding affinities. A low display density of ligands was already leading to significant 

enhancements of the binding affinities in comparison to the monovalent binding 

affinity. An ultrasensitive increase in binding affinity was observed upon increased 

receptor densities, leading to strongly increased enhancement factors over a small range 

in receptor densities, at constant receptor concentration.  
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The study of these synthetic multivalent double linear nanoplatforms provides for the 

first time entry to study multivalent effects in dynamic 1D systems, of relevance for the 

conceptual understanding of multivalency in biology and beyond and for the generation 

of novel ultrasensitive materials interfacing with biological matter. This molecular 

system might also open up opportunities to address outstanding questions in the field 

of supramolecular chemistry related to building block distribution within 

supramolecular assemblies and control over polymerization degree via multivalent 

templating. 
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Supporting information 

 
Figure S3.1 | a) TEM images, and zoom in thereof of the 1D supramolecular assemblies formed 
by DNA-appended discotic monomers with DNA sequences that potentially form silver 
nanoclusters (Silver nanocluster-Disc, 5 mM). b) TEM images, and zoom in thereof of the 1D 
supramolecular assemblies formed by an equimolar mixture of 5 mM silver nanocluster-Disc, 5-
Disc lacking the Cy3-dye and multivalent DNA-based ligand (5L6), followed by the silver-staining 
of the silver nanocluster-Disc, c) TEM images, and zoom in thereof of the pre-assembled 1D 
supramolecular assemblies formed by an equimolar mixture of 5 mM silver nanocluster-Disc, 5-
Disc lacking the Cy3-dye and multivalent DNA-based AuNP-labeled ligand (AuNP-5L6), followed 
by the silver-staining of the silver nanocluster-Disc. 
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Table S3.1 | Ligand composition table, backbone (B2-B6) and branches (mx and my) 
sequences for the ligands (L2-L6). 
 

Ligand Backbone Branch mx Branch my 

Name Sequence Equivalents Equivalents Equivalents 

L2 B2 (x’y’) 1 1 1 

L3 B3 (y’x’y’) 1 1 2 

L4 B4 (x’y’x’y’) 1 2 2 

L5 B5 (y’x’y’x’y’) 1 2 3 

L6 B6 (y’x’y’x’y’x’) 1 3 3 

 
 

 

 

Figure S3.2 | Exact DNA sequences of the DNA-functionalized discotic monomers (4-Disc and 5-
Disc)49 and the DNA-based ligands of Series I (4x and 4y) and of Series II (5x and 5y). 
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Figure S3.3 | The effect on the self-assembling properties of the receptor nanoscaffold upon 
DNA-based ligand binding was investigated by fluorescence measurements. The supramolecular 
nanoscaffold has a characteristic absorption maximum at 345 nm and a maximum fluorescence 
peak at 520 nm in the aggregated state. This characteristic spectroscopic footprint was studied in 
a) the absence and e) presence of the tetravalent ligand (5L4).  b)  The fluorescence spectrum of 
a 2.5 mM solution of 5-Disc lacking Cy3-dye shows a decrease of fluorescence upon the increase 
in temperature, presumably due to the shift of the equilibrium from the aggregated to the 
monomeric state. c) shows the emission intensity at the fluorescence maximum (520 nm). The 
same set of experiments in the presence of an equimolar amount of ligand (5L4) lacking the 
quencher label, showed a similar decay in the fluorescence (e and f) after reaching 30oC, showing 
a slight stabilization of the aggregated state and subsequent dissociation into the monomeric 
state.  
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Figure S3.4 | Complex ratio formation of the monovalent interaction within Series II monitored 
by the quenching of Cy3-labeled a) Receptor (5) and b) Receptor 5-Disc with the monovalent 
branch of the DNA-ligand featuring 5 complementary base pairs (5x). The experiment was carried 
out at a temperature of 21°C and a receptor concentration of 10 nM. For the resulting Ka values, 
see Table S2. 

 

Table S3.2 | Ka values of the monovalent Receptor (5) and Receptor Disc (5-Disc) 
interaction with the DNA-based Ligand (5x). *Calculated value using the program 
Nupack, using at a temperature of 21°C and a concentration of both components, 
ligand and receptor, of 1 mM. 

Monovalent interaction Series II Ka (M-1) ∆Go (Kcal/mol) 

5L1 + 5 (calculated*) 1.40·104 -5.6 

5L1 + 5 (experimental) 1.50·104 -5.7 
5L1 + 5-Disc (experimental) 1.07·105 -6.8 
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Figure S3.5 | β enhancement parameter of the ligand of Series I and II (values in Table 1) plotted 
against the ligand valency (n) for both Series I and II.  

 
Table S3.3 | Free energies (∆G°) in Kcal/mol at different receptor densities, 
calculated from the binding isotherms shown in Figure 3; n.d. not determined. 
Receptor density (ΘR) (∆Go) 5L2 (∆Go) 5L3 (∆Go) 5L4 (∆Go) 5L5 (∆Go)5L5 

100 -8.4 -9.7 -11.1 -12.4 n.d. 
50 -7.7 -8.9 -9.9 -11.4 -11.5 
10 -7.5 -8.8 -9.4 -10.5 -10.3 
2 -7.2 -8.1 -8.3 -9.7 -9.8 
1 -6.8 -8.0 -8.2 -9.6 -9.6 

 
 

Table S3.4 | β enhancement factor of Series II at different receptor densities, calculated using 
equation 1. 𝐾𝐾𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚  is calculated from the IC50 values from the titration curves while 𝐾𝐾𝑚𝑚𝑚𝑚𝑛𝑛𝑚𝑚 is 
obtained from the experimental values for the monovalent interactions obtained in Figure 
S3.4. 
Receptor density (ΘR) β (5L2) β (5L3) β (5L4) β (5L5) β (5L6) 

100 1.1·102 1.0·103 1.2·104 1.1·105 n.d. 
50 3.3·101 2.8·102 1.6·103 2.1·104 2.2·104 
10 2.5·101 2.5·102 6.3·102 4.4·103 3.1·103 
2 1.6·101 7.5·101 9.8·101 1.0·103 1.3·103 
1 7.0·100 6.0·101 8.6·101 9.6·102 9.1·102 
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Figure S3.6 | a) Schematic representation of receptor nanoscaffold with different complementary 
base-pairs and with densities of DNA overhangs. b-d) Titration curves of pentavalent ligands 5L5, 
7L5, and 8L5 (with five, seven, and eight complementary base pairs) to the receptor nanoscaffolds 
with differing receptor density (for color coding see Figure S3.6a). The concentration of DNA-Disc 
was kept constant at 10 nM with increasing amounts of Inert-Disc. 

Materials 

Solvents and reagents were obtained from commercial sources and used without further 

purification. All oligonucleotides were obtained HPLC-pure from IDT Integrated DNA 

Technologies and dissolved in the appropriate amount of Invitrogen™ UltraPure™ DNase/RNase-

Free Distilled Water to reach a concentration of 100 µM. The solutions were shaken for 2h at room 

temperature and subsequently stored at -20⁰C. The monomers 4-Disc, 5-Disc, 5-Disc lacking the 

Cy3-dye and the Inert-Disc were obtained as previously reported.2 All the experiments were 

performed using UltraPure™ DNase/RNase-Free Distilled Water and RNase-Free MgCl2 (1M) 

obtained from ThermoFisher Scientific. Corning® 384-well Low Volume Black Round Bottom 

Polystyrene Not Treated Microplate was obtained from Fisher Scientific. DNA LoBind tubes were 

obtained from Eppendorf. The 100 kDa MWCO 0.5 mL Amicon centrifugal filters were obtained 

from Merck Millipore. Mg(CH3COO)2, Na(CH3COO)2, AgNO3 and NaBH4 were obtained from Sigma 

Aldrich. 
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Methods 

Protocol for the assembly of the DNA-duplex based ligand and receptor 

nanoscaffold 
 
The assembly of the quencher-labeled ligands was performed by using an equimolar amount of 

quencher-dye and the corresponding amounts of DNA backbone, following the combinations in 

Table S3.1. The titration curves of the assembly of both nanoplatforms (m-Disc and mLn ligands) 

were performed by the titration of the pre-assembled quencher-labeled ligands to a constant 

concentration of m-Disc (10 nM), using UltraPure™ DNase/RNase-Free distilled water containing 

5 mM of RNase-Free MgCl2 as the buffer. The mixture was left to incubate in the dark at room 

temperature for 2 hours and measured in a plate reader at a temperature of 21 ⁰C. The receptor 

density studies were performed by incubation of 10 nM of m-Disc with the appropriate amount 

of Inert-Disc (0-1µM) needed to reach the desired percentage of functionalized m-Disc in the final 

assembly. The solution was left to incubate in the dark at room temperature for 2 hours with the 

subsequent addition of the DNA-based ligands. This mixture was incubated at room temperature 

for an additional hour and measured in a plate reader (see below). 

 

Silver-stained receptor nanoscaffold design 

The receptor nanoscaffold visualization by TEM was carried out by using a DNA-Disc monomer 

with DNA sequence (TTTACCCGAACCTGGGCTACCACCCTTAATCCCC) that is specifically known to 

form silver nanoclusters in the presence of AgNO3 and NaBH4.50 The DNA sequence which bears 

an azido hexanoic amide in the 5´-end, was coupled to the Disc using Strain Promoted Click 

Chemistry. The resulting DNA-Disc conjugate (silver nanocluster-Disc) was purified as reported in 

the previous Chapter 2.49 

 

Silver-stained receptor nanoscaffold assembly protocol 

A 10 mL solution of silver nanocluster-Disc at a concentration of 10 µM was prepared using 10 

mM Tris-acetate as the buffer. The solution was left to equilibrate for 30 minutes. Subsequently, 

AgNO3 (62 µM) was added and incubated for 15 minutes before addition of NaBH4 (62 µM). The 

resulting samples were diluted by half with the buffer to a total concentration of 5 µM of silver 

nanocluster Disc. 
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Silver-stained receptor nanoscaffold-ligand complex assembly 

The silver nanocluster-Disc and 5-Disc lacking the Cy3-dye were mixed in a 1:1 ratio, at a 

concentration of 10 µM each, using 10 mM Tris-acetate buffer with 5 mM of magnesium acetate 

as buffer. The solution was left to equilibrate for 1 hour in order to ensure intermixing of the two 

discotic monomers. 5L6 ligand was added to the mixture to reach an equimolar receptor-ligand 

complex concentration of 10 µM. The mixture was incubated for 1 hour to ensure receptor-ligand 

assembly. In the final step, before imaging, the silver nanocluster-discs were stained by the 

addition of first AgNO3 (62 µM) with an incubation time of 15 minutes, and the subsequent 

addition of NaBH4 (62 µM). The resulting sample was diluted by half with the buffer to a total 

concentration of 5 µM for each disc. 

 

Silver-stained receptor nanoscaffold-AuNP-labeled ligand complex assembly   

The silver nanocluster-Disc and 5-Disc lacking the Cy3-dye were mixed in a 1:1 ratio, at a 

concentration of 10 µM each, using 10 mM Tris acetate buffer with 5 mM of magnesium acetate 

as the buffer. The solution was left to equilibrate for 1 hour in order to ensure intermixing of the 

two discotic monomers. 1 mL (30 nM) of AuNP-labeled ligand (AuNP-5L6) (See AuNP Ligand 

labeling) was added to the mixture and incubated for 1 hour. In the final step, before imaging the 

silver nanocluster-discs were stained by the addition of first AgNO3 (62 µM) with an incubation 

time of 15 minutes, and the subsequent addition of NaBH4 (62 µM). The resulting sample was 

diluted by half with the buffer to a total concentration of 5 mM for each disc. 

 

AuNP DNA incorporation protocol 

Cytodiagnostics 10 nm NHS-Activated Gold Nanoparticle Conjugation Kit was obtained from 

Sigma-Aldrich and used according to their conjugation protocol. In short, the backbone solution 

(B6, with a linker sequence bearing an amine moiety NH2-TTAATT in the 5´-end) (250 µM in 

DNase/RNase-free water (Invitrogen))was diluted with the kits resuspension buffer to 20 µM. This 

solution was transferred, together with the kits reaction buffer, to the lyophilized NHS-activated 

gold nanoparticles and subsequently incubated for 2 hours at room temperature while shaking 

at 600 rpm. The kits quencher solution was added and 6 µL of the two handle strands (100 µM in 

DNase/RNase-free water (Invitrogen)) were added to form the ligand. The excess backbone and 

handle strands were removed using 100 kDa MWCO 0.5 mL Amicon centrifugal filters (Merck 

Millipore). Briefly, a filter was pre-wetted with 450 µL storage buffer (10 mM Tris, 5 mM 

Mg(CH3COO)2, 100 mM Na(CH3COO)2, pH 8.0). The gold nanoparticle mixture was diluted to 450 
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µL with storage buffer, added to the filter and centrifuged at 4°C for 5 min at 5,000 g. This step 

was repeated for a total of three washing steps. The concentrate was recovered by inverting the 

filter and spinning for 2 min at 1,000 g. The gold nanoparticle concentration was determined by 

measuring the absorption at 520 nm, assuming an extinction coefficient of 1.01×108 M-1cm-1. The 

purified ligand gold nanoparticles were stored in DNA LoBind tubes (Eppendorf) at 4 °C until use. 

 

Fluorescence spectroscopy 

Fluorescence measurements were measured using a Spark® Tecan 10M. The titration experiments 

were performed with single fluorescence intensity measurements exciting the samples at a 

wavelength of 540 nm and the fluorescence was recorded at a wavelength of 590 nm, with 

excitation and emission bandwidth of 20 nm, 50% mirror and 100 of gain at a temperature of 

21⁰C. The full spectra scans were performed using 100 of gain and 50% mirror. The excitation 

wavelength used for the excitation of the receptor nanoscaffold was 345 nm, recording from 400 

to 650 nm. The excitation wavelength for the excitation of the Cy3-dye was 495 nm, recording 

from 540 to 700 nm. All samples were prepared in a Corning® 384-well Low Volume Black Round 

Bottom Polystyrene Not Treated Microplate, using a total sample volume of 10 μL. 

 

Temperature-dependent UV-Vis and fluorescence measurements 

The temperature-dependent UV-Vis measurements were carried out in a Varian Cary 50 UV-Vis 

Spectrophotometer from Agilent Technologies. The measurements were performed with a scan 

rate of 600 nm/min and data interval 1 nm. The temperature-dependent fluorescence 

measurements were carried out with a Cary Eclipse Fluorescence Spectrophotometer from 

Agilent Technologies, using an excitation wavelength of 345 nm, with emission wavelength 

starting from 400 nm. The excitation and emission slits were 5 nm, with a scan rate of 1200 

nm/min and data interval 2 nm. The temperature for both experiments was controlled with a 

Peltier temperature controller featuring steps of 10oC for each experiment, letting the 

temperature of the cell equilibrate for 10 minutes for each measurement. 

 

Ligand-receptor complex ratio determination, binding affinities, Ka, ∆Go 

The quencher-labeled ligands (mLn) were titrated against the Cy3-labelled m-Disc, incubated as 

described above and subsequently the fluorescence of the samples was measured. The 

quenching of the fluorescence intensity was reported as complex ratio, calculated from equation 

S1, and then plotted over ligand concentration. The fluorescence intensity of the Cy3 dye in the 



 
 

86 
 

Multivalent ultrasensitive interfacing of supramolecular 1D nanoplatforms 

unbound state in equation S1 is the average fluorescence intensity over triplicates of a solution of 

m-Disc at a concentration of 10 nM. The data points were fitted using Origin 2015 of OriginLab 

Corporation with a non-linear curve fitting, category: Growth Sigmoidal fit using a function of 

Dose Response and iteration algorithm of Levenberg Marquardt. The association constants were 

obtained using equation S2. The IC50 values were obtained from the non-linear curve fit, where 

the IC50 values correspond to the concentration of ligand where the complex ratio is equal to 0,5. 

The IC50 was converted to Kn
multi using equation S2 in order to calculate the Gibbs free energy of 

each interaction (∆Go). The ∆Go was then derived from the association constant values (Kn
multi), 

using equation S3 with T = 21oC.  

 

complex ratio = 1 − �
Remaining Fluoresecence intensity Cy3 dye− bound state

Maximum Fluorescence intensity Cy3 dye−  100% unbound state� (Eq. S1) 

𝐾𝐾𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =
1
𝐼𝐼𝐼𝐼50

 (Eq. S2) 

∆G =– RT ∙ ln(𝐾𝐾𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) (Eq. S3) 

 

Transmission electron microscopy 

Visualization by TEM was performed with a Tecnai G2 Sphera by FEI operating at an acceleration 

voltage of 80 kV. 3 μL of the Disc-DNA solution was drop-casted on a 400 square mesh copper 

grid with a carbon support film and dried for one minute. 
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In this chapter, the step-wise construction of a versatile synthetic supramolecular 

nanoscaffold for the assembly of multivalent proteins is reported. The supramolecular 

polymer acts as a linear and dynamic backbone to recruit building modules with 

orthogonal recognition patterns (i.e. DNA, peptides and proteins). The assembled 

modules can display binding epitopes of signaling proteins in a multivalent fashion. 

This allows for the reversible recruitment of SH3 domains through their native motifs. 

Moreover, by playing with the valency of the protein the affinity to the supramolecular 

nanoscaffold can be tuned up to two orders of magnitude in binding affinity. The 

input-dependent assembly of the multivalent proteins is here achieved by using DNA 

as a molecular intermediate between the supramolecular nanoscaffold and the model 

protein. This study stands as a basic framework for the versatile and modular bottom-

up synthesis of protein mimics and aims to shine light on the potential of combining 

protein-protein interactions, DNA nanotechnology, and supramolecular chemistry as 

a tool for the customized construction of higher-order nanostructures featuring 

natural behavior.  
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Introduction 

In the cell, naturally occurring supramolecular polymers, made out of self-assembling 

protein subunits, have shown to be crucial in the temporal control of critical cellular 

processes at the different size scales. Representative examples of naturally occurring 

supramolecular polymers are microtubules and actin filaments, which are highly-

ordered structures capable of dynamically assemble and disassemble through tightly 

controlled mechanisms.1 Nevertheless, the hypothesis that supramolecular 

polymerization between proteins is not only limited to these well-defined structural 

fibers, but may also play a fundamental role in many signal transduction, gene 

transcription, and metabolic processes is gaining increasing attention over the past 

decade.2,3 It is meanwhile widely adopted that recurring protein-protein interactions 

may not be limited to a dimeric or trimeric nature, but instead may result in large 

assemblies from a significant number of proteins, the so-called higher-order assemblies. 

Higher-order structures appear to be extensively present in signal transduction, where 

interactions between multiple repeating (identical or different) protein copies or motifs, 

results in the crosslinking of multiple signaling proteins into static or transient 

assemblages. Common features seen in the formation of these assemblies is thus 

cooperativity and multivalency.2,4–6 Interestingly, signaling proteins have evolved 

complexity through the sequential covalent connection of multiple conserved protein 

domains.7 This facilitates multitasking of a relatively small amount of modular proteins 

that in different combinations, can support a wide range of signaling events. Their 

intrinsic multivalent and cooperative behavior has shown to potentially feature 

ultrasensitive switch-like behaviors, by coupling multiple inputs or converting linear 

inputs in non-linear outputs.8–12 Moreover, the transient not defined multivalent protein-

motif interactions have shown to undergo liquid-liquid phase transition.13–16 In a specific 

example, like the T-Cell Receptor activation, LAT (linker for activation of T-cells), can 

cluster diverse adaptor proteins into nanometer-sized protein microclusters, connecting 

length scales in the immune response and resulting in the downstream activation of the 

signaling pathway. Typical highly conserved modules in adaptor proteins are SH3 

domain proteins.17 These modular domains lack enzymatic activity and are known to 

bind through hydrophobic interactions to proline-rich motifs. 5,18–20 In vitro studies have 

shown that the display of multiple SH3 domains linked in tandem, together with their 
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respective proline-rich binding motifs, functions as a protein-based ultrasensitive 

switch.21 Remarkably, liquid-liquid phase separation was observed in a similar system 

featuring the multivalent proteins interconnected with flexible linkers when assembled 

with their respective binding partners.22 A better understanding of how these higher-

order structures of assembling proteins are formed from discrete interactions is yet to be 

achieved. Thus, synthetic efforts for the mimicry of protein assemblies have been 

explored through protein-, nucleotide- and synthetic-based scaffolds.23,24 Analogous to 

naturally occurring nanoscaffolds, synthetic supramolecular polymers stand as an ideal 

bioactive nanoscaffold, self-assembled from multiple bioactive ligand-decorated 

monomers into 1-D dynamic fibers. By endowing supramolecular polymers with key 

native motifs of target protein-protein interactions, the longstanding goal of synthetic 

biologists of constructing complex structures featuring biological processes could be 

fulfilled. In this chapter, the use of simple building blocks such as supramolecular 

monomers combined with oligonucleotides, peptides, and proteins is reported for the 

bottom-up construction of a rudimentary, yet versatile nanoscaffold for the selective, 

responsive and reversible recruitment of multivalent signaling proteins, not unlike the 

protein-based scaffolds seen in cells.  

Supramolecular polymers have shown to be ideal linear dynamic multivalent 

scaffolds,25,26 as well as perfect platforms for their multivalent interaction with proteins27–

29 and cells30–32. In the previous chapter, the interfacing between two linear multivalent 

nanoscaffolds decorated with DNA overhangs allowed the study of the effect of ligand 

valency and density on their binding affinities. The increase in ligand valency showed a 

linear growth in the free energy of the interaction, while the decrease in receptor density 

of the nanoscaffold showed an ultrasensitive non-linear drop in their binding affinities. 

In this chapter, the supramolecular nanoscaffold is brought to the next level of 

complexity, by recruiting complementary oligonucleotide strands decorated with short 

proline-rich peptides. The multivalent display of short peptides in the supramolecular 

nanoscaffold serves as a multivalent synthetic binding epitope that mimics protein-

based scaffolds. 
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Results and discussion  

Design of the supramolecular binding epitope nanoscaffold 

The protein recruitment nanoscaffold is based on oligonucleotide-functionalized bis-

pyridine-based C3-symmetrical amphiphilic monomers, previously reported in Chapter 2 

and 3 (Figure 4.1). The oligonucleotide-decorated supramolecular nanoscaffold (Figure 

4.1a) serves as a dynamic backbone with available handles for the recruitment of 

complementary oligonucleotide-peptide conjugates (Figure 4.1b). Here, the peptide 

constitutes the binding epitope of SH3 domain proteins. Thus, hybridization between 

the complementary oligonucleotide strands results in the linear multivalent display of 

the SH3 binding epitope (multivalent binding epitope, Figure 4.1c). The resulting 

nanoscaffold can potentially interact with SH3 domains through protein-binding 

epitope interactions (Figure 4.1d and e). The use of oligonucleotides as a molecular 

intermediate between the binding motif and the supramolecular nanoscaffold not only 

opens new possibilities for the modular assembly of other oligonucleotide-peptide 

conjugates for other target proteins but it also recruits the epitope in a sequence-specific 

manner. Moreover, the Cy3-labeled oligonucleotide located in the nanoscaffold aids in 

the characterization of protein recruitment by fluorescence.  

 

Design of model multivalent proteins 

SH3 domain (SRC Homology 3 domain), are small (around 100 amino acids), highly 

conserved modules that recognize proline-rich peptide motifs through hydrophobic 

interactions. Their connection to other proteins allows them to modulate protein-

protein interactions,33 playing essential roles as regulatory proteins.34 In the present 

model system, the binding affinities for the monovalent SH3 protein (Sho1) for this 

specific binding epitope (IRSKPLPPLPV) has been reported to be 1 µM.35 The moderately 

low binding affinity of the interaction enables the reversibility of the process, as well as 

shows binding in a suitable concentration range to study the effect of multivalency with 

fluorescence techniques. The multivalent proteins were obtained by engineering 

multiple identical copies of SH3 domains in tandem, intercalated with flexible linkers in 

order to avoid steric hindrance upon binding to the epitope nanoscaffold (Figure 4.1d). 

Each n-valent protein (n = 1- 4) was expressed in E. coli cells in a Pet28a (+) vector as a  
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Figure 4.1|Chemical structure of the discotic monomer on the top. On the bottom schematic 
representation of the multivalent nanoscaffold for non-covalent assembly of n-valent SH3 
domain proteins through their native binding mode. a) Supramolecular nanoscaffold based on 
Cy3 dye-labeled oligonucleotide-discotic monomers in green (Disc-5’-TTTCTGCGTTTTT-3’-Cy3), 
that self-assemble to form columnar stacks. b) The appended oligonucleotide strands 
(represented as a gray line) can further interact with a complementary anti-handle strands (black 
line, 3’-AAGACGCAAAAA-5’) covalently connected to a proline-rich peptide moiety (represented 
as yellow spheres, NH2-IRSKPLPPLPV-COOH ). c) The oligonucleotide strands hybridize to form a 
multivalent array of peptides. d) Engineered SH3 domains are expressed in tandem to form a 
linear protein polymer with “n“ number of protein copies. All proteins are mono-labeled with an 
ATTO-647N dye using an engineered cysteine close to the C-terminus of each protein.  e) Using 
(FRET) the binding of the protein to the supramolecular epitope can be easily monitored.  
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single construct (Figure S4.1) with an N-terminal His-tag for purification purposes. The 

successful expression and purification of all proteins were confirmed by Q-ToF (Figures 

S4.2-S4.5) and SDS-Page Gel (Figures S4.6).  

The recruitment of each protein to the Cy3-labeled nanoscaffold was monitored using 

Förster Resonance Energy Transfer (FRET). Each protein was thus site-specifically labeled 

with a suitable Cy3-dye FRET couple (ATTO-647N). In order to ensure reproducibility and 

well-defined protein compositions, all proteins were mono-functionalized with one dye. 

For that, a single cysteine moiety was engineered close to the C-terminus of each protein 

for the introduction of a maleimide-functionalized ATTO-647N dye via maleimide-

cysteine coupling (See Figure S4.7). The labeled construct was further purified using size 

exclusion chromatography to eliminate any possible unreacted maleimide-dye 

conjugate. Q-ToF mass spectrometry was used again to confirm the products for all 

labeled proteins ((SH3xn), Figure S4.8-S4.11). 

 

Recruitment of multivalent proteins on the supramolecular nanoscaffold 

The recruitment of the proteins by the supramolecular nanoscaffold was followed using 

Förster Resonance Energy Transfer (FRET) between both elements. The excitation of the 

Cy3-dye ((D): donor) located in the supramolecular binding epitope nanoscaffold results 

in energy transfer to the ATTO-647N ((A): acceptor) positioned in the protein library, only 

when both dyes are in the required proximity (Figure 4.1e). Typically, as a result, a drop 

in the fluorescence intensity of the donor and an increase in the fluorescence intensity 

of the acceptor is observed. Accordingly, the ratio between acceptor and donor 

maximum fluorescence intensities is used in this chapter to quantify - in a simplified and 

qualitative manner - the extent of protein recruitment to the supramolecular 

nanoscaffold.  

Initial control experiments to evaluate the binding of the monovalent protein to the 

binding epitope were performed by titrating varying concentrations of the monovalent 

labeled SH3 domain, to a constant concentration (at 100 nM) of i) monovalent binding 

epitope, and ii) multivalent binding epitope (Figure 4.2a). At a sufficient protein 

concentration around the micromolar regime, the fluorescence intensity of the acceptor 

increased with the corresponding decay in the fluorescence intensity of the donor. This 

is probably due to the energy transfer between the donor-dye located in the handle-
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DNA and the acceptor-dye located in the protein, given their proximity upon binding. 

These experiments showed the typical binding affinities for the previously reported 

interaction.35 Interestingly, the multivalent display of the binding epitope in the 

supramolecular nanoscaffold compared with the monovalent binding epitope showed 

binding at slightly lower protein concentrations (see Figure 4.2b). This minor enhanced 

FRET efficiency, observed as well in the multivalent system reported in the previous 

chapter, could be a consequence of the higher epitope density available in the 

nanoscaffold, which results in a greater probability of re-binding of the protein after 

dissociation; or simply due to the larger number of donor dyes in the nanoscaffold 

available to experience energy transfer, in contrast with the one specific dye in the 

monovalent epitope. 

 

 

Figure 4.2 | a) Titration of the labeled monovalent SH3 domain protein to a constant 
concentration (100 nM) of i) the monovalent binding epitope and ii) the multivalent binding 
epitope nanoscaffold. The lower part of the figure shows the maximum fluorescence intensity of 
the donor (Idonor, λem= 560 nm) and the acceptor (Iacceptor, λem= 660 nm), when the samples were 
excited at the donor maximum absorption wavelength (λexc= 495 nm), at the different labeled 
SH3 domain concentrations.  b) In the y-axis, the ratio between the acceptor maximum emission 
intensity (Iacceptor) and the donor maximum emission intensity (Idonor) reported in Figure a, against 
the concentration of titrated monovalent SH3 domain protein in the x-axis. 
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Next, the recruitment of the multivalent engineered proteins was assessed on a similar 

titration experiment to evaluate the effect of protein valency in their binding affinities to 

the supramolecular multivalent epitope nanoscaffold. The experimental design 

accounts for the energy transfer to an equal amount of acceptor dyes in the protein 

library; however, the number of available epitopes in the bound state differs for each 

case study. For instance, the tetravalent binder potentially occupies three other binding 

epitopes, whereas showing output FRET for the binding of only one protein, buffering 

the binding of additional proteins. Therefore, for a better estimation of the effect of 

protein valency on the binding affinities of the protein library, the titration experiments 

were performed fixing a constant concentration of dyes, while ensuring the same 

number of binding epitopes. That was attained by the addition of unlabeled monovalent 

SH3 domain (unlabeled SH3x1) (See Figure 4.3a). All labeled proteins with n = 1 - 4 SH3 

repeating units and the appropriate amount of unlabeled monovalent SH3 domain, 

were titrated to a constant concentration of the supramolecular multivalent binding 

epitope. The samples were excited at the maximum absorbance wavelength of the 

donor dye (λexc= 495 nm), and the fluorescence intensity was measured from 540 nm 

(Figure 4.3b-e). The fluorescence intensity of the Cy3-dye donor with the characteristic 

peak at 560 nm decreases in all cases upon the addition of the SH3 domain at different 

concentrations. Moreover, the characteristic peak of ATTO-647N at 660 nm grows with 

the increase of SH3 domain concentration. As shown in Figure 4.3f, the ratio between 

donor/acceptor fluorescence intensities (on the y-axis) at the range of SH3 domain 

concentrations (on the x-axis), is more pronounced at lower protein concentrations for 

the case of the tetravalent and trivalent SH3 domain, whereas the bivalent protein shows 

a lower FRET ratio and the monovalent showed minor FRET at the experimental 

conditions. 

The results indicate higher FRET efficiencies for greater valencies. The addition of two 

and three additional copies of the protein to the monovalent version (n=3 and n=4) have 

an effect of at least two orders of magnitude in the binding affinities of the trivalent and 

tetravalent proteins, from the micromolar affinity of the monovalent interaction to the 

nanomolar affinity. Nevertheless, the detection limit of the present experiment is 50 nM 

(experimental concentration of the binding epitope nanoscaffold), meaning that below  
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Figure 4.3 | Recruitment of n-valent proteins to the multivalent binding epitope nanoscaffold. a) 
A constant concentration of binding epitope nanoscaffold (50 nM) was titrated with a constant 
concentration of dye in the different n-valent proteins with b) n=1, c) n=2, d) n=3, and e) n=4, 
respectively, adding the appropriate amount of unlabeled SH3 domain to compensate for the 
number of epitopes. The insets show the maximum Idonor (λem= 560 nm) and Iacceptor (λem= 660 nm) 
over the protein concentration range for both donor and acceptor when (λexc= 495 nm). The 
continuous gray lines consist of the epitope nanoscaffold fluorescence before adding labeled SH3 
domains, whereas the green lines are the samples after addition of the lowest (straight line) and 
highest (dashed line) protein concentrations. The gray dotted lines represent the fluorescence at 
the intermediate range of protein concentrations f) The ratio Idonor/Iacceptor, extracted from the 
values in graphs b-e, in the y-axis at λexc= 495 nm, against the concentration of titrated protein in 
the x-axis. 
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this concentration, comparisons between valencies in terms of binding affinities are not 

reliable and should be considered merely qualitative.  

 

Binding epitope and valency-dependent protein recruitment on the nanoscaffold 

The oligonucleotide handles on the nanoscaffold allow the easy modification of the 

epitope density through the variation of the complementary oligonucleotide-peptide 

conjugate concentration assembled on the nanoscaffold. This can be exploited for the 

valency-dependent recruitment of the SH3 model proteins to the nanoscaffold. Upon an 

epitope (oligonucleotide-peptide conjugate) concentration threshold, presumably the 

 

 
Figure 4.4 | a) Schematic representation of the valency-dependent complex formation for model 
systems with n=1 and 4. The available binding epitopes for each interaction was waged by the 
addition of unlabeled monovalent SH3 domain, in order to keep the ratio dye and SH3 domain 
constant for all the experiments. b) The fluorescence intensity ratio between the SH3 proteins 
(acceptor) and the supramolecular nanoscaffold (donor) (Iacceptor/Idonor) upon the addition of 
different amounts of the oligonucleotide-peptide conjugate (epitope) is shown. Both the protein 
and the nanoscaffold are kept at a constant concentration of 10 nM. On the y-axis, the ratio 
between the acceptor maximum emission intensity (Iacceptor, λem= 560 nm) and the donor 
maximum emission intensity (Idonor, λem= 660 nm) respectively, when the sample was excited at 
the excitation wavelength of the donor (λexc= 495 nm), against the concentration of titrated 
oligonucleotide-peptide conjugate in the x-axis. 
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weaker binders should be excluded whereas the stronger binders should be recruited to 

the nanoscaffold. In order to obtain that behavior the concentration of proteins and 

nanoscaffold were kept below the binding affinity of the monovalent interaction at 10 

nM. Thus, the epitope was titrated to a pre-mixed solution of supramolecular 

nanoscaffold and n-valent protein (both at a concentration of 10 nM) (See Figure 4.4a). 

Figure 4.4b shows the fluorescence intensity ratios between the acceptor and the donor 

for all protein series. At lower epitope concentrations than the supramolecular backbone 

concentration (<10 nM), no binding was observed for any valency, showing the lack of 

unspecific binding to the supramolecular backbone nanoscaffold in the absence of 

binding epitopes. However, when the nanoscaffold and binding epitope concentrations 

reached equimolar concentrations, the FRET ratio of the tri- and tetra-valent SH3 

domains increases sharply. The bivalent protein, in contrast, showed a lower FRET ratio, 

while the monovalent protein did not show any binding at the experimental conditions. 

Parallel to natural systems, the protein valency and epitope density of the interacting 

partners at low concentrations presumably designate their recruitment to the 

nanoscaffold. First, the input-dependent epitope recruitment is possible through DNA 

duplex formation, this induces the necessary epitope density for protein recruitment and 

results in the unbound/bound switch of the SH3 domain varieties only with sufficient 

valencies (n=3 and 4). This experiment confirms that a certain valency threshold is 

needed for protein recruitment to the nanoscaffold and that the bound state can be 

attained when the multivalent display of binding epitopes is sufficient.  

 

Dynamic tuning of the epitope nanoscaffold density  

The use of DNA as a molecular intermediate between the interfacing nanoscaffold and 

proteins allows following over time the recruitment of the proteins to the nanoscaffold. 

Moreover, the responsive behavior of the supramolecular nanoscaffold can be exploited 

to tune the epitope density by the addition of supramolecular monomers lacking 

binding epitope (Inert Disc) (Figure 4.5a).  

First, the input-dependent recruitment of the proteins was shown by incubating a 

mixture of the supramolecular backbone (lacking the oligonucleotide-peptide 

conjugate) with the pertinent proteins. In the absence of epitope, no changes in the 
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Figure 4.5 | a) Schematic representation of the sequential construction in time of the 
supramolecular epitope-protein complex. b) The fluorescence intensity ratio between acceptor 
and donor was followed over time. The ratio between both intensities is shown in the y-axis 
against the time in the x-axis. First, the proteins at 100 nM were incubated with 100 nM of 
backbone nanoscaffold. Upon the addition of the complementary oligonucleotide-peptide 
strand (100 nM), the epitope binds to the nanoscaffold, effectively recruiting the different SH3 
proteins (2). The addition of un-modified supramolecular monomers results in the intermixing of 
the different monomers (3), with the resulting decrease in epitope density and affecting the 
energy transfer between the proteins and the nanoscaffold. The control experiment consists of 
the monovalent set-up lacking the oligonucleotide-peptide conjugate. 

fluorescence intensity of donor or acceptor dyes were observed over time (Figure 4.5b.1). 

After 10 minutes of equilibration, the oligonucleotide-peptide conjugate was added. A 

sharp increase in the acceptor-dye fluorescence with the concomitant decrease in donor 

fluorescence was observed as the FRET ratio reflects in Figure 4.5b.2. After equilibration 
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of the bound state, ten equivalents of the Inert-Disc were added to the studied solutions. 

A drop in the FRET ratio between the supramolecular nanoscaffold and the model 

proteins was observed (Figure 4.5b.3).  

The hybridization of the oligonucleotide-decorated epitope with the oligonucleotide-

decorated nanoscaffold results in the simultaneous assembly of proteins to the 

supramolecular nanoscaffold to different extents depending on their valency. The 

addition of Inert-Disc shows a decrease in FRET ratio between the nanoscaffold and the 

proteins, suggesting intermixing of the Inert-Disc with the epitope-functionalized 

monomers, resulting in the dilution of the binding epitopes. 

 

Reversible protein recruitment 

By using the native binding motif of the SH3 domain, the protein recruitment on the 

nanoscaffold could, in principle, be reversible. Thus, the reversibility of the process was 

next tested by the addition of unlabeled monovalent SH3 domain as a competitor of the 

labeled SH3 domains. The competition of unlabeled SH3 domain protein in excess for 

the occupied binding epitopes should potentially result in the dissociation of the n-

valent labeled protein (Figure 4.6a).  

Again the controlled assembly of the different components was tested. Upon addition 

of the oligonucleotide-peptide conjugate to the pre-assembled mixture of the 

supramolecular backbone nanoscaffold and the SH3 domain proteins, the FRET ratio 

between acceptor and donor sharply increased, in different extents depending on the 

valency (See Figure 4.6b). After equilibration of the signal, 20 equivalents of un-labeled 

monovalent SH3 domain was added to the samples. The fluorescence intensity 

donor/acceptor ratios for all proteins dropped. However, the drop in FRET ratio seems to 

be less pronounced for the higher protein valencies. Presumably, by the addition of the 

unlabeled monovalent SH3 domain, the recruited labeled-protein on the nanoscaffold is 

competed out. The effect in the addition of the competitor is less pronounced with the 

increase in valency as expected in agreement with the compilated set of results.  

The required time for equilibration of the present experiment (5 minutes), in comparison 

with the slower kinetics of the previous experiment (30 minutes) (Figure 4.5b), pinpoints 

the considerably slower intermixing rates of the supramolecular nanoscaffold 

monomers compared with the kinetics of protein binding. 
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Figure 4.6| Reversible protein recruitment on the supramolecular nanoscaffold. a) Schematic 
representation of the sequential construction in time of the supramolecular epitope-protein 
complex and the competition of the labeled proteins with un-labeled monovalent SH3 domain. 
b) The fluorescence intensity ratio between acceptor and donor was followed over time. The ratio 
between both intensities is shown in the y-axis against the time in the x-axis. First, the proteins at 
100 nM were incubated with 100 nM of backbone nanoscaffold. Upon addition of the 
complementary oligonucleotide-peptide strand (100 nM), the oligonucleotide-decorated 
epitope hybridizes with the oligonucleotide-decorated nanoscaffold, effectively displaying 
multiple binding epitopes and recruiting the different SH3 proteins (2). The addition of an un-
labeled monovalent SH3 domain at 20 µM, results in the competition of the proteins for the 
binding epitopes (3), affecting the energy transfer between the proteins and the nanoscaffold. 
The control experiment consists of the monovalent set-up lacking the oligonucleotide-peptide 
conjugate. 
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Conclusions 

In this chapter, the modular design of a synthetic supramolecular docking platform for 

the recruitment of multivalent signaling proteins was reported. The multivalent display 

of the binding epitopes from modular signaling proteins allows the recruitment of a 

library of proteins not unlike in natural systems.6 The increase in protein copies (valency) 

enhances the binding affinities to the nanoscaffold in up to two orders of magnitude for 

the proteins with 3 and 4 identical copies. Moreover, due to the non-covalent nature of 

all the interactions, the extent of bound state can be tuned by the change in epitope 

concentration, by the addition of competitor protein or by the change in the epitope 

density. The input-dependent recruitment of proteins by addition of the 

oligonucleotide-peptide intermediate showed the selective recruitment of proteins with 

high valencies. Moreover, the addition of Inert-Disc showed a significant decrease in the 

FRET ratios, probably due to the decrease in Cy3 dye density on the nanoscaffold, 

proving the intermixing of the two discotic monomers and showing the self-regulating 

behavior of the nanoscaffold. Lastly, by exploiting the native binding mode of the SH3 

domain, the recruitment process could be reversed by the addition of unlabeled 

monovalent SH3 domain, showing a decrease in FRET most probably due to the 

unbinding of the n-valent proteins. The extent of labeled protein release showed to be 

valency-dependent. 

The molecular toolbox used in the present chapter brings forward features such as fully 

synthetic supramolecular protein-mimic scaffolds, self-regulating behavior or 

programmability that other protein-based constructs fail to fulfill, standing as ideal 

modular synthetic signaling systems for the bottom-up construction of regulatory 

circuits.36–38  
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Supporting information 

Transformation of SH3 domain plasmid in NovaBlue competent cells 

4 µg of Pet28a (+) encoding for SH3x4 domain (Sho1p) was dissolved in 20 µl of Milli-Q water. The 

sample was vortexed and left to dissolve for 5 minutes. The plasmid was transformed in NovaBlue 

Singles™ Competent Cells in order to obtain enough DNA samples for further cloning. 20 µL of 

bacteria cells were transformed with 1 µL of DNA plasmid at a temperature of 42oC for 30 seconds 

and left in ice for 5 minutes. Subsequently, 80 µL of SOC (Super Optimal broth with Catabolite 

repression) solution was added to the cells at room temperature, and they were incubated at 37oC 

for 60 minutes with shaking at 300 rpm. The solution was then placed in a dry LB-agar plate with 

ampicillin. A sterile Drigalski spatula was used to spread the cells over the agar place. The colonies 

were left to grow overnight at 37oC.  A small culture with the NovaBlue cells containing the SH3 

plasmid was performed. In a culture tube, 8 mL of LB medium were mixed with 8 µL of Kanamycin 

(100 mg/mL), and a pipette tip with the previously formed colony was added. The mixture was 

shaken at 37oC for 12 hours at 250 rpm. The DNA was extracted from the cells by making use of 

QIAprep Spin Miniprep Kit.  

 

PCR reaction of the SH3x4 domain plasmid  

 
Figure S4.1 | DNA construct encoding for 4 copies of SH3 domain (Sho1) connected in tandem 
with flexible GS linkers. In the N-terminus, there is a His-Tag located for purification reasons and 
a C-terminal Strep-TAG. The strategic addition of restriction sites between the SH3 domains 
allows for the cloning of the sequence to obtain the targeted DNA constructs by PCR. A cysteine 
close to the N-terminus was introduced in the native sequence for subsequent fluorophore 
labeling.  

PCR reactions of the SH3x4 domain plasmid were performed in order to obtain the vectors 

encoding for 3, 2 and 1 SH3 domain units. Digestion of the ends of the dsDNA by the 

corresponding restriction enzymes (See Figure S4.1) resulted in cleaved DNA that can further be 

ligated to the vector with T4 Ligase. The digestion reaction was done in a total volume of 50 µL. 

5µL of 10x CutSmart® Buffer, 10 µL of the DNA plasmid obtained in the section above, 1 µL of the 

corresponding enzyme and 34 µL of Milli-Q water. Subsequently, the DNA was purified with the 
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QIAquick PCR purification kit and dissolved in 30 µL of water. Further ligation was performed 

using 30 µL of PCR product, 1 µL of T4 DNA Ligase, 5 µL of T4 DNA Ligase Buffer (10x), 9 µL of 

water. The reaction mixture was incubated overnight at 16oC. The circular DNA was further 

transformed in BL21 competent cells E. coli, following the same protocol as the one used for the 

NovaBlue competent cells.   
 

Protein expression, purification, and characterization 

All proteins were expressed in BL21 (DE3) Competent Cells from Novagen using the SH3xn gene 

encoded in a Pet28a (+) vector. All proteins were expressed under sterile conditions. The proteins 

were expressed in 2-liter cultures of LB medium with 30 µg/mL of Kanamycin in a 5L Erlenmeyer 

were a small 25 mL overnight culture was added. The bacteria were grown at 37oC and 150 rpm 

until the optical density (OD) at 600 nm was around 0.6 and 0.5 mM of IPTG was added in order 

to induce protein expression. After 18 hours of protein expression at 18oC and 150 rpm, the cells 

were spin done in a high-speed centrifuge at 8000xg. The supernatant was discarded and the cell 

pellets resuspended in a mixture of 40 mL (/2L of culture) of BugBusterTM Protein Extraction 

Reagent, Benzonase® Nuclease (40 µL/2L of culture) and 1 mM of TCEP (Tris(2-

carboxyethyl)phosphine hydrochloride). The cells were incubated for 30 minutes at room 

temperature to extract the protein. The solution was centrifuged at 18000xg and the supernatant 

was further purified in a Ni-loaded column (Ni-NTA His Bind® Resins from Novagen). Using 1 CV of 

a solution 100 mM of NiSO4, 2 CV of binding buffer (20 mM Tris, 5 mM Imidazole, 0.5 M NaCl), the 

sample, 1 CV of binding buffer, 2 CV of washing buffer (20 mM Tris, 30 mM Imidazole, 0.5 M NaCl) 

and elution buffer (50 mM Tris, 250 mM Imidazole, 0.5 M). The elution fractions were collected 

and further concentrated in a 50 mL Amicon® Ultra Centrifugal Filters. The resulting solutions 

were aliquoted and stored in the - 80oC freezer. 

 

Q-Tof measurements  

Purity and exact mass of the proteins was determined using a High-Resolution LC-MS system 

consisting of a Waters ACQUITY UPLC I-Class system coupled to a Xevo G2 Quadrupole Time of 

Flight (Q-ToF). The system was comprised of a Binary Solvent Manager and a Sample Manager 

with Fixed-Loop (SM-FL). The protein was separated (0.3 mL min-1) by the column (Polaris C18A 

reverse phase column 2.0 x 100 mm, Agilent) using a 15% to 75% acetonitrile gradient in water 

supplemented with 0.1% v/v formic acid before analysis in positive mode in the mass 

spectrometer. The deconvolution of the m/z spectra was done using the MaxENTI algorithm in 

the Masslynx v4.1 (SCN862) software. 
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DNA sequence SH3x1 

ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGGGTACCGCTAGCGAATTCATG

GCTAGTGACGACAATTTTATCTACAAAGCTAAGGCTCTGTATCCGTATGATGCCGATGACGATGACGCGTACGAAATATCATTTG

AACAAAACGAAATTTTACAGGTGTCGGATATAGAGGGTCGTTGGTGGAAAGCCAGGCGTGCTAACGGTGAGACTGGCATAATTC

CTAGCAACTACGTTCAGCTCATTGATGGTCCAGAGGAGATGCATCGGTGTTGGAGTCATCCGCAGTTTGAAAAGTAAGCGGCCGC 

 

Amino acid sequence SH3x1 

G S S H H H H H H S S G L V P R G S H M G T A S E F M A S D D N F I Y K A K A L Y P Y D A D D D D A Y E I S F E Q N E I L Q V S 

D I E G R W W K A R R A N G E T G I I P S N Y V Q L I D G P E E M H R C W S H P Q F E K 

 

 
Figure S4.2 | Q-Tof mass spectrometry spectrum of the deconvoluted mass (in Daltons) of the 
unlabeled SH3x1 on the left and the m/z on the right. The +178 Da peak most likely corresponds 
to the α-N-6-Phosphogluconoylation of the His-Tag. The inset corresponds to the total ion count 
chromatogram of the sample.  

DNA sequence SH3x2 

ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGGGTACCGCTAGCATGGCGTCA

GATGACAATTTTATTTACAAAGCCAAAGCTCTCTATCCCTATGATGCGGACGATGATGATGCCTATGAAATAAGCTTTGAACAGAA

CGAAATCCTTCAAGTTAGTGACATTGAAGGCAGATGGTGGAAAGCTCGGAGAGCCAACGGTGAGACCGGTATCATTCCCTCAAA

TTACGTTCAGTTAATTGACGGTCCCGAAGAGATGCACCGGAGCGGCTCTGGAAGTGGCAGTGGTTCAGGAGAATTCATGGCTAG

TGACGACAATTTTATCTACAAAGCTAAGGCTCTGTATCCGTATGATGCCGATGACGATGACGCGTACGAAATATCATTTGAACAA

AACGAAATTTTACAGGTGTCGGATATAGAGGGTCGTTGGTGGAAAGCCAGGCGTGCTAACGGTGAGACTGGCATAATTCCTAGC

AACTACGTTCAGCTCATTGATGGTCCAGAGGAGATGCATCGGTGTTGGAGTCATCCGCAGTTTGAAAAGTAAGCGGCCGC 
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Amino acid sequence SH3x2 

G S S H H H H H H S S G L V P R G S H M G T A S M A S D D N F I Y K A K A L Y P Y D A D D D D A Y E I S F E Q N E I L Q V S D I 

E G R W W K A R R A N G E T G I I P S N Y V Q L I D G P E E M H R S G S G S G S G S G E F M A S D D N F I Y K A K A L Y P Y D A 

D D D D A Y E I S F E Q N E I L Q V S D I E G R W W K A R R A N G E T G I I P S N Y V Q L I D G P E E M H R C W S H P Q F E K 

 

 
Figure S4.3 | Q-Tof mass spectrometry spectrum of the deconvoluted mass (in Daltons) of the 
unlabeled SH3x2 on the left and the m/z on the right. The +178 Da peak most likely corresponds 
to the α-N-6-Phosphogluconoylation of the His-Tag. The inset corresponds to the total ion count 
chromatogram of the sample.  

 

DNA sequence SH3x3 

ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGGGTACCATGGCCTCCGACGAT

AATTTCATATATAAGGCGAAGGCCCTGTATCCATACGACGCCGACGATGACGATGCATACGAGATAAGTTTCGAACAGAATGAG

ATCTTGCAAGTGAGCGATATTGAAGGACGTTGGTGGAAGGCCCGTCGGGCCAATGGTGAAACAGGCATTATACCCAGTAATTAT

GTGCAGCTGATAGATGGACCGGAGGAAATGCACAGAAGCGGTTCCGGTTCAGGGTCTGGCTCAGGCGCTAGCATGGCGTCAGA

TGACAATTTTATTTACAAAGCCAAAGCTCTCTATCCCTATGATGCGGACGATGATGATGCCTATGAAATAAGCTTTGAACAGAACG

AAATCCTTCAAGTTAGTGACATTGAAGGCAGATGGTGGAAAGCTCGGAGAGCCAACGGTGAGACCGGTATCATTCCCTCAAATT

ACGTTCAGTTAATTGACGGTCCCGAAGAGATGCACCGGAGCGGCTCTGGAAGTGGCAGTGGTTCAGGAGAATTCATGGCTAGTG

ACGACAATTTTATCTACAAAGCTAAGGCTCTGTATCCGTATGATGCCGATGACGATGACGCGTACGAAATATCATTTGAACAAAA

CGAAATTTTACAGGTGTCGGATATAGAGGGTCGTTGGTGGAAAGCCAGGCGTGCTAACGGTGAGACTGGCATAATTCCTAGCAA

CTACGTTCAGCTCATTGATGGTCCAGAGGAGATGCATCGGTGTTGGAGTCATCCGCAGTTTGAAAAGTAAGCGGCCGC 
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Amino acid sequence SH3x3 

G S S H H H H H H S S G L V P R G S H M G T M A S D D N F I Y K A K A L Y P Y D A D D D D A Y E I S F E Q N E I L Q V S D I E G 

R W W K A R R A N G E T G I I P S N Y V Q L I D G P E E M H R S G S G S G S G S G A S M A S D D N F I Y K A K A L Y P Y D A D D 

D D A Y E I S F E Q N E I L Q V S D I E G R W W K A R R A N G E T G I I P S N Y V Q L I D G P E E M H R S G S G S G S G S G E F M 

A S D D N F I Y K A K A L Y P Y D A D D D D A Y E I S F E Q N E I L Q V S D I E G R W W K A R R A N G E T G I I P S N Y V Q L I D G 

P E E M H R C W S H P Q F E K 

 

 
Figure S4.4 | Q-Tof mass spectrometry spectrum of the deconvoluted mass (in Daltons) of the 
unlabeled SH3x3 on the left and the m/z on the right. The +178 Da peak most likely corresponds 
to the α-N-6-Phosphogluconoylation of the His-Tag. The inset corresponds to the total ion count 
chromatogram of the sample. 

DNA sequence SH3x4 

ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGGGTACCGCTAGCGAATTCATG

GCAAGTGACGATAATTTTATATACAAAGCGAAAGCATTATACCCGTACGACGCCGACGACGACGATGCCTATGAAATTAGCTTCG

AGCAGAACGAAATATTACAGGTAAGTGATATAGAAGGTCGCTGGTGGAAAGCACGCCGTGCAAACGGTGAAACAGGTATTATCC

CATCAAACTATGTGCAGCTTATTGATGGACCCGAAGAAATGCATCGCTCTGGTTCGGGCTCCGGTAGCGGCAGCGGGGGTACCA

TGGCCTCCGACGATAATTTCATATATAAGGCGAAGGCCCTGTATCCATACGACGCCGACGATGACGATGCATACGAGATAAGTTT

CGAACAGAATGAGATCTTGCAAGTGAGCGATATTGAAGGACGTTGGTGGAAGGCCCGTCGGGCCAATGGTGAAACAGGCATTAT

ACCCAGTAATTATGTGCAGCTGATAGATGGACCGGAGGAAATGCACAGAAGCGGTTCCGGTTCAGGGTCTGGCTCAGGCGCTAG

CATGGCGTCAGATGACAATTTTATTTACAAAGCCAAAGCTCTCTATCCCTATGATGCGGACGATGATGATGCCTATGAAATAAGCT

TTGAACAGAACGAAATCCTTCAAGTTAGTGACATTGAAGGCAGATGGTGGAAAGCTCGGAGAGCCAACGGTGAGACCGGTATCA

TTCCCTCAAATTACGTTCAGTTAATTGACGGTCCCGAAGAGATGCACCGGAGCGGCTCTGGAAGTGGCAGTGGTTCAGGAGAATT

CATGGCTAGTGACGACAATTTTATCTACAAAGCTAAGGCTCTGTATCCGTATGATGCCGATGACGATGACGCGTACGAAATATCA

TTTGAACAAAACGAAATTTTACAGGTGTCGGATATAGAGGGTCGTTGGTGGAAAGCCAGGCGTGCTAACGGTGAGACTGGCATA

ATTCCTAGCAACTACGTTCAGCTCATTGATGGTCCAGAGGAGATGCATCGGTGTTGGAGTCATCCGCAGTTTGAAAAGTAAGCGG

CCGC 
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Amino acid sequence SH3x4 

G S S H H H H H H S S G L V P R G S H M G T A S E F M A S D D N F I Y K A K A L Y P Y D A D D D D A Y E I S F E Q N E I L Q V S 

D I E G R W W K A R R A N G E T G I I P S N Y V Q L I D G P E E M H R S G S G S G S G S G G T M A S D D N F I Y K A K A L Y P Y D 

A D D D D A Y E I S F E Q N E I L Q V S D I E G R W W K A R R A N G E T G I I P S N Y V Q L I D G P E E M H R S G S G S G S G S G 

A S M A S D D N F I Y K A K A L Y P Y D A D D D D A Y E I S F E Q N E I L Q V S D I E G R W W K A R R A N G E T G I I P S N Y V Q 

L I D G P E E M H R S G S G S G S G S G E F M A S D D N F I Y K A K A L Y P Y D A D D D D A Y E I S F E Q N E I L Q V S D I E G R 

W W K A R R A N G E T G I I P S N Y V Q L I D G P E E M H R C W S H P Q F E K 

 

 

Figure S4.5 | Q-Tof mass spectrometry spectrum of the deconvoluted mass (in Daltons) of the 
unlabeled SH3x4 on the left and the m/z on the right. The +178 Da peak most likely corresponds 
to the α-N-6-Phosphogluconoylation of the His-Tag. The inset corresponds to the total ion count 
chromatogram of the sample. 
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Confirmation of SH3xn (n=1,2,3 and 4) protein expression by SDS Page Gel 

 

Figure S4.6 | SDS-PAGE gel 4-20% Mini-PROTEAN® TGX Stain-Free™ Precast Gels of the un-labeled 
SH3x1, SH3x2, SH3x3 and SH3x4 proteins from left to right. The concentration of the applied 
protein is 1 µM with SDS gel-loading buffer 1x and 5 mM of DTT. The gel was run with 1x 
Tris/Glycine Running Buffer for 45 minutes at 100V. The gel was stained with Coomassie for 30 
minutes and washed with water overnight. 

 

Protein labeling and purification  

All proteins were labeled following the protocol described by Bioconjugate Techniques by Greg 

Hermanson (Academic Press, 1996). In short, all proteins were concentrated in a 3K Amicon Ultra-

0.5 mL Centrifugal Filter for DNA and protein purification and concentration to an average final 

concentration of 2 mg/mL, using DPBS as buffer. The samples were placed in Eppendorf tubes 

and further deoxygenated for 20 min with a vigorous nitrogen gas flow. A 10-fold excess of TCEP 

was then added to each sample and left to incubate for 20 minutes. The ATTO-647N dye was 

further dissolved in the minimum amount of DMSO (1mg/100µL) and added in excess (5eq/1eq 

of cysteine) to each protein bearing a single cysteine. The Eppendorf tubes were kept in the dark 

for 12 hours at 4oC with shaking at 300 rpm. After labeling, the proteins were immediately purified 

using size exclusion chromatography (PD10 desalting column Sephadex™ G-25 Medium). The 

resulting solution was concentrated in DPBS buffer using an Amicon® Ultra-4 3K device, aliquoted 

and stored in the -80oC freezer until further use. 
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Figure S4.7 | Protein labeling approach. The maleimide-decorated ATTO 647N dye was attached 
to the protein using sulfhydryl-reactive crosslinker chemistry. The reduced cysteine in the N-
terminus of the protein was reacted with the maleimide-dye in PBS.  

 

 
 Figure S4.8 | Q-Tof mass spectrometry spectrum of the deconvoluted mass (in Daltons) of the 
unlabeled SH3x1 on the left and the m/z on the right. The +178 Da peak most likely corresponds 
to the α-N-6-Phosphogluconoylation of the His-Tag. The inset corresponds to the total ion count 
chromatogram of the sample. 
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Figure S4.9 | Q-Tof mass spectrometry spectrum of the deconvoluted mass (in Daltons) of the 
unlabeled SH3x2 on the left and the m/z on the right. The +178 Da peak most likely corresponds 
to the α-N-6-Phosphogluconoylation of the His-Tag. The inset corresponds to the total ion count 
chromatogram of the sample. 

 

 
Figure S4.10 | Q-Tof mass spectrometry spectrum of the deconvoluted mass (in Daltons) of the 
unlabeled SH3x3 on the left and the m/z on the right. The +178 Da peak most likely corresponds 
to the α-N-6-Phosphogluconoylation of the His-Tag. The inset corresponds to the total ion count 
chromatogram of the sample. 
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Figure S4.11 | Q-Tof mass spectrometry spectrum of the deconvoluted mass (in Daltons) of the 
unlabeled SH3x4 on the left and the m/z on the right. The +178 Da peak most likely corresponds 
to the α-N-6-Phosphogluconoylation of the His-Tag. The inset corresponds to the total ion count 
chromatogram of the sample. 

 

Titration of proteins or peptides to the supramolecular nanoscaffold protocol 

The assembly of the oligonucleotide-peptide conjugate to the nanoscaffold was performed by 

using an equimolar amount of oligonucleotide-peptide conjugate and the corresponding 

amounts of Cy3-labeled DNA or supramolecular backbone. A typical titration of protein/binding 

epitope to the supramolecular binding epitope or the monovalent binding epitope were 

performed by the mixture of the pre-assembled binding epitopes at a constant concentration 

(described for each experiment) and the pre-titrated protein or peptide-conjugates, using DPBS - 

Dulbecco's Phosphate-Buffered Saline containing 5 mM of RNase-Free MgCl2 as the buffer. The 

mixture was left to incubate at 4⁰C in the dark for 1 hour and measured in a plate reader at a 

temperature of 21⁰C.  

Protocol for protein assembly 

The ratio dye/number of proteins was wedged by the addition of the unlabeled monovalent SH3 

domain. For that, the stock solutions of all proteins at 1 µM of protein were prepared. Next, the 

labeled proteins were mixed with the appropriate amount of un-labeled SH3 domain and DPBS 

buffer, following the ratios in Table S4.1. 
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Table S4.1 | Ratios of labeled SH3 domain proteins for n = 1 – 4 and 
the corresponding amount of unlabeled monovalent SH3 domain in 
order to keep the dye/protein ratio constant. 
 

Protein 
Equivalents  

Unlabeled SH3x1 
Equivalents  

labeled SH3xn 
SH3x1 3 1 
SH3x2 2 1 
SH3x3 1 1 
SH3x4 0 1 

 

Fluorescence spectroscopy 

Fluorescence measurements were measured using a Spark® Tecan 10M. The full spectra scans 

were performed using 100 of gain and 50% mirror at 21oC. The excitation wavelength used for 

the excitation of the binding epitope nanoscaffold at 495 nm, recording from 540 nm. All samples 

were prepared in a Corning® 384-well Low Volume Black Round Bottom Polystyrene Not Treated 

Microplate, using a total sample volume of 10 μL. 
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The assembly of higher-order structures could help us understand the connection 

between the events occurring in the different length scales in cells. In these higher-

order structures, the biomolecular interactions causing the diverse physiological 

responses are potentially achieved from the assembly of a large number of proteins 

instead of discrete oligomeric assemblies. These large assemblies are capable of 

bringing multiple signaling proteins close proximity, which translates in specific high-

affinity interactions between the binding partners and their regulated proximity-

driven activation or inhibition. In this chapter, synthetic supramolecular polymers are 

used as higher-order structure mimics, specifically as docking nanoscaffolds for the 

recruitment of engineered Caspase-9 proteins, and their subsequent activation on the 

nanoscaffold. This bottom-up approach for the formation of artificial functional 

higher-order structures provides a versatile platform for the systematic study of 

enzyme functionality at varying distances, affinities or density within the assembly, 

and serves as preliminary model systems for their integration in synthetic signaling 

cascades.  

This chapter has been carried out in a collaboration with dr. ir. Bas Rosier. 

 

Supramolecular-induced activation and 

modulation of signaling enzymes 
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Supramolecular-induced activation and modulation of signaling enzymes 

 

Introduction 

The mechanistic understanding of multi-domain complex formation in many innate 

immune and inflammatory signaling complexes is shifting the traditional view of 

allosteric enzyme activation in signal transduction. Whereas signaling pathways are 

often thought to transfer the flow of information in a sequential manner upon protein 

oligomerization, several signaling complexes have shown to form higher-order 

structures involving a significant amount of signaling proteins, to form the so-called 

signalosomes.1–5 For instance, the Death Domain (DD) protein superfamily has shown to 

polymerize into amyloid-like fibers or microclusters of signaling proteins.6 Often, a 

seeding event from a danger molecule abolishes the auto-inhibited state of danger 

sensor proteins (e.g. Pyrin domain, PYD), that polymerize through multiple sequential 

low-affinity interactions between intrinsically disordered regions in the interacting 

proteins to form fibers.7–9 The result is the formation of long and stable functional fibers 

that serve as a platform for the concomitant recruitment and polymerization of other 

effector proteins (e.g. the Death Effector Domain, DED, or the Caspase Activation and 

Recruitment Domains, CARD) that recruit enzymes, (e.g. non-active pro-Caspases) 

through protein-protein interactions. The physical proximity between the non-active 

enzymes in the fibers results in their auto-cleavage into Caspases, resulting in proximity-

induced enzyme activation.10 The consequence is a series of downstream cascade events 

that result in the programmed cell death or inflammatory responses. The assembly into 

higher-order structures in the DD superfamily to form DD signalosomes4 has been 

observed in several Death domain pathways entangling the recruitment of Caspase-

1,11,12 Caspase-213 and Caspase-8.14–16 

The formation of higher-order assemblies in signal transduction agrees with the capacity 

of the cell to operate at the different size scales through the formation of large 

assemblies of signaling proteins. These large assemblies effectively couple multiple 

inputs or convert linear inputs in non-linear outputs, by the massive recruitment of 

signaling proteins, typically resulting in non-linear dose-response behaviors.17–21 

Whereas new signal transduction mechanisms involving the assembly of higher-order 

structures are unraveling, a better understanding of how these systems operate is yet to 

be achieved.   
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Synthetic supramolecular polymers stand as ideal platforms to mimic and systematically 

study these fiber-like signalosomes, given their high aspect ratio, modularity, and 

tunability, as previously proved in a similar model system.22–25 In this chapter, the aim is 

to create a synthetic mimic of natural fibers to form signalosomes by using one-

dimensional supramolecular polymers. In natural signalosomes, linear protein polymers 

often display the Caspase Activation and Recruitment domain in a multivalent fashion, 

thereby recruiting multiple copies of pro-Caspase enzymes through protein-protein 

interactions. As a result, multiple protein copies are co-localized, resulting in their 

activation. Here, supramolecular polymers act as the artificial nanoscaffold platform for 

the recruitment of model non-active Caspase-9 proteins. The assembly of the non-active 

enzymes on the synthetic nanoscaffold undergoes activation on the supramolecular 

polymer. By exploiting the modularity of the synthetic components, the enzyme activity 

can be altered and regulated by changing parameters like nanoscaffold concentration 

or the recruitment motif density on the supramolecular assembly.  

 

Results and discussion  

Design of model Caspase-9 

The model enzyme used for this study is Caspase-9. Full-length Caspase-9 (cysteine-

dependent aspartic protease) consists out of a catalytic domain responsible for its 

protease activity, and a Caspase Recruitment Domain (CARD) that, by interacting with 

the apoptosome, brings multiple caspases nearby for their proximity-induced 

activation.26 In the present system, as previously reported, the CARD domain has been 

replaced by an oligonucleotide strand, that functions to recruit Caspase-9 into the 

supramolecular nanoscaffold through DNA duplex formation.27 For that, the catalytic 

domain was expressed with an N-terminal non-canonical amino acid (p-

azidophenylalanine), introduced by using amber codon suppression in E.Coli.27 The azide 

moiety in the protein was used for further functionalization with bicyclononyne-

functionalized oligonucleotide (BCN-ODN) using strain-promoted azide-alkyne 

cycloaddition.27 The oligonucleotide bears a 5’-nucleotide linker between the enzyme 

and the recruitment recognition sequence (anti-handle) in order to avoid undesired 

unspecific interactions and/or steric hindrance with the nanoscaffold. 
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Design of the Caspase Recruitment nanoscaffold 

 
Figure 5.1| a) The supramolecular nanoscaffold made out of oligonucleotide-decorated discotic 
monomers, can self-assemble to form fibers displaying oligonucleotides (ODN) handle overhangs 
for caspase recruitment. The top figure shows the chemical structure of the BiPy-Disc with and 
without ODN handles. b) The catalytic domain of Caspase-9 can be functionalized via strain 
promoted click chemistry with an oligonucleotide anti-handle strand. c) Upon hybridization of 
both complementary oligonucleotide strands, multiple copies of Caspase-9 are recruited on the 
nanoscaffold, which potentially induces functional enzyme activity due to their physical 
proximity. The enzyme activity can be examined by the use of a fluorogenic substrate Ac-LEHD-
AFC (N-acetyl-Leu-Glu-His-Asp-7-amino-4-(trifluoromethyl)coumarin) that becomes fluorescent 
upon enzymatic cleavage. d) The modularity of the system allows the study of the scaffolding 
effect on the enzyme activity, in comparison with the monovalent display of Caspase-9. The 
density of recruitment handles in the nanoscaffold can be tuned by the addition of 
supramolecular monomers lacking oligonucleotide handles (Inert-Disc), thereby changing the 
distance between enzymes and resulting in the supramolecular regulation of caspase activity. 



 

125 
 

Chapter 5 

The synthetic caspase recruitment nanoscaffold consists of amphiphilic monomers 

made of bis-pyridine-based C3-symmetrical molecules decorated with single-stranded 

oligonucleotide handles (here termed as the supramolecular nanoscaffold). Similarly, as 

signaling proteins self-assemble into fibers to display multiple copies of the CARD 

domain, the hybrid oligonucleotide monomers can self-assemble into columnar stacks, 

thereby potentially displaying multiple copies of oligonucleotide handles (Figure 5.1a). 

The handles are accessible to further interact through DNA duplex formation, with a 

complementary oligonucleotide anti-handle strand attached to the Caspase-9 (Figure 

5.1b). The result is the sequence-specific recruitment of Caspase-9 in the supramolecular 

fiber through DNA duplex formation, effectively tethering multiple caspases to the 

nanoscaffold and potentially inducing enzyme activity. The enzyme activity can be 

quantified by measuring the resulting fluorescence upon cleavage of a caspase substrate 

Ac-LEHD-AFC (Figure 5.1c). The modularity and dynamic nature of the system inherently 

allow the easy tuning of the nanoscaffold concentration, as well as the systematic 

variation of the recruiter handle density in the nanoscaffold (Figure 5.1d), thereby 

allowing the study of proximity-induce enzyme activation and regulation on the 

supramolecular caspase recruitment nanoscaffold. 

 

Recruitment and activation on a supramolecular nanoscaffold 

First, the ability of the supramolecular nanoscaffold to recruit Caspase-9 was tested. A 

series of initial control experiments were carried out to rule out the presence of possible 

unspecific interactions between the different components in the system. A constant 

concentration of Caspase-9 was incubated with the nanoscaffold lacking 

oligonucleotide handles (Inert-Disc) at different concentrations (Figure S5.1). Upon the 

addition of the Ac-LEHD-AFC substrate, the fluorescence intensity of the samples was 

monitored over time. Note that for all the activity assays in this chapter, the Caspase-9 

activity is defined as the initial slope of the fluorescence curves between the first 20 to 

60 minutes after the addition of the enzyme substrate unless stated otherwise. The 

caspase activity (Figure S5.1) showed a similar background activity of Caspase-9 when 

the experiment was performed in the presence and absence of the Inert-Disc, indicating 

the lack of interference of the supramolecular nanoscaffold with the dye-labeled 

protease substrate or with the Caspase-9 protein.  
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Figure 5.2 | Effect of nanoscaffold concentration in enzyme activity. a) All activity assays were 
performed using a constant concentration of Caspase-9 at 25 nM and a constant concentration 
of Ac-LEHD-AFC at 167 µM. First, the pertinent amount of nanoscaffold (from 0 to 500 nM) and 
Caspase-9 (25 nM) were incubated for 2h at 4oC in order to ensure complete hybridization 
between the complementary oligonucleotide strands. b) Protease activity was monitored after 
the addition of 167 µM of Ac-LEHD-AFC substrate. The increasing fluorescence upon substrate 
cleavage was measured every 30 seconds when exciting the sample at λex= 400 nm, and 
recording the fluorescence at λem = 505 nm. The figure shows the fluorescence intensity traces of 
relevant nanoscaffold concentrations at 0, 20 and 500 nM. c) Schematic representation of the 
possible effect on caspase activity of their supramolecular-induced proximity at a range of 
different nanoscaffold concentrations. d) The enzyme activity, represented by the initial slope of 
the kinetic time traces (shown in part) in b). The maximum activity is reached with equimolar 
amounts of enzyme and nanoscaffold. The error bars represent the standard deviation of the 
measurements performed in independent triplicates. 

Next, the active assembly to the supramolecular nanoscaffold and resultant proximity-

induced Caspase-9 activation was tested. A series of concentrations of supramolecular 

nanoscaffold ranging from 0 to 500 nM were incubated with Caspase-9 for 2 hours at 

4oC. After reaching equilibrium, the Ac-LEHD-AFC substrate was added to the sample. 

Upon proteolytic cleavage, the originating fluorescence was followed over time. The 
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fluorescence intensity traces at representative nanoscaffold concentrations are shown 

in Figure 5.2a, showing that the presence of supramolecular recruitment nanoscaffold 

greatly enhances proteolytic cleavage, in comparison with the background activity of 

the non-scaffolded enzyme alone. The enzymatic activities derived from the intensity 

traces for the entire concentration range (See Figure 5.2b), shows a step-wise 

enhancement in enzyme activity with increasing amounts of supramolecular 

nanoscaffold. The optimal nanoscaffold concentration is reached at equimolar 

quantities of both caspase and nanoscaffold elements. This 5-fold increase in enzyme 

activity seen at 20 nM of nanoscaffold agrees with previous studies where Caspase-9 was 

dimerized on a DNA origami-based nanoscaffold at roughly the same Caspase-9 

concentration.27 After reaching the equimolar ratio between both components, the 

increase in nanoscaffold concentration diminishes enzyme activity. The increase in 

nanoscaffold concentration merely increases the number of free oligonucleotide 

handles in the nanoscaffold, leading to an increase in the physical distances between the 

protein-monomer complexes or to the formation of multiple short supramolecular 

stacks. Importantly, experimental data have revealed that above a distance of 6 nm 

between two caspases, dimerization is unlikely and consequently, activity is 

diminished.27 In that regard, the estimated average distance between the central 

bipyridine monomers forming the nanoscaffold has been estimated to be 0.34 nm,28 

meaning that -roughly- the amount of discotic monomers required to fulfill 6 nm is 17 

discotic monomers. At 100 and 500 nM of nanoscaffold, 25% and 5% of the monomers 

are occupied (i.e. 5/20 and 1/20 occupied monomers in 20 monomers, respectively). The 

amount of occupied monomers with an enzyme is, thus, in principle sufficient to cover 

the 6 nm distance required for efficient caspase dimerization. This could explain the 

relatively high (almost 3-fold) enhanced enzymatic activity seen for these high 

nanoscaffold concentrations, in comparison with the background caspase activity of the 

non-scaffolded version. Two additional aspects could become relevant in the enzymatic 

activity of the system. First, the enzyme monomers feature a low affinity for each other 

around 50 µM what could become relevant in the supramolecular system.29 Second, the 

system is designed as such that the strength of the interaction between the engineered 

Caspase-9 and the nanoscaffold is in the low pM regime, most probably owing to the 

dynamics of the system exclusively to the intermixing of the discs. Thus, a combination 
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of the dynamics of the nanoscaffold and the Caspase-9 affinity to dimerize could 

potentially enhance the proteolytic activity at higher concentrations of nanoscaffold. 

 

Effect of nanoscaffold density  

The effect on the proteolytic activity of Caspase-9 to changes in the density of 

oligonucleotide handles on the nanoscaffold was next evaluated. For that, the total 

concentration of nanoscaffold was kept constant (at 25 nM) in all experiments and the 

concentration of un-modified monomers (Inert-Disc) was varied from 0 to 500 nM 

leading to nanoscaffolds with varying handle densities ranging from 5-100% (Figure 

5.3a.i). The mixtures were incubated for one hour to ensure monomer mixing, followed 

by the incubation with Caspase-9 at 4oC for two hours to reach full hybridization (Figure 

5.3a.ii). After the addition of the enzyme-substrate, the fluorescence was monitored over 

time (Figure 5.3a.iii).  

Control experiments with the non-scaffolded caspase-9 showed typical values for 

background activity. Moreover, a second control experiment with the non-scaffolded 

caspase was performed in the presence of the maximum concentration of Inert-Disc 

used for the experiment (500 nM), showing an overall increase of the fluorescence 

intensity. At this excitation wavelength and high concentrations of the disc, the discotic 

element is slightly excited, showing the characteristic fluorescence of the nanoscaffold. 

However, this general enhancement in the fluorescence intensity does not have an effect 

on the slope of the curve (which determines enzyme activity). The samples at varying 

oligonucleotide handle densities showed a non-linear variation of enzymatic activity 

with the change in oligonucleotide handle density. As shown in Figure 5.3b, the decrease 

in handle density on the nanoscaffold does not have a significant effect on the 

oligonucleotide handle density regime from 50 to 100%. However, it gradually 

diminished when the oligonucleotide handle density is in the range between 50 and 

20%, sharply dropping to the background activity level from 20% of oligonucleotide 

handles. Whereas high oligonucleotide handle densities showed maximal enzyme 

activity, below 10%, the enzyme activity decreases to background activity levels. Thus, 

in agreement with the previous results in Figure 5.2, the necessary fraction of 

oligonucleotide handles to cover the dimerization distance remains between 5 and 10%,  
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Figure 5.3 | Effect of oligonucleotide handle density on the supramolecular nanoscaffold on the 
caspase enzymatic activity. a) i. The oligonucleotide handle density can be easily tuned by the 
addition of different concentrations of un-modified monomers (Inert-disc) keeping a constant 
concentration of supramolecular nanoscaffold at 25 nM. The nanoscaffold and Inert-Disc mixtures 
were let to incubate for 1 hour to ensure the intermixing of the monomers. ii. Upon addition of 
25 nM of Caspase-9, the system was let to equilibrate for 2 hours at 4oC. iii. Enzyme activity assays 
were performed with 167 µM of enzyme-substrate. The increase in fluorescence upon substrate 
cleavage was measured every 30 seconds when the sample was excited at λex= 400 nm, and the 
fluorescence was recorded at λem = 505 nm.  b) Fluorescence intensity traces over time of a set of 
experiments at representative oligonucleotide handles densities in the nanoscaffold (0, 20, 50 
and 100%) are shown. Control experiments of the non-scaffolded Caspase-9 at 25 nM, without 
and with the Inert-Disc (at 500 nM) shown as 0% and Inert-Disc, respectively. c) The possible effect 
on the distance between enzymes upon variation of the oligonucleotide handles density on the 
nanoscaffold. The high density of the oligonucleotides favors proximity between the caspases. 
However, the decrease in handle density has a non-linear effect upon a certain handle density 
threshold.  d) Enzyme activity subtracted from the fluorescence intensity traces (shown in part) in 
a), taking the initial slope from the initial 20 to 60 minutes after the addition of the enzyme-
substrate. The error bars represent the standard deviation of the measurements performed in 
independent triplicates. 
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Supramolecular regulation of caspase activity 

 

Figure 5.4 | Supramolecular regulation of caspase activity. a) Schematic representation of the 
supramolecular regulation of caspase activity through the segregation of the enzymes along the 
supramolecular nanoscaffolds with un-modified monomers (Inert-Disc). First, the 
oligonucleotide-decorated supramolecular nanoscaffold (at 25 nM) was incubated with 
equimolar amounts of the oligonucleotide-decorated Caspase-9 for 2 hours at 4oC. i) After 
equilibration, 167 µM of Ac-LEHD-AFC substrate was added to the mixture and the fluorescence 
was recorded over time. The increasing fluorescence upon substrate cleavage was measured 
every 30 seconds when exciting the sample at λex= 400 nm, and recording the fluorescence at λem 
= 505 nm. ii) Approximately after 50 minutes, Inert-Disc with a final concentration of 10 µM was 
added to the sample. The addition of un-modified monomers should have an effect on the 
distances between enzymes and thus regulate their activity via the supramolecular nanoscaffold 
(iii) (For color coding see Figure5.4b) b) Enzyme activity subtracted from Figure 5.4a. The slopes 
are determined only from the 20 minutes before and after the addition of the Inert-Disc. In the 
upper part, the plain columns represent the enzyme activity before the addition of Inert-Disc, 
while the stripped columns represent the activity after the addition of Inert-Disc. In the lower part, 
the presence of the components for each experiment is represented with a (+).  
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whereas above the 20% of oligonucleotide handles the density is sufficient for maximal 

enzyme activity. The dynamic supramolecular nanoscaffold can be exploited for the 

supramolecular modulation of the enzymatic activity. This can be achieved by the 

intermixing of the nanoscaffold with un-modified discotics, effectively having an effect 

on the distance between enzymes and resulting in enzymatic inactivation.  

The enzyme activity of an equimolar solution of supramolecular nanoscaffold with ODN 

handles and caspase-9 was followed over time in the presence of the enzyme-substrate 

(Figure 5.4a and b). After approximately 50 minutes, a solution of Inert-Disc was added 

to reach a concentration of 10 µM of Inert-Disc. As shown in Figure 5.4a, the addition of 

monomers Inert-Disc resulted in an instant increase of the fluorescence for both the non-

scaffolded and scaffolded caspase, most certainly due to background excitation of the 

discotic as observed in the previous experiment (Figure 5.3). The caspase activity values 

extracted from Figure 5.4a represent the slopes before and after the addition of the Inert-

Disc. The addition of Inert-Disc to the non-scaffolded Caspase-9 showed a negligible 

effect on the enzyme activity. In contrast, the scaffolded version displayed a decrease by 

a third in enzyme activity (See Figure 5.4b), due to the increase in the distance between 

caspases. However, for this experimental setup, the enzyme activity gradually decays 

over time; therefore, in order to better quantify the extent of supramolecular regulation 

of the enzyme activity, a similar experiment was carried out by the addition of Inert-Disc 

at t = 0 (See Figure 5.5). Again, the addition of Inert-Disc increased the overall intensity 

of the measurement due to spectral overlap, without affecting the slope of the curve. 

The fluorescence trace (Figure 5.6a) and the resulting enzyme activity (Figure 5.6b) 

showed a decrease in proteolytic activity by half when the Inert-Disc was added to the 

scaffolded Caspase-9. The results show the potential of supramolecular polymers for the 

enhancement and regulation of enzymatic activity by varying the distances between 

Caspase-9 through the supramolecular component. Here, the affinity of the Caspase-9 

monomers for each other may play an essential role in the effective intermixing of the 

un-modified monomers with the occupied monomers, resulting in overall higher 

enzyme activity in comparison with the background activity levels. 
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Figure 5.6 | a) Schematic representation of the supramolecular regulation of caspase activity 
through the segregation of the enzymes along the supramolecular nanoscaffolds. First, the 
oligonucleotide-decorated supramolecular nanoscaffold (at 25 nM) was incubated with an 
equimolar amount of the oligonucleotide-decorated Caspase-9 for 2 hours at 4oC. i) After 
equilibration, a solution of 167 µM of Ac-LEHD-AFC substrate and 10 µM of Inert-Disc were added 
to the mixture and the fluorescence was recorded over time (For color coding see Figure5.6b) b) 
Enzyme activity subtracted from Figure 5.6a. In the lower part, the components for each 
experiment are represented with a (+). 
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Conclusions 

In this chapter, the employment of supramolecular polymers decorated with 

oligonucleotide handles to effectively recruit oligonucleotide-decorated Caspase-9 is 

shown. The enzymes are tethered in the required proximity via the hybridization 

between complementary oligonucleotide strands, resulting in their activation on the 

scaffold. The extent of enzyme activity can be regulated by varying the supramolecular 

nanoscaffold concentration, the density of the oligonucleotide handles in the 

supramolecular nanoscaffold, or by disrupting the ideal distances between enzymes by 

addition of un-modified discotic. This reflects one of the regulatory mechanisms of DISC 

activation, in which recently it was discovered that inhibitory proteins (c-FLIP or 

something) could co-assemble with the CARD-based assembly of caspases, thereby 

diluting the catalytic domains and diminishing enzymatic activity.15 

The use of the supramolecular nanoscaffold in an optimum equimolar concentration 

showed a 5-fold increase in proteolytic activity when the enzymes were effectively 

recruited via DNA duplex formation. Moreover, the change in oligonucleotide handles 

on the nanoscaffold density showed a non-linear decrease of the enzymatic activity only 

after reaching 90% of unoccupied monomers. Lastly, the pre-scaffolded enzymes 

showed a prominent decrease in enzymatic activity when un-modified monomers were 

added, due to the effective separation of the proteins in the nanoscaffold. Taken 

together, these results provide insights into the potential of the implementation of 

supramolecular polymers as general recruitment nanoscaffolds for the distance-

dependent activation of critical signaling proteins. The modularity of both the 

supramolecular polymer and the DNA element opens many possibilities for the 

recruitment of other proteins of interest.  
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Supporting information 

 

Figure S5.1| Control experiments to rule out the possible unspecific interactions between the 
components in the system. A constant concentration of Caspase-9 at 25 nM was incubated with 
varying concentrations of Inert-Disc from 0 to 500 nM. The initial slopes from the first 20 to 60 
minutes after the addition of 167 µM of enzyme-substrate, extracted from the intensity traces (not 
shown) are plotted in the graph, showing similar activities for all samples.  

Chemicals and reagents 

All reagents and solvents were obtained from commercial sources and used without further 

purification. The non-natural amino acid p-azidophenylalanine was obtained from Bachem. 

Synthetic tetrapeptide caspase-9 substrate Ac-LEHD-AFC was purchased from Enzo Life Sciences. 

The amino-functionalized and azido-functionalized oligonucleotides were obtained HPLC-

purified from Integrated DNA Technologies and dissolved in DNase/RNase-free water at 250 and 

100 µM respectively. All the experiments were performed using Tris-EDTA buffer solution and  

CHAPS hydrate obtained from Sigma Aldrich and RNase-Free MgCl2 (1M) and NaCl (5 M), RNase-

free obtained from ThermoFisher Scientific. Corning® 384-well Black Round Bottom Polystyrene 

Not Treated Microplate was obtained from Fisher Scientific. Eppendorf® Safe-Lock tubes 1.5 mL 
and DNA LoBind Tubes, DNA LoBind, 0.5 mL were obtained from Eppendorf. 

Caspase-9 expression, purification and functionalization with ODN 

The engineered Caspase-9 reported in this work was expressed, purified and functionalized with 

ODN (1) as previously reported in the literature.27 The hybrid ODN-protein conjugates were 

generously donated by Bas Rosier. 
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Oligonucleotide nanoscaffolds synthesis and purification 

Strands (2) (50 μL, 100 μM) was reacted with an excess of compound DBCO-Disc (reported in 

Chapter 2) (50 μL, 250 μM) at 4 °C with shaking overnight. The crude was saturated with 5 μL of 

UltraPureTM DNase/RNase-Free NaCl (5 M) solution and dissolved in 300 μL of ice-cold 

isopropanol. The samples were incubated at -20°C overnight. The resulting suspension was 

centrifuged at 4°C, 14.000 rpm and the supernatant containing unreacted DBCO-Disc was 

discarded.30 The reaction between the DBCO-Disc and the azido-functionalized ODN was 

evaluated using UV-Vis. Concentrations were determined using absorption at 260 nm and 350 

nm (NanoDrop 1000, Thermo Scientific), assuming extinction coefficients reported by the 

manufacturer for the oligonucleotide strand and assuming an extinction coefficient for the disc 

of 50.000 M-1 cm-1. 

 

Caspase-9 activity assays 

Enzyme activity was measured using the synthetic tetrapeptide caspase-9 substrate LEHD 
(dissolved in dry DMSO at 10 mM)31, which is cleaved by caspase-9 after the aspartic acid residue 
releasing and unquenching the fluorescent dye 7-amino-4-(trifluoromethyl)coumarin (AFC). In a 
typical measurement, the substrate was added to a final concentration of 167 µM and proteolytic 
cleavage was monitored over time in 384-well plates (60 µL reaction volume) at 18°C by 
measuring fluorescence (λex= 400 nm, λem=505 nm) in a Tecan Spark 10M plate reader. Raw data 
of all activity assays were extracted, converted, and formatted using OriginLab.  

 

Table S5.1 | Amino- and azido-functionalized oligonucleotides for protein-ODN and discotic-
ODN conjugation. The ODN sequence 1 was based on sequences reported in the literature with 
minimal secondary structure and melting temperatures > 40 °C.32 Both sequences were tested 
with NUPACK to detect any possible undesired interactions33. Bold thymine nucleotides were 
added as a spacer. For functionalization, an amine was introduced in the 5´-end of the Caspase-
9 sequence and an azide moiety was introduced in the 5´-end of the Caspase-Disc sequence. 

Strand Use Sequence (5’ to 3’) 

1 Caspase-9 H2N-TTTTTGAGTGAGTCGTATGA 
2 Supramolecualr nanoscaffold Az- TTTTCATACGACTCACTC 
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This chapter addresses supramolecular-induced discrete localization of arrays of 

oligonucleotides in relevant cytomimetic media. The implementation of complex 

coacervates composed of oppositely charged amylose derivatives, sheltered by a 

stabilizing terpolymer, provides an ideal framework to study the supramolecular 

scaffolding of biomolecules in a highly-crowded and charged environment. Upon 

coacervate formation, sets of supramolecular-scaffolded and free-diffusing 

oligonucleotides show excellent charge-mediated partitioning inside of the 

coacervate. However, in contrast to the unimpeded trafficking of free 

oligonucleotides between discrete coacervate protocells, the supramolecular 

nanoscaffold is sequestered in the coacervate protocell and prevents inter-protocell 

communication. This sequestering feature enables the sequence-specific propagation 

of spatial instructions to other free oligonucleotide strands that diffuse through the 

coacervate membrane, a new possibility for the implementation of simple DNA-

duplex-based operations on the scaffold. This study seeks to combine supramolecular 

assemblies, artificial cells, and DNA nanotechnology, for the bottom-up engineering 

of functional protocells with cell-like behavior. 

This chapter has been carried out in collaboration with dr. Alexander F. Mason. 

 

Supramolecular nanoplatforms within  

cytomimetic protocells as signal localization hubs 
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Supramolecular-induced co-localization of nucleotides in cytomimetic protocells 

Introduction 

Compartmentalization is one of the crucial mechanisms found in cells to achieve spatio-

temporal control over different components and biochemical reactions.1 For instance, 

the cellular membrane segregates the inner and outer part of the cell, yet ensures the 

transduction of information via the dynamic assembly of well-defined structures, 

commonly through membrane-bound protein-motif interactions.2,3 However, 

compartmentalization is not only limited to the cellular membrane. Intracellularly, the 

formation of membrane-less organelles plays an essential role in cellular processes.4–8 

Membrane-less organelles are typically composed of proteins, often in combination with 

nucleotides, and form liquid-liquid phase-separated functional droplets above a critical 

concentration.9 These droplets, also called coacervates, are highly concentrated pools of 

biomolecules that can rapidly assemble and disassemble through weak multivalent 

interactions between repeating motifs in the interacting partners. The result is a highly 

charged droplet with an increased local concentration of components inside the 

compartment compared to the concentration in bulk, where the interactions between 

molecules are improved by increasing both the specificity and kinetics of 

complementary interactions while screening non-favorable interactions.  The native and 

pathological functionalities of this protein-nucleic-acid-based coacervates5 is nascent 

and continues to raise new questions in extant biology.8,10  

Model self-assembled synthetic systems, or protocells, featuring these highly dense and 

charged microenvironments are thus ideal biomimetic reactors that could help to better 

understand and mimic the advantageous effects of compartmentalization. Such 

membrane-less protocells represent a significant shift away from traditional membrane-

bound platforms, where vesicles effectively mimicking the cellular membrane can be 

formed using lipids,11 proteins,12 polymers,13 and colloids.14,15 However, the semidilute 

conditions inside of these vesicles do not accurately represent the crowded environment 

of intracellular processes, and often rely on statistical or passive uptake of cargo into their 

inner lumen. In comparison, membrane-less protocells (mainly reported as 

coacervates,16 aqueous two-phase systems17 and hydrogels18) do resemble to a better 

extent the crowded, highly concentrated, and chemically complex environment as seen 

inside the cell. In addition, they also provide a potent scaffold for the sequestration and 
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concentration of functional components. In this research, complex coacervates have 

been employed as the proto-cellular platform of choice due to their ease of formation, 

general biocompatibility, and stability in biologically relevant media. Complex 

coacervates are so named because they form dense, polymer-rich, cell-sized droplets via 

the electrostatic complexation of oppositely-charged macromolecules. During 

assembly, the otherwise rapidly coalescing protocells can successfully be stabilized by 

the use of fatty acids,19 silica nanoparticles20 or, in the case of the research presented 

herein, block copolymers.21 The resulting semi-permeable membrane allows the 

sequestration of a plethora of macromolecules and biomolecular machinery while 

simultaneously permitting the translocation of small molecules for signaling and 

catalysis.22 Diverse biomolecules such as proteins,23,24 nucleic acids,25,26 and other cargos 

have been previously reported. For instance, nucleotides have been sequestered inside 

these liquid droplets showing an increase in their local concentrations of orders of 

magnitude and enhanced reaction kinetics.27 The engineered co-localization of arrays of 

biomolecules inside of protocells, mimicking the hierarchical self-assembly of proteins 

or nucleotides, has, however, seen limited attention given the lack of the appropriate 

molecular toolbox. In this regard, synthetic supramolecular systems form ideal 

nanoplatforms to co-localize arrays of relevant biomolecules towards the mimicry of 

their biological counterparts. Therefore, the supramolecular-induced co-localization of 

single-stranded oligonucleotides on homogeneously charged coacervate protocells and 

its responsive behavior to input oligonucleotide strands is reported here. The 

incorporation of DNA-based technologies in discrete, cell-mimetic objects is an exciting 

first step towards full control over genetic computation in bottom-up synthetic cells. 

 

Protocell design 

The coacervate protocell is based on the complex coacervation of a mixture of positively 

and negatively charged amylose derivatives functionalized with a quaternary amine (Q) 

and a carboxymethyl group (CM), respectively (Figure 6.1a).28 The oppositely charged 

amyloses can phase separate above a critical concentration, due to multivalent 

electrostatic interactions. The stabilization of the otherwise coalescing droplets can be 

achieved through the addition of a synthetic block terpolymer, designed with a careful 

balance between electrostatic, hydrophilic, and hydrophobic interactions (Figure 6.1b).21  
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Figure 6.1| Schematic representation of the coacervate protocell composition and chemical 
structure of the different amylose and stabilizing terpolymer components. a) The mixture of 
Quaternized (Q-Am) and Carboxymethyl (CM-Am) amyloses form complex coacervate droplets 
through multivalent electrostatic interactions. b) The otherwise coalescing droplets can be 
stabilized by a terpolymer designed with a polyanionic chain that anchors to the coacervate 
surface through electrostatic interactions, a hydrophobic central core that serves to bring 
flexibility to the system and allow reorganization upon assembly, and finally, a coronal PEG chain 
that avoids the internalization of the terpolymer by the coacervate protocell. c) Bright-field image 
and d) confocal micrograph of the model coacervates made from a mixture of 2:1(Q-Am:CM-Am) 
amylose derivatives in PBS buffer, stabilized by the terpolymer. d) is loaded with FITC-labeled BSA 
(Bovine serum albumin). e) Concept figure, free-diffusing single-stranded oligonucleotides versus 
the supramolecular-induced co-localization of single-stranded oligonucleotides. f) Chemical 
structure of the BiPy-Disc decorated with oligonucleotide strands. 
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The terpolymer consists of a poly(ethylene glycol) (PEG) peripheral chain that prevents 

the incorporation of the terpolymer inside the coacervate droplet, a poly((ε-

caprolcatone)-gradient-(trimethylene carbonate)) (PCLgTMC) hydrophobic core to 

ensure the rearrangement of the terpolymer around the protocell and a peripheral 

poly(glutamic acid) (PGlu) anionic chain that anchors the terpolymer to the coacervate 

core through long-range electrostatic interactions.21 The highly charged formed 

microenvironment is capable of internalizing various small molecules and biomolecules 

with different charges and sizes (Figure 6.1 c and d).29 The extent of cargo recruitment 

can be tuned by the variation of the charge in the cargo molecule or a change in the 

coacervate composition, showing the most significant partitioning when the cargo is 

sufficiently charged.  

 

Supramolecular scaffold 

A supramolecular nanoscaffold stands as an ideal nanoplatform for the partitioning and 

self-assembly of co-localized relevant biomolecules in a coacervate protocell (Figure 

6.1e). The supramolecular assembly implemented in this study consists of amphiphilic 

monomers made of bis-pyridine-based C3-symmetrical molecules decorated with single-

stranded oligonucleotide strands, as reported in previous chapters. The hybrid 

monomers can self-assemble into columnar stacks, thereby potentially displaying 

multiple co-localized copies of single-stranded oligonucleotides in a quasi-1D fashion. 

The single-stranded oligonucleotides presented by the nanoscaffold can then further 

interact with other complementary strands via DNA duplex formation. This approach is 

not only relevant for the bottom-up controlled positioning of oligonucleotides in 

cytomimetic protocells, in contrast with the reported free diffusing molecules, but 

provides insights into the implementation of dynamic supramolecular polymers in 

highly charged media.  

 

Selective recruitment of cargo 

First, the uptake of the individual components integrating the hybrid nanoscaffold was 

investigated (dyes, oligonucleotides, and supramolecular polymer) in order to elucidate 

the driving mechanism of sequestration of the hybrid discotic-oligonucleotide  
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Figure 6.2| a) Chemical structure and schematic representation of the individual nanoscaffold 
components. The partitioning of the individual components was evaluated using fluorescence 
confocal microscopy. The coacervates were prepared as a 2:1 mixture of Q-Am:CM-Am in PBS 
buffer with: 16 nM of the b) sulfo-Cy3 dye, c) sulfo-Cy5 dye, d) Disc-sulfo-Cy3,  e) Disc-sulfo-Cy5, f) 
13 bases ODN-Cy3 and g) 27 bases ODN-Cy5. The experiments showed charge-dependent 
partitioning of the different molecules into the coacervate. The partially charged dyes and 
supramolecular nanoscaffolds were excluded (b-e), whereas the negatively charged 
oligonucleotides showed efficient partitioning inside of the coacervate, independent of their size 
(f and g).  

supramolecular nanoscaffold. The coacervates were prepared by mixing negatively 

charged amylose (CM-Am) and the pertinent study molecule, with the subsequent 
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addition of the positively charged amylose (Q-Am). The order of addition of the 

components, first the negatively charged modules followed by the addition of the 

positively charged amylose, potentially avoids unwanted aggregation or precipitation 

of the components. Upon coacervation, the protocells were stabilized with the 

terpolymer. The extent of cargo recruitment was examined by fluorescence confocal 

microscopy. The partitioning of the dyes (sulfo-Cy3 and sulfo-Cy5), dye-labeled 

supramolecular polymers (sulfo-Cy3 Disc and sulfo-Cy5 Disc) and dye-labeled 

oligonucleotides (13 bases ODN and 27 bases ODN) were tested (see Figure 6.2a for 

chemical structure). Whereas the zwitterionic sulfo-dye derivatives and the sulfo dye-

labeled supramolecular nanoscaffolds lacking oligonucleotides showed minimal 

partitioning into the coacervates, the Cy3- and Cy5-labeled oligonucleotides with 13 and 

27 bases were extensively sequestered. The slightly charged dyes combined with their 

inherent amphiphilicity was not sufficient to drive uptake into the coacervate phase 

(Figure 6.2b-e). In contrast, the negatively charged oligonucleotide backbones interact 

strongly with the highly charged coacervate protocell, resulting in a high level of uptake. 

Thus, in agreement with previous studies,29 the partitioning of the molecules inside of 

the coacervates is mainly driven by electrostatic interactions. Moreover, the partitioning 

of oligonucleotides with different sizes does not depend on the size, as both “short“ (13-

bases) and “long“ (27-bases) oligonucleotide strands showed similar partition efficiency 

(Figure 6.2f and 6.2g). The free-oligonucleotides showed a significant fluorescence 

enhancement when sequestered inside of the coacervates, that combined with very low 

background fluorescence, indicates the outstanding sequestration capacity of these 

coacervates and their ability to enhance the local concentration of functional 

oligonucleotides. As a result, the protocell not only harbors multiple single-stranded 

oligonucleotides in a highly concentrated microenvironment but serves as buffering 

agent by diminishing the free-diffusing oligonucleotide concentration levels from the 

bulk, as it is thought to behave in natural systems.30 

 

Spatial colocalization of oligonucleotides through a supramolecular nanoscaffold 

Next, the sequestration of hybrid oligonucleotide-decorated nanoscaffolds (ODN 

nanoscaffold (1)) into the complex coacervate protocells was tested, following the 

above-mentioned protocell preparation protocol. Presumably, the stacking behavior of 
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the ODN-decorated supramolecular polymer should scaffold multiple ODN strands in a 

linear array, as previously shown by Transmission Electron Microscopy in Chapter 3. 

Indeed, compared with the homogeneous distribution of the free-oligonucleotides 

throughout the coacervate protocell seen in Figure 6.2f and g, the coacervates loaded 

with hybrid ODN nanoscaffold (1) showed discrete localization of the fluorescent dyes 

(Figure 6.3a). Moreover, the background fluorescence in the inner and outer part of the 

coacervates remained similar, indicating a very low concentration of monovalent (free 

diffusing) oligonucleotides inside the coacervate. 

 

Figure 6.3| Supramolecular-induced co-localization of oligonucleotide (ODN) strands. a) On the 
left, schematic representation of the hybrid discotic-oligonucleotide nanoscaffold (ODN 
nanoscaffold (1)) inside of the coacervate protocell, where the scaffolded ODNs distribute 
randomly throughout the coacervate in distinct dots. On the right, confocal micrographs of 
coacervate protocells made of 1:1 ratio of amyloses (Q-Am:CM-AM), loaded with 20 nM of Cy3-
labeled ODN nanoscaffold (1) and stabilized with terpolymer. The oligonucleotides co-localize in 
distinct spots. b) Evaluation of the nanoscaffold (1) uptake into empty coacervates stabilized with 
terpolymer, by addition of a) 20 nM and b) 200 nM of nanoscaffold (1) to the pre-formed 
coacervates. b. i) No uptake was observed for the equivalent experimental concentrations, as in 
figure a, b. ii) nor for a 10-fold higher concentration of nanoscaffold. However, the distinct dots of 
stacked nanoscaffold can be observed in bulk, indicating that the large size of the stacked ODNs 
presumably avoids the uptake of the nanoscaffolds by the coacervate protocell. 
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Time-lapse fluorescence images (data not shown), revealed a constant movement of the 

fluorescent dots, suggesting that the coacervate protocell simulates the fluidity and 

dynamic behavior desired for a biomimetic system. Experiments with pre-assembled 

empty coacervates stabilized by the terpolymer were carried out to assess whether the 

semi-permeable membrane allows the flow of oligonucleotide-discotic supramolecular 

nanoscaffolds in and between protocells. For that, a solution of Cy3-labelled 

oligonucleotide nanoscaffold (1) was incubated with empty assembled coacervates and 

the sequestration ability of the protocells was tested. As shown in Figure 6.3b.i), at 

equivalent experimental conditions, as in Figure 6.3a (20 nM), no significant uptake of 

the hybrid supramolecular nanoscaffold was observed. Moreover, when the 

concentration of hybrid nanoscaffold was increased 10 times to 200 nM (Figure 6.3b.ii), 

also negligible uptake of the co-localized dots was observed; instead, the 

supramolecular nanoscaffold localized at the periphery of the coacervates. In this setup 

where the nanoscaffold remains in the bulk, the stacking behavior of the supramolecular 

polymer in arrays of co-localized oligonucleotides can be assumed, in the line with the 

stacking behavior of hybrid ODN supramolecular nanoscaffolds previously shown in 

Chapter 3. 

Moreover, the fluorescence of the supramolecular nanoscaffold (previously reported 

around 100 nm depending on the nature of its periphery)31 is diffraction-limited when 

using confocal microscopy, resulting in the localization of the oligonucleotides is 

observed as punctae and not as 1D fibers. Thus, in this experiment, the presumably large 

size of the stacked hybrid oligonucleotide supramolecular nanoscaffold (around 10 kDa 

per hybrid monomer), could prevent their gating through the semi-permeable 

membrane. This experiment suggests that the nanoplatform is thus containing the 

oligonucleotides within the protocell by virtue of its self-assembled state.  

 

Propagation of the nanoscaffold co-localization to other interaction partners via DNA 

duplex formation 

The ability of cells to receive inputs and respond accordingly by the co-localization of 

several interacting partners through non-covalent scaffold or membrane-mediated 

assembly is the pillar of many cellular processes. Hence, the specific and reversible 

recruitment of spatially confined biomolecules in the coacervate protocell stands as a 
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 Figure 6.4 | a) Propagation of oligonucleotide co-localization to other complementary 
oligonucleotide strands. The ODN in the supramolecular nanoscaffold (1) can potentially interact 
via DNA duplex with a complementary ODN strand (messenger ODN), thereby co-localizing the 
second ODN strand in distinct dots. b) 40 nM ODN nanoscaffold (1) on the coacervate protocells 
(1:1 of amylose ratio in dPBS buffer with 5 mM of MgCl2 and stabilized with terpolymer) visualized 
in the confocal microscope every 3 minutes (the figure only shows at 1 and 25 minutes 
respectively) after addition of the messenger ODN (5 nM). The merge shows a composite of the 
fluorescence of both Cy3/Cy5 channels. c) The Cy3 and Cy5 average fluorescence intensity of the 
entire coacervate area is compared at the different time points after addition of the messenger 
ODN, showing a decrease in Cy3 fluorescence and an increase of the Cy5 fluorescence, 
presumably due to the energy transfer between the FRET couple when both oligonucleotides are 
in close proximity. d) The messenger ODN is released from the supramolecular nanoscaffold (1) 
upon the addition of a displacer ODN, featuring a higher affinity for the nanoscaffold (1) than for 
the messenger ODN. e) Confocal images of the coacervate protocell loaded with 40 nM of 
supramolecular nanoscaffold (1) assembled with 5 nM of Cy5-labeled messenger ODN for both 
Cy3, Cy5 and the merged channels, measured every 3 minutes (the figure only shows after 30 and 
45 minutes) upon addition of the displacer strand (100 nM), showing an increase in Cy5 
fluorescence intensity. f) The Cy3 and Cy5 average fluorescence intensity of the complete 
coacervate area is compared at the different time points after addition of the displacer strands.  

key cell-like behavior to reproduce. Here, the potential display of single-stranded 

oligonucleotide overhangs by the supramolecular nanoscaffold, in combination with the 

high-fidelity DNA interactions, opens new possibilities for the straight-forward 

implementation of simple DNA-duplex based operations. On the one hand, the 

supramolecular polymer can sequester localized arrays of oligonucleotides in the 

compartmentalized coacervate protocell, while on the other hand, single-stranded 

oligonucleotides can freely diffuse through the semi-permeable protocell membrane. 

First, parameters like buffer and amylose composition were optimized for the 

implementation of the DNA-duplex based operations. The use of bivalent salts like 

magnesium is, for instance, indispensable for DNA hybridization given their role in the 

stabilization of the negatively charged DNA backbone. However, the use of magnesium 

salts can dramatically change the coacervate stability. In order to ensure coacervate 

formation under the required salt conditions for hybridization (5 mM MgCl2), the ratio of 

oppositely charged amylose derivatives was kept equivalent (1:1 mixture of Q-Am:CM-

Am) (Figure S6.1). The supramolecular nanoscaffold (ODN nanoscaffold (1)) could in 

principle propagate the co-localization of the scaffolded ODN overhangs to incoming 
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complementary oligonucleotides. First, the Cy3-labeled ODN nanoscaffold (1) alone (at 

40 nM), was visualized with the confocal fluorescence microscope, showing the 

characteristic co-localized fluorescent punctae when imaging with the Cy3 channel. 

Subsequent addition of the input strand (here termed as messenger ODN, Figure 6.4a) 

at a concentration of 5 nM, resulted in the concomitant co-localization of the Cy3 (of the 

nanoscaffold) and Cy5-dyes (of the ODN interaction partners) over 25 minutes, visualized 

with the respective Cy3 and Cy5 channels (see Figure 6.4b). The average intensity of the 

Cy3 and Cy5 channels in the entire coacervate area was extracted from the time-lapse 

measurements (Figure 6.4c). The graph shows an increase in the Cy5 fluorescence 

intensity accompanied by a decrease in the fluorescence intensity of the Cy3-dye. Most 

probably, upon hybridization of the two complementary strands, the close proximity 

between the dye-labeled ODN strands enables energy transfer between the FRET 

couple, thereby showing the typical decrease in donor fluorescence intensity upon 

energy transfer. Control experiments with a mismatching supramolecular nano-scaffold 

together with the messenger ODN (Figure S6.2), did not feature any Cy3/Cy5-dye co-

localization, indicating that the co-localization and potential energy transfer between 

both dyes in the previous experiment is the result of the hybridization between both 

complementary strands on the nanoscaffold platform.  

The co-localization process can be reversed by the addition of a displacer strand 

(displacer ODN) that features a higher number of complementary base pairs to the ODN 

overhangs in nanoscaffold (1) (Figure 6.4d). The stronger affinity of the displacer ODN 

for the ODN overhangs on the nanoscaffold (1) results in their hybridization, followed by 

the release of the messenger ODN through the so-called toehold DNA strand 

displacement. The release of the messenger ODN leads to a homogeneous distribution 

of this Cy5-labeled species along the coacervate protocell, approximately 30 minutes 

after the addition of the displacer strand (Figure 6.4e). As a consequence, a 10-fold 

increase in the average intensity of the Cy5 channel fluorescence is observed (Figure 

6.4f). The large difference in fluorescence intensities between free-diffusing and 

scaffolded ODNs, suggests that the dyes most likely undergo fluorescence self-

quenching when recruited on the supramolecular nanoscaffold. The release of the Cy5-

labeled messenger strand results in the concomitant increase in the Cy3 channel 

fluorescence intensity (Figure 6.4f), due to the decrease in energy transfer between the 
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Cy3/Cy5 FRET couple. The kinetics of both DNA duplex formation and DNA strand 

displacement reaction in the previous experiments are diffusion-limited, due to the 

addition of a small volume of messenger/displacer ODN to the 100 µL sample of highly 

dense coacervates.  In order to rule out the possibility of non-homogeneous distribution 

of the Cy5-labeled messenger ODN, control experiments were performed where the 

coacervates were assembled with the pre-incubated nanoscaffold (1) together with the 

messenger ODN for a period of time of 2 hours. This ensured the system to reach 

equilibrium and complete hybridization between the nanoscaffold and the messenger 

ODN strand. Upon addition of the displacer ODN (Figure S6.3), time-lapse confocal 

images showed equivalent messenger ODN release profiles, as the ones seen in Figure 

6.4, thereby demonstrating that the increase in Cy5 fluorescence intensity is a 

consequence of the addition of the displacer strand and not due to the heterogeneous 

diffusion of Cy5-labeled messenger strand throughout the coacervates. Overall these 

experiments prove the selective recruitment of the messenger ODN strand on the 

complementary supramolecular nanoscaffold, leading to a strong local concentration 

enhancement, and the subsequent cargo release upon addition of a displacer ODN 

strand, with concomitant uniform distribution throughout the protocell. 

 

Communication between two protocells 

Chemical communication between different coacervate populations has been 

previously studied with a simple enzymatic cascade, where small molecules could 

diffuse through the semi-permeable membrane to activate enzyme-loaded 

protocells.28,29 Moreover, the communication between populations of protocells by 

exploiting the use of the high-fidelity DNA interactions, has been recently reported in an 

inspiring example by de Greef et al.32  

Here, the free messenger ODN shown in Figure 6.4e can freely diffuse between 

protocells. Thus, the addition of a second population of coacervate protocells, loaded 

with an analogous hybrid ODN supramolecular nanoscaffold (2), can effectively allow for 

communication via the two compartmentalized supramolecular docking nanoscaffolds 

(1 and 2) (see Figure 6.5a). The system is designed as such that the diffusing ODN binding 

partner features a higher affinity for the supramolecular nanoscaffold (2) than for (1). In 
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order to track the second nanoscaffold (2), while avoiding the spectral overlap with the 

other dyes, this nanoscaffold was decorated with a FAM moiety.  

 

Figure 6.5 | a) Communication between coacervate protocells loaded with supramolecular 
nanoscaffolds (1) and (2). The released messenger ODN strand shown in the previous experiment 
(Figure 6.4), can freely diffuse between coacervate protocells in contrast with the ODN 
nanoscaffolds (1) and (2). ODN nanoscaffold (2) features a higher affinity for the messenger ODN, 
which potentially shifts the equilibrium towards the hybridization between both complementary 
strands. b) Confocal microscopy images showing the Cy3, Cy5, FAM and merge channels of the 
coacervate protocells (1:1 of amylose ratio in dPBS buffer with 5 mM of MgCl2 and stabilized with 
terpolymer). Both populations of protocells with nanoscaffolds (1) and (2) have a concentration 
of nanoscaffold at 40 nM. The messenger ODN is at a concentration of 5 nM and the displacer 
strand at 100 nM. The Cy3 channel shows the ODN co-localized arrays of nanoscaffold (1), while 
the FAM channel shows the equivalent for nanoscaffold (2). The co-localization of Cy5 dyes in the 
protocell loaded with nanoscaffold (2), thereby indicates the communication between both 
protocells and again the propagation of the co-localization behavior, in this case of nanoscaffold 
(2), to the messenger ODN strand. 

The translocation of the Cy5-labeled messenger ODN between neighboring coacervate 

populations was followed over time by fluorescence confocal microscopy (Figure 6.5b). 
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The system reported in Figure 6.4 was mixed with the coacervate containing the 

supramolecular nanoscaffold (2). The Cy3 channel shows the distinct co-localized 

nanoscaffold (1) seen in the previous Figure 6.4. Moreover, the FAM channel, shows a 

single coacervate protocell loaded with the nanoscaffold (2). The Cy5 channel shown 

distinct dots co-localized with nanoscaffold (1) and with nanoscaffold (2) in the two 

different coacervate populations. Interestingly, the Cy5 channel, shows a slight decrease 

of the homogeneous fluorescence intensity in the coacervates loaded with nanoscaffold 

(1), with successive increases in fluorescence intensity co-localized with nanoscaffold (2) 

in distinct dots, colocalizing with the FAM-fluorescence. In the same fashion as in the 

previous experiment, where the supramolecular nanoscaffold (1) was able to propagate 

the co-localization behavior to the messenger ODN; here, the messenger strand can 

further communicate two coacervate protocells and co-localize within nanoscaffold (2). 

In this set-up, the proximity between protocells allowed the fast diffusion of the 

messenger strand between the two coacervates. Moreover, the absence of FAM 

fluorescence in the coacervate loaded with nanoscaffold (1), with some Cy3 fluorescence 

in the coacervate loaded with nanoscaffold (2). Presumably, the large size of the stacked 

oligonucleotides most probably impedes the gating of the supramolecular 

nanoscaffolds through the semi-permeable membrane to other coacervate protocells. 
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Conclusions 

This chapter reports a fully synthetic protocell capable of spatial and temporal control 

over simple, relevant operations. The spatial control over different oligonucleotides 

inside of the coacervates was achieved through the self-assembly of ODN-decorated 

supramolecular polymers. The selective partitioning of highly charged single-stranded 

free and scaffolded oligonucleotide molecules into the coacervate protocells are shown. 

The semi-permeable terpolymeric membrane allows free diffusion of oligonucleotides 

inside of the coacervate, which results in a homogeneous display of single ODNs 

throughout the coacervate. As visualized in the confocal microscope, the protocell works 

as a nanoscale reactor, where localized DNA-duplex formation and DNA strand 

displacement reactions can take place on the individual supramolecular nanoplatforms. 

The oligonucleotide-decorated supramolecular nanoscaffolds do not translocate to 

different populations, which allows the communication between different nanoscaffold 

coacervate populations through a messenger oligonucleotide that can diffuse between 

populations to harbor higher affinity nanoscaffolds. 
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Supporting information  

 

Figure S6.1 | Different amylose compositions showed a) 1:1, b) 2:1, and c) 2:3 of Q-Am and C-Am 
in dPBS and 5 mM of MgCl2 respectively loaded with nanoscaffold (1) at a concentration of 20 nM 
and stabilized with terpolymer. a) Equimolar amounts of amylose showed homogeneous 
protocell formation with the most significant nanoscaffold uptake and homogeneous 
distribution. Prevalence of the b) positively charged, or c)  negatively charged amylose derivative, 
shows smaller protocells in comparison with the equimolar ratio of amylose derivatives, yet 
showing the successful uptake of the supramolecular nanoscaffold (1).  

 

        

Figure S6.2 | a) Mismatching ODN nanoscaffold (with sequence 5’ - Disc - TTTCTGCGTTTTTT - Cy3 
- 3’) at 20 nM, incubated for 1 hour with an equimolar amount of messenger ODN. b) Confocal 
micrograph images of the Cy3 and Cy5 channel show the distinct co-localized arrays of the 
mismatching ODN nanoscaffold labeled with Cy3-dye on the left, and the homogeneous 
distribution of the Cy5-labeled ODN messenger throughout the coacervate. The lack of co-
localization of the Cy5 dyes in dots suggests that the co-localization behavior of the messenger 
ODN is sequence-specific. 
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Figure S6.3 | a) To rule out the possible heterogeneous distribution of messenger ODN, the 
nanoscaffold (1) and the messenger ODN were first incubated for two hours previous to the 
formation of the coacervate. The complex coacervation was performed after the equilibration of 
the hybridized system, followed by the release studies. b) The messenger ODN release 
experiments by the addition of displacer strand were performed in triplicate, showing equivalent 
results as when the free messenger ODN was let to diffuse and be sequestered by the coacervate 
(Figure 6.4). 
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Materials and methods 

Solvents and reagents were obtained from commercial sources and used without further 

purification. All azido- and dye-labeled oligonucleotides were obtained HPLC-pure from IDT 

Integrated DNA Technologies, whereas unlabeled oligonucleotides were obtained purified by 

desalting column. Upon arrival, all oligonucleotides were dissolved in the appropriate amount of 

Invitrogen™ UltraPure™ DNase/RNase-Free Distilled Water to reach a concentration of 100 µM. 

The solutions were shaken for 2 hours at room temperature and subsequently stored at -20⁰C.  

UltraPureTM DNase/RNase-Free Distilled Water, NaCl (5 M), RNase-free, Ambion® (1 M) 

MgCl2 solution and dPBS, no calcium, no magnesium were purchased from Thermo Fisher 

Scientific. All the oligonucleotide sequences were purchased from IDT technology.  

 

Coacervate components synthesis 

The coacervate components: amyloses (CM-Am and Q-Am), the terpolymer, and FITC-labeled 

BSA, were generously donated by dr. Alexander F. Mason. Extensive synthetic methods and 

characterization data of these components can be found in the literature.28 

 

ODN supramolecular nanoscaffolds (1) and (2) synthesis and purification 

Strands (1) and (2) (50 μL, 100 μM) were reacted with an excess of compound DBCO-Disc 

(reported in Chapter 2) (50 μL, 250 μM) at 4 °C with shaking overnight.33 The crude was saturated 

with 5 μL of UltraPureTM DNase/RNase-Free NaCl (5 M) solution and dissolved in 300 μL of ice-cold 

isopropanol. The samples were incubated at -20 °C overnight. The resulting suspension was 

centrifuged at 4 °C, 14.000 rpm and the supernatant containing unreacted DBCO-Disc was 

discarded. The reaction between the DBCO-Disc and the azido-functionalized ODNs was 

evaluated using UV-Vis. 

 

Coacervate protocell formation 

The following method represents a typical formation process; ratios of Q:CM and cargoes varied 

upon the experiment. Q-Am and CM-Am were dissolved separately in dPBS (with or without 5 

mM of MgCl2) at a concentration of 0.5 mg/mL. First, a small volume (0.5 to 5 µL) of negatively 

charged cargo was mixed with 50 µL of CM-Am in a 1.5 mL Eppendorf tube. Coacervation was 

initiated by the addition of 50 mL Q-Am, and the tube was mixed via shaking at 1500 rpm in a 
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MixMate (Eppendorf). To achieve stabilized protocells 4.5 µL of terpolymer (50 mg/mL in DMSO) 

was added after 4 minutes of mixing.   

For analysis, 100 µL of each sample was loaded on a µ-side 8 well glass bottom (Ibidi). The samples 

were analyzed with a Leica SP5, using an HC PL APO 63x/1.20 UV-VIS-IR water-immersion 

objective and HyD detector. For each wavelength, the pinhole was set to 1 airy unit. Images of 

1024x1024 pixels were acquired with a scan rate of 600 Hz, line averaged 4 times. 

 

FAM channel: Excitation @ 488 nm, 0.2%. Emission @ 500-540 nm (10%) 

Cy3 Channel: Excitation @ 552 nm, 0.5%. Emission @ 559-616 nm (20.4%) 

Cy5 channel: Excitation @ 638 nm, 0.8%. Emission @ 668-738 nm (108.1%) 

 

Coacervate image analysis.  

All images were analyzed with (Fiji is Just) ImageJ. The fluorescence intensity of each coacervate 

was determined by manually selecting the region of interest (ROI) for each coacervate droplet, 

and measuring the intensity with the measure tool. 

 

ODN sequences 

Table 6.1 |  ODN sequences. 

Name Sequence 

13 bases ODN-Cy3 5’ - Azide - TTTCTGCGTTTTTT - Cy3 - 3’ 
27 bases ODN– Cy5 5’ - Azide - TTTGTACCCTGAAATGTCGACCCAATT - Cy5 - 3’ 
ODN nanoscaffold (1) 5’ - Azide - GACTAGACGTTGAAGGATACC - Cy3 -3' 
Messenger ODN 5’ - Cy5 -GGTATCTAGTTGAGCTGTCTAGTC -3' 
ODN nanoscaffold (2) 5’ – Azide -TTTGCAGCGACTAGACAGCTCAACTAGATAC - FAM -3' 
Displacer ODN 5’ - GTTCGATGGTATCCTTCAACGTCTAGTC -3' 
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Epilogue 

More than a century ago, Emil Fisher (1902) laid the foundation for the field of 

supramolecular chemistry with his “lock-and-key“ principle of molecular recognition,1 

and the subsequent discovery of non-covalent interactions in natural systems (van der 

Waals, electrostatic interactions and hydrogen bonding). Now supramolecular 

chemistry, defined as “the chemistry beyond the molecule” by Jean Marie Lehn, is in its 

thirties since it was first recognized with a Nobel Prize for Chemistry in 1987, aimed at 

the development of host-guest chemistry. The recent Nobel Prize (2016) for Chemistry 

awarded to J-P. Sauvage, J. F. Stoddart and B. L. Feringa for their work in molecular 

machines marks the unquestionable potential of supramolecular chemistry, with the 

future perspective ”to create complex networks and non-equilibrium systems across all 

length scales using the principles of supramolecular chemistry” J. F. Stoddart.2 

Supramolecular chemistry is nowadays omnipotent in many disciplines ranging from 

biological to material sciences. Despite the remarkable advances in the field and the 

extensive toolbox of available supramolecular assemblies, it remains challenging to 

resemble or interface these assemblies with the biological systems that initially inspired 

their development. Along with the development of supramolecular assemblies, non-

covalent polymers made out self-assembling discrete monomers have proven to be ideal 

platforms with unique structural, responsive and physicochemical properties, making 

them promising candidates for their application in various research areas.3 However, the 

field has encountered major hurdles to convey self-assembling systems with 

functionality and programmability. The synthesis, purification, and characterization of 

the building blocks, is often hampered by their large size and amphiphilicity. Moreover, 

programmability and orthogonality of the recognition motifs are limited with the 

current toolbox of interactions. Lastly, the formed assemblies are usually kinetically 

trapped or under thermodynamic equilibrium, far from the desired out-of-equilibrium 

envisioned arrangements.  

These challenges can be potentially tackled by interfacing supramolecular polymers 

with DNA nanotechnology, providing the conceptual understanding and practical 

improvements to both fields, as described in Chapter 1. Importantly, the potential of this 

inter-disciplinary marriage has been brought forward by many in the past decades.4–10 
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For instance, by the combination of supramolecular polymers with structural DNA 

nanotechnology (lattices, discrete and templated structures11–16) or with dynamic DNA 

nanotechnology (nanodevices and non-enzymatic cascades17). 

Particular allusion should be given to the parallel development of chemistries like Strain-

Promoted Click Chemistry, or solid-phase peptide and oligonucleotide synthesis, which 

has opened ground-breaking opportunities in the fields of supramolecular chemistry 

and DNA nanotechnology combined and alone.18  

This dissertation engages with the development and implementation of DNA in 

supramolecular polymers. Chapter 2 describes the introduction of oligonucleotide 

handles in model supramolecular polymer by Strain-Promoted Click Chemistry. 

Transmission Electron Microscopy in Chapter 3, supports the hypothesis that the self-

assembly of the oligonucleotide-discotics for hybrid fibers. Both chapters describe a 

series of relevant quantitative and qualitative studies of fundamental phenomena seen 

in biological processes, essentially cooperativity, and multivalency on self-assembling 

linear systems. 

Chapter 4 and 5 broaden the concept of using supramolecular polymers as synthetic 

docking platforms for the recruitment of signaling proteins, comparable with the 

scaffold-mediated assembly seen in cells. In particular, chapter 4 describes the study of 

multivalency in the recruitment of signaling proteins to the supramolecular 

nanoscaffold, whereas Chapter 5 describes the supramolecular regulation of 

functionality in model signaling proteins. Last, Chapter 6 addresses the supramolecular 

confinement of oligonucleotides in cytomimetic protocells and their responsive 

behavior to stimuli, providing insights for the bottom-up development of artificial cells.  

 

Future perspective 

The field of DNA-decorated supramolecular polymers has vast potential, short- and long-

term. Supramolecular chemists could adopt the well-established strategies already 

developed in the field of DNA nanotechnology and explore the potential emergent 

properties arising from the merger. In this win-win situation, DNA nanotechnology 

would enrich its chemical diversity and dynamicity via the supramolecular elements. The 

future perspective for the present DNA-supramolecular hybrid system in areas like the 
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visualization of the hybrid assemblies, supramolecular-templated non-covalent 

synthesis, or steps towards the development of artificial cells, will be briefly described 

next.  

 

Non-covalent synthesis of metallic nanowires using supramolecular polymers as 

templates 

The templated assembly of metallic nanoparticles in 1D architectures has gained 

increasing attention in recent years given the interesting photonic properties of the 

resulting materials.19 Previous research has used templating molecules such as 

proteins,20 peptides,21 covalent polymers,22 DNA structures23 as a scaffold to template 

nanoparticles. As exposed in Chapter 1, hybrid oligonucleotide supramolecular 

polymers can be used for the bottom-up construction of functional 1D architectures with 

oligonucleotide overhangs, this allows for the rapid positioning of oligonucleotide-

functionalized metallic particles (namely gold nanoparticles) in a linear display.11,14,24 

However, this approach often makes use of nanoparticles with an unknown number of 

oligonucleotide handles, which can affect the stoichiometry or the stability of the final 

assembly. In contrast, the oligonucleotide handles protruding from the assembly can be 

used for the in situ formation of silver nanoclusters (AgNCs) on the assembly of interest. 

Silver nanoclusters (AgNCs) consist of nanometer-sized metallic clusters that can be 

stabilized with short oligonucleotides and that, interestingly, exhibit fluorescent 

properties.25 The supramolecular polymer decorated with oligonucleotide overhangs 

can bind to silver molecules, which, in the presence of reducing agents, can form silver 

nanoclusters with fluorescent properties (Figure 7.1a). Transmission electron microscopy 

images show in Figure 7.1b the effect of using a supramolecular template in the 

formation of linear metallic clusters, in comparison with the circular nanocluster formed 

in the absence of supramolecular polymer. A set of samples at equimolar concentrations 

of Inert-Disc, Silver nanocluster-Disc, and silver NC alone were excited at the typical 

excitation wavelength of the disc (λexc = 345 nm), showing the characteristic disc 

fluorescence at 520 nm. Interestingly, the formation of templated silver nanoclusters 

shows spectral overlap between the discotic element and the nanoclusters, potentially 
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displaying FRET on the nanoscaffold. This is translated in a decrease in the disc 

fluorescence and a significant increase in the fluorescence of the silver NC at 630 nm.  

 

Figure 7.1 | a) Non templated (1) and supramolecular templated (2) formation of silver 
nanoclusters (AgNCs) stabilized with short oligonucleotides. First the oligonucleotide strands 
with a specific ODN sequence (reported in Chapter 3), is loaded with AgNO3, with the subsequent 
addition of NaBH4, to form metallic clusters. b) Transmission Electron Microscopy of both single 
and supramolecular-templated silver nanoclusters. The non-templated silver nanoclusters form 
2 nanometer-sized metallic clusters, whereas the templated nanoclusters form fibers of hundreds 
of nanometers. c) The metallic clusters feature fluorescence, which can be tuned by changing the 
oligonucleotide sequence.26 In the top figure, the fluorescence spectra of (1), (2) and the Inert-
Disc at 10 µM concentration of DNA, DNA-Disc, and Disc respectively, when the samples were 
excited at the disc maximum absorption at 345 nm. In the lower figure, the fluorescence when 
exciting at 550 nm, the maximum absorption wavelength of the nanoclusters. The templation of 
the nanoclusters results in an increase in fluorescence. 

In Chapter 3, this approach was exploited as staining agent to visualize the 

supramolecular polymer in TEM, however, the controlled display of silver nanoclusters 

in 1D arrays as virtue of the supramolecular polymer stacking, could also have potential 
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for the non-covalent templation of metallic nanowires and their use as fluorescent 

probes or as bottom-up assembled conducting nanowires. 

A similar concept of supramolecular templated assembly of metallic wires can be 

attained with negatively charged discotic monomers, as shown in Figure 7.2a Strain 

Promoted Click Chemistry, which serves again as a powerful orthogonal conjugation 

strategy for the functionalization of discotic monomers. The highly charged polysulfated 

molecules in the periphery of the monomers can potentially interact with positively 

charged metallic nanoparticles, namely AuNP (See Figure 7.2a). Transmission electron 

microscopy showed clear nanoparticle wires of around 100 nanometers, while the 

nanoparticles alone (data not shown) consist of 2 nanometer-sized particles. 

 

 

Figure 7.2 | a) Discotic decorated with a polysulfated molecule, using Strain Promoted Click 
chemistry. The AuNP connected to a C9-thiolate bearing a 1,4,7-triazacyclononane (TACN) 
headgroup that enables the efficient complexation of a Zn2+  moiety, resulting in cationic 
nanoparticles that potentially interact with the negatively charged polysulfate. b) TEM images of 
10 µM sulfate-Disc and 1 µM of the coated gold nanoparticles, showing a fiber of 100 nm.  

 

Supramolecular-triggered protein phase separation 

In Chapter 1, protein phase-separation in cells was described as a new paradigm in 

cellular biology.27 The multivalent interactions between intrinsically disordered regions 

(IDRs) in the interacting proteins, often in combination with oligonucleotides, favors the 

phase-separation of proteins over a certain concentration threshold. However, examples 
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in vitro and in vivo have shown as well phase separation of proteins where the primary 

interaction is not between IDRs, but through protein-domain motifs. Multivalent SH3 

domains connected in tandem, as the system described in Chapter 4, have shown to 

undergo phase separation in the presence of multiple interconnected binding motifs.28 

Chapter 1 describes as well that adaptor proteins with multiple SH2 and SH3 domains, 

entangled with their respective binding motifs (i.e. phosphorylated tyrosines and 

proline-rich peptides, respectively) phase separate in cells to form protein microclusters 

and activate relevant downstream signaling cascades.29  

 

 
Figure 7.3 | a) Schematic representation of the supramolecular polymer described in Chapter 4, 
where oligonucleotide-functionalized supramolecular polymers were decorated with 
complementary oligonucleotide-peptide conjugates, for the reversible recruitment of their 
binding partners (in this case, tetravalent SH3 domains). Confocal micrographs of the complex at 
1 µM show fluorescent liquid droplets that could consist of multivalency-driven protein-motif 
phase separation. b) In a model system, a similar concept could be applied to other proteins that 
have featured phase separation in vivo, that, however, have seen limited consideration in 
fundamental studies l in vitro. A mixture of discotics featuring the binding motifs of SH2 and SH3 
domains can be readily obtained by mixing the supramolecular monomers. Upon kinase 
phosphorylation, the SH2 domain is recruited to the scaffold, tethering the SH3 domains to their 
binding motifs. The potential entangling of the multivalent SH3 domains with other 
nanoscaffolds could result in phase separation.  
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Chapter 4 describes the recruitment of multivalent SH3 domain proteins on 

supramolecular nanoscaffolds decorated with proline-rich peptides. Preliminary studies 

with this system have shown that the supramolecular nanoscaffold can effectively recruit 

multivalent SH3 domain proteins with four protein copies and phase-separate into liquid 

droplets (Figure 7.3a), at a concentration of 1 µM. This concentration is two orders of 

magnitudes below the reported critical concentration for a similar system.28 The system 

should be further characterized in order to draw any conclusions. However, it could 

stand as a powerful tool for the characterization of other biologically relevant phase-

separating systems. For instance, supramolecular polymers decorated with different 

binding motifs or with intrinsically disordered regions (IDRs) of proteins, could be used 

for the multivalent assembly of different model adaptor proteins. A model system could 

be attained by the formation of mixed stacks with SH2 and SH3 binding motifs (Figure 

7.3b). Upon phosphorylation of a tyrosine residue in the SH2 domain binding motif, by a 

kinase, SH2 domain is recruited to the nanoscaffold, thereby tethering the low-affinity 

SH3 domains to their binding motifs in the nanoscaffold. As in cells, the entangling 

between proteins to different stacks could potentially undergo phase separation into 

liquid droplets Moreover, the formed droplets could be used as nanoreactors, by 

engineering a fusion adaptor proteins with a functional protein (e.g. enzymes). Upon 

assembly to the supramolecular polymer and subsequent phase-separation, the enzyme 

could potentially become active due to the formed micro-environment, with high local 

concentration of the components in the droplet. These model systems would provide a 

highly modular and elegant approach for the fundamental study of liquid-liquid phase 

separation in proteins as a consequence of multivalency. 

 

Towards the synthetic cell 

As presented in Chapter 6, coacervate protocells stand as ideal biomimetic reactors for 

their development towards the formation of synthetic cells. In Chapter 6, the 

supramolecular nanoscaffold was used to localize oligonucleotides in a confined space. 

Moreover, their ability to interact and respond to environmental changes by DNA-based 

non-enzymatic catalysis was tested. That system can be brought to the next level of 

complexity by combining enzymatic and non-enzymatic catalysis in the coacervate 
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protocell. In Chapter 5, the proximity-induced enzymatic activation of Caspase-9 was 

proved. Thus, both combined systems could be implemented by encapsulating two 

types of Caspase-9 (bearing two different oligonucleotide strands) in two populations of 

coacervates (Figure 7.4). As shown in Chapter 6, free oligonucleotide strands can freely 

diffuse between coacervates, as well as interact with the supramolecular nanoscaffolds 

on command. Accordingly, enzyme (1) can be activated by the oligonucleotide strand in 

the coacervate population (1). Upon recruitment to the nanoscaffold, Caspase-9 will 

become active resulting in the enzyme-substrate cleavage and generation of 

fluorescently localized spots on the coacervate. Upon addition of a displacer strand, the 

oligonucleotide can diffuse to a second protocell population where an enzyme (2) will 

be activated by the hybridization of the nanoscaffold (2) with the enzyme (2) via the free 

oligonucleotide strand. This is only one of the many systems that can be developed with 

this toolbox of hybrid synthetic or protein-based structures.  

 

 

Figure 7.4 | a) Enzyme (1) is inactive in the absence of free oligonucleotide, upon addition of the 
complementary oligonucleotide, the enzyme is recruited to the nanoscaffold, potentially 
resulting in proteolytic activity that can be quantified with the resulting fluorescence from the 
fluorogenic enzyme-substrate (b). c) The addition of a displacer strand results in the release of 
enzyme (1) from the nanoscaffold and the de-activation of the enzyme. d) The free 
oligonucleotide can diffuse between coacervate protocells, potentially hybridizing with a second 
nanoscaffold (2) and enzyme (2). This results in the activation of enzyme (2 (e)).   
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Conclusions 

Nature´s methodology of piecing molecular building blocks together through non-

covalent interactions, the so-called bottom-up approach, has been the central theme of 

this thesis, to mimic and interact with biological components. This chapter drew upon 

the potential of hybrid DNA-supramolecular polymers to expand the supramolecular 

toolbox of self-assembling functional materials. The vast improvement on DNA-

functionalization creates unprecedented possibilities to implement the 40-year-old well-

established field of DNA nanotechnology, in the direction of bridging the gap between 

structural and functional supramolecular polymers. The programmability, scalability, 

and complexity achieved by hybrid DNA-decorated assemblies open opportunities for 

the field of supramolecular chemistry that should be taken by the next generation of 

chemists to aim at the bottom-up construction of synthetic cells. 
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Summary 

 
Hybrid bio/supra-molecular polymers  
as programmable nano-architectures 

 

The cell is made out of simple building blocks that interact through discrete covalent 

and non-covalent interactions to build well-defined nanostructures. The spatial 

arrangement of biomolecules in the cell not only gives rise to complex structures but 

also results in their function at the different time and length scales. By drawing on the 

concept of creating function through structure, the controlled arrangement of 

biomolecules in space opens new opportunities to manipulate and regulate a particular 

process. In that regard, supramolecular assemblies stand as ideal synthetic 

nanoplatforms for the spatial arrangement of different biomolecules in space.  

This thesis draws upon the development and implementation of hybrid DNA-

supramolecular polymers for the bottom-up nano-construction of functional nano-

architectures by the controlled arrangement of different biomolecules such as DNA, 

peptides and proteins, in space.  

The introductory chapter describes the relationship between function and structure in 

biological systems and gives a general vision of the emerging field of supramolecular 

DNA assemblies. The synthesis, characterization and study of emerging properties of 

hybrid DNA supramolecular polymers made out BiPy-Discs is described in Chapter 2. The 

addition of complementary oligonucleotide handles in monomers forming the 

supramolecular polymer results in an additional stabilization of the DNA double helix 

through the monomer stacking due to a cooperative effect. This approach describes for 

the first time positional control over the monomers within supramolecular polymers 

through the formation of paired dimers. Moreover, the extent of DNA duplex formation 

can be tuned by varying the number of complementary base pairs, salt concentration or 

addition of unmodified monomers. This chapter stands as the foundation for the rest of 

the thesis since the same versatile system is used for the application of different 

concepts. 

Chapters 3 to 5 focuses on the study of the multivalent effect on different systems. In 

chapter 3, the hybrid DNA supramolecular polymer acts as a multivalent linear 

nanoscaffold for the assembly of multivalent DNA-based ligands. The modularity of DNA 

allows the systematic study of the effect on the binding affinity of a series of parameters 
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such as ligand affinity, valency and receptor density. The results show a linear increase 

of binding affinity with ligand valency. Moreover, the increase in the number of base 

pairing between the supramolecular nanoscaffold and the DNA-based ligand increases 

the overall binding affinity of the system. The dynamic nature of the supramolecular 

allows for the easy change in DNA handle composition, showing an ultrasensitive 

change in binding affinities with the change in receptor density.  

The concept of multivalency is used as well in Chapter 4 and 5. Here, the supramolecular 

polymers are used as synthetic docking platforms for the recruitment of signaling 

proteins, comparable with the scaffold-mediated assembly seen in cells. In particular, 

chapter 4 describes the study of multivalency in the recruitment of engineered SH3 

domains to the supramolecular nanoscaffold. The DNA-decorated supramolecular 

nanoscaffold is functionalized with complementary oligonucleotide-functionalized 

peptides, for their binding through their native binding mode to SH3 domains. The 

recruitment of the proteins can be tuned by changing the number of proteins, the 

concentration of peptide, or by the addition of a competitor monovalent SH3 domain.  

Chapter 5 describes the supramolecular regulation of functionality in model Caspase-9. 

The DNA-decorated supramolecular polymer displays a handle DNA to bind to a 

complementary strand positioned in the Caspase-9. Upon recruitment of Caspase-9 to 

the nanoscaffold, the proximity between the enzymes results in their activation, showing 

a 4-fold increase in activity in comparison with the background activity of Caspase-9 in 

the absence of the nanoscaffold. The effect of DNA handle densities on enzymatic 

activity is only observed at compositions lower than 20%. This result is in line with the 

theoretically required distance for caspase dimerization. The enzymatic activity can 

further be regulated by means of the supramolecular element, by simple intermixing of 

monomers lacking DNA overhangs, which results in an increased distance between 

caspases and thereby a decrease in their activity. Both chapters 4 and 5 show the 

potential of supramolecular polymers for their use as synthetic nanoscaffolds for the 

programmed association of proteins for the regulation of their function. 

Last, Chapter 6 addresses the supramolecular confinement of DNA in cytometric 

protocells made out of complex coacervates, and their responsive behavior to stimuli 

(complementary single-stranded DNA), resulting in the co-localization of both strands of 

DNA. The addition of a displacer strand results in the stimuli-dependent release of single-
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stranded DNA, which distributes homogeneously throughout the coacervate protocell. 

The free trafficking of single-stranded DNA, in contrast with the efficient sequestration 

of scaffolded DNA, allows showing communication between different populations of 

protocells. This study provides insights into the first steps towards the development of 

artificial cells.  

Taken together, this dissertation stands as an innovative work where two fields, the field 

of DNA nanotechnology and supramolecular chemistry, have come together to shine 

light on the potential of hybrid DNA supramolecular assemblies as versatile building 

blocks for the construction, at the nanoscale, of smart and programmable materials at 

the interface with biological systems.  
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Resumen 

Polímeros bio/supra-moleculares híbridos  
como nano-arquitecturas programables 

 

Las células están formadas por pequeños bloques de nano-construcción (átomos, 

moléculas y biomoléculas) que interactúan mediante interacciones de naturaleza 

dinámica o permanente, para formar nano-arquitecturas bien definidas. La distribución 

en el espacio de las distintas biomoléculas, no sólo forma estructuras complejas sino que 

también da lugar a la función celular pertinente. El resultado es la conexión de estructura 

y función a través de las distintas escalas de tiempo y longitud, dando lugar a respuestas 

fisiológicas en el cuerpo. Es por ello que conseguir el control sobre la distribución de 

biomoléculas en el espacio de una manera programable abre oportunidades sin 

precedentes para afectar y regular un determinado proceso celular.  

La química supramolecular, basada en el estudio de interacciones entre moléculas para 

la formación de estructuras dinámicas, es una herramienta ideal para la construcción de 

estructuras con características muy similares a las vistas en sistemas biológicos. La 

presente tésis hace uso de nano-estructuras adquiridas sintéticamente para distribuir 

biomoléculas en el espacio de manera controlada, y así estudiar fenómenos celulares 

fundamentales como la multivalencia y la cooperatividad, o bien nano-construir 

sistemas funcionales simples que apunten en dirección a la creación de células 

artificiales. 

 Es por ello que en las últimas décadas, más allá de la simple creación de nano-

estructuras bien definidas, el campo de la química supramolecular ha visto la necesidad 

de introducir funcionalidad en las estructuras para alcanzar un mayor nivel de 

sofisticación e imitar sistemas biológicos de una manera más verosímil.  

En este ámbito el área de la nanotecnología del ADN aporta la progamabilidad y 

predecibilidad necesarias en los sistemas supramoleculares actuales. Esta tesis recoge la 

novedosa combinación de polímeros supramoleculares con ADN para la formación de 

nano-estructuras funcionales haciendo uso de las interacciones del ADN.  

El primer capítulo trata sobre la relación entre función y estructura en sistemas 

biológicos, y da una visión general del campo emergente que combina la química 

supramolecular con la nanotecnología del ADN.  



 
 

180 
 

Resumen 

En el segundo capítulo se describe la la síntesis, caracterización y estudio de propiedades 

emergentes como resultado de la implantación de ADN en los monómeros (discos) que, 

tras apilarse en columnas, constituyen los polímeros supramoleculares híbridos 

(columnas de discos decoradas con ADN). La interacción entre monómeros con hebras 

complementarias de ADN, resulta en una estabilización adicional de la hélice de ADN 

debido al efecto de cooperatividad, un fenómeno recurrente y relevante en sistemas 

biológicos. Así mismo, el uso de ADN resulta en la formación de parejas de monómeros, 

introduciendo, por primera vez, control espacial de monómeros en polímeros 

supramoleculares. El proceso de hibridación se puede regular o revertir mediante la 

variación del número de bases complementarias entre hebras ADNs, la variación en 

concentración de sales o la adición de monómeros sin ADN. Este capítulo es la base 

fundamental para el resto de la tesis, ya que estos bloques de nano-construcción 

versátiles se utilizan en el resto de capítulos con distintos enfoques. 

Otro proceso fundamental en sistemas vivos es la multivalencia, consistente en el uso de 

múltiples interacciones idénticas para el incremento de la fortaleza de una interacción. 

Este concepto se aplica de los capítulos 3 al 5, donde el polímero supramolecular híbrido 

decorado con ADN es utilizado como nano-plataforma multivalente (con mútiples 

copias de ADN), para el estudio del efecto de multivalencia en sistemas con ADN, 

péptidos y proteinas.  

En el capítulo 3, la modularidad de los polímeros supramoleculares decorados con ADN 

permiten hacer un estudio sistemático del efecto en la afinidad entre la columna 

supramolecular  y estructuras lineales de ADN diseñadas con distinto número de 

posibles interacciones (valencia), o distinta afinidad. Los resultados muestran una 

dependencia lineal en afinidad con respecto a la valencia y un aumento significativo de 

la afinidad de los sistemas multivalente en comparación con la interacción monovalente. 

El aumento de bases complementarias entre hebras de ADN resulta en un aumento 

global de la afinidad entre los dos sistemas. La naturaleza dinámica del polímero 

supramolecular hace posible la variación de la densidad de moléculas disponibles para 

interactuar, mediante la adición de monómeros sin ADN. El aumento de la densidad de 

hebras de ADN en el polímero supramolecular resulta en un aumento drástico de la 

afinidad entre la pareja interactiva, resultando en un sistema ultrasensitivo a cambios en 

densidad, como ocurre en sistemas biológicos. 
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El concepto de multivalencia se utiliza de nuevo en los capítulos 4 y 5. La nano-

plataforma multivalente decorada con hebras de ADN sirve para distribuir de manera 

controlada biomoléculas (péptidos y proteinas decorados con hebras de ADN 

complementarias) a lo largo de los polímeros supramoleculares. La funcionalización de 

los polímeros supramoleculares con péptidos en el capítulo 4, permite la asociación de 

proteinas a través de su interacción nativa (péptido-proteina). La variación en el número 

de proteínas (valencia), determina si la proteína se asocia en determinadas condiciones. 

De nuevo, la naturaleza dinámica del sistema permite la variación en la densidad de 

moléculas que interactúan, así como la asociación reversible de la proteina a la nano-

plataforma.  

El polímero supramolecular se puede utilizar como nano-plataforma para la asociación 

de otras proteínas, en el caso del capítulo 5, Caspasa-9. Caspasa-9 es una enzima cuya 

actividad se da tras su asociación con otras Caspasa-9, cuando éstas están próximas en 

el espacio. La activación de Caspasa-9 media en la muerte celular programada, siendo 

una enzima con gran relevancia biológica. En el capítulo 5 se describe la agrupación de 

Caspasas utilizando ADN como intermedio molecular entre la nano-plataforma y la 

proteína de interés. La asociación de las proteinas al polímero, resulta en la activación de 

las enzimas debido a su proximidad. La actividad de las enzimas se puede regular 

variando la concentración o la densidad de hebras de ADN en el polímero 

supramolecular.  

Estos dos capítulos demuestran el potencial de utilizar polímeros supramoleculares 

como nano-andamios para la asociación programada de proteinas, sirviendo como 

estudio fundamental para el desarrollo de nano-plataformas inteligentes que 

interactúen con otras proteínas para la regulación de células con mal funcionamiento. 

El capítulo 6 muestra avances relevantes en el control espacial programado de 

biomoléculas en células artificiales. El polímero supramolecular decorado con ADN se 

puede introducir en proto-células para localizar múltiples hebras de ADN. Las hebras de 

ADN reaccionan a estímulos externos (como la presencia de hebras de ADN 

complementarias), resultando en la propagación de la localización de ADN a otras 

hebras. La libre circulación de las hebras de ADN entre proto-celulas, frente a la 

permanencia de los polímeros híbridos dentro de las respectivas proto-celulas, permite 

el estudio de comunicación entre proto-células distintas.  
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Finalmente, el capítulo 7 resume logros alcanzados en la presente tesis, mediante el uso 

de la nanotecnología del ADN y polímeros supramoleculares. Así mismo, el capítulo trata 

de la relevancia de este trabajo y las posibilidades en el campo de implementar estos 

sistemas artificiales en sistemas biológicos.  
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