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CHAPTER 1. GENERAL INTRODUCTION 

1.1 SUPRAMOLECULAR POLYMERS 

Exploring non-covalent interactions in functional molecular systems is a 

fascinating topic. Over the past few decades, this research direction has 

become one of the mainstream and paradigm shifting concepts in materials 

science. In the pioneering work, Lehn described intermolecular 

supramolecular bonds as “chemistry beyond the molecule”.1 This definition 

reflects the prevailing notion that in contrast to covalent bonds supramolecular 

interactions connect monomeric units by dynamic, programmable and highly 

reversible non-covalent bonds.2,3 The major types  of these interactions are 

hydrogen and halogen bonding,4,5 π-π stacking,6 metal-ligand binding7 and 

host−guest interactions (Figure 1-1).8  

 

Figure 1-1. Some of the types of interactions in supramolecular assemblies. 

The image is taken from ref.3 

During the last two decades, the research in supramolecular chemistry 

changed our understanding of the polymerization mechanisms occurring in 

non-covalent systems, giving rise to a new field of supramolecular polymers. 

To provide further insight into the growth of the supramolecular polymers, 
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Meijer and coworkers concluded that it is possible to classify different types of 

supramolecular polymerization processes using their thermodynamic 

parameters. According to this classification, supramolecular polymerization 

can occur as an isodesmic, cooperative and ring-chain mediated process (Figure 

1-2).9 An isodesmic mechanism is characterized by an equal association 

constant for each self-assembly step. Thus, the growth of aggregates occurs 

gradually. In sharp contrast, a cooperative mechanism consists of two regimes 

that have different equilibrium constants. During the first nucleation stage, 

energetically unfavorable nucleus-size small aggregates are formed.  

 

Figure 1-2. Schematic representation of supramolecular polymer growth by 

three types of self-assembly mechanisms. The image is taken from ref.9 

This process is followed by a more thermodynamically favorable elongation 

step. During the ring-chain mediated regime, ditopic ligands capable of 
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assembling at two sites undergo ring-chain supramolecular polymerization 

where the growth of the polymer occurs in equilibrium with cyclization. 

Similar to the products of chemical reactions, supramolecular polymers 

could be formed either under thermodynamic or kinetic control. Supporting 

this idea, Mattia and Otto defined three distinct regimes of the self-assembly 

in organic materials: equilibrium assemblies, kinetically trapped  and far-

from-equilibrium systems (Figure 1-3).10 Thermodynamically favorable 

assemblies are formed under equilibrium conditions and characterized by 

persistent stability. The aggregation governed by the kinetics of the system 

results in the metastable state of the supramolecular polymers that upon time 

or supplying energy may undergo re-assembly into thermodynamically stable 

structures. The formation of kinetically trapped states often happens when the 

initial monomer can polymerize into various structures via multiple self-

assembly pathways (pathway complexity). Thus, the morphology and 

properties of these metastable aggregates largely depend on the preparation 

procedure. For example, the team led by Sugiyasu has recently shown the 

controlled kinetic self-assembly of the porphyrin molecules into either fibers or 

sheets using seeding method and mechanical agitation (Figure 1-4).11 

Following their procedure, a high level of control over the self-assembly similar 

to living polymerization mechanism was achieved. 

 

Figure 1-3. Thermodynamic regimes of the supramolecular self-assembly. 

The image is taken from ref.10 
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Figure 1-4. Self-assembly energy landscapes and the AFM images of the 

resulting porphyrin aggregates. The image is taken from ref. 11 

The third type of assemblies, far-from-equilibrium systems, remains in its 

state only upon a constant supply of energy. Otherwise, such systems are 

shifted to thermodynamically stable or kinetically trapped states due to the 

dissipation of energy. These far-from-equilibrium systems have received 

considerable attention during the last few years. Figure 1-5 highlights an 

excellent example of such systems. Using a system with only a few simple 

molecular compounds, Eelkema and coworkers demonstrated dynamic self-

assembly of the synthetic molecules into filament structures driven by 

chemical fuel. After the consumption of fuel, the dissipative reaction took place 

and fibers were dissolved over time.12  

 

Figure 1-5. Chemical structures of the monomers (A), reaction cycle (B), 

microscopic illustrations (C) and images (D) of the chemically-fueled self-

assemblies. The images are taken from ref.12 
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The benefits of exploiting supramolecular bonds are apparent, and 

materials made of supramolecular polymers are becoming valuable for 

numerous applications in nanotechnology, molecular electronics, and 

biomimicry.13,14 With hundreds of examples of supramolecular structures now 

presented and the number growing daily, a few examples may suffice to 

illustrate recent development in this broad topic.  

The development of materials capable of self-repairing a damaged site is 

currently one of the most exciting areas in supramolecular polymers.15,16 

Recently, Wu and co-workers have reported on supramolecular polymers 

comprised of hydrogen-bonded poly(glycerol sebacate)-graft-ureido-

pyrimidinone (PGS-U).17  The shape-memory material made of this polymer 

exhibits self-healing properties responding to the external stimuli such as 

temperature and pressure (Figure 1-6). 

 

Figure 1-6. Optical microscope images of damaged and healed PGS-U 

samples at 55 °C for a different time and recovery of the PGS-U arms with 3D 

temporary shapes into their initial shapes step-by-step with the increase of 

temperature. The image is taken from ref.17  

Sensing applications are yet another interesting line of research in 

supramolecular polymers.18,19 The use of non-covalent polymers as a stimuli-

responsive system was studied in particular by Sessler and coworkers,20 who 

reported a chemoresponsive system comprised of  bis-2,5,7-

trinitrodicyanomethylenefluorene-4-carboxylate which can be used for the 

detection of nitroaromatic explosives and anions (Figure 1-7 A). 
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Finally, supramolecular polymers were employed as drug-delivery vehicles 

in many systems. An important example of a biocompatible and biodegradable 

nanomaterial was published by Meijer and co-workers.21 The authors 

demonstrated the intracellular transport of cargo (siRNA) electrostatically 

attached to the backbone of the fibrous structure formed from co-assembled 

neutral and cationic PEGylated benzenetricarboxamides (Figure 1-7 B). 

 

Figure 1-7. A: Graphical illustration of the self-assembly and consequent 

disruption of chemoresponsive system in response to nitroaromatic compound 

and chloride ion. B:  Schematic representation of the delivery system and 

confocal microscopy images of the cells. The images are taken from ref.20,21  

Finally, these examples demonstrate a myriad of ways in which modern 

nanotechnology integrates supramolecular interactions in novel functional 

materials. Emerging strategies and applications are created at an increasing 

pace. Particularly exciting results originate from water-soluble 
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supramolecular polymers.22,23 It becomes apparent since water plays a crucial 

role in all biochemical processes and offers enormous opportunities as a solvent 

for supramolecular assembly. The ability to form hydrogen bonds and sustain 

hydrophobic interactions is remarkable for novel applications. For instance, 

the properties of DNA as a material inspired numerous research directions. A 

concise description of several elegant and inventive applications of DNA 

becomes the subject of the next section. 

1.2 DNA-BASED SUPRAMOLECULAR SELF-ASSEMBLIES 

1.2.1 DNA in modern nanotechnology 

Nature uses self-assembly to create the most sophisticated systems known 

to mankind – living organisms. In this regard, DNA remains an outstanding 

example of natural technology. One of the most intriguing properties of DNA 

is its self-recognition behavior. An extremely precise Watson-Crick base 

pairing between nucleobases drives two single-stranded DNA to assemble into 

the double helix (Figure 1-8).  

 

Figure 1-8. The schematic illustration of DNA double helix and 

complementarity of base pairing. 

These properties greatly extend the scope of DNA as an efficient 

information storage and transfer material. In recent years, DNA became 
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extensively used as a building block for the spatial organization of organic 

molecules into complex architectures due to several reasons.  

 

Figure 1-9. The schematic illustration of solid-phase oligonucleotide 

synthesis. 

First, technological advances made DNA synthesis convenient and 

inexpensive. Thus, solid-phase phosphoramidite chemistry is widely used for 

the oligonucleotide synthesis (Figure 1-9).24 A molecule designed for the 
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incorporation in the oligomer chain is protected with dimethoxytrityl and 

phosphoramidite groups. The synthesis occurs as a cycle of consecutive 

activation, coupling, oxidation and deprotection steps (Figure 1-9). This 

approach offers high control over the length and composition of the resulting 

oligomer and polymer strands. Moreover, various oligomers and polymers 

comprising non-nucleoside units become easily accessible via this method..25–

31 

Second, the predictable self-assembly of DNA offers reliable design 

principles and a high level of control over resulting constructs.32 Using a set of 

sticky ends and branched junctions, meticulously designed DNA strands could 

be arranged into the most spatially intricate nanostructures. It is noteworthy 

that there is an increasing amount of self-assembled DNA systems which find 

widespread applications beyond DNA’s natural role33,34, e.g.  sensing,35 

nanoelectronics,36 catalysis,37 nanomachines.38 Nowadays, virtually any 

desired structure could be made from the set of DNA strands generated by 

software, for example the one created by Bathe and coworkers (Figure 1-10).39 

A general protocol is rather straightforward: the scaffold strand (strand from 

bacteria of a several thousand nucleotides) and shorter staple strands are 

mixed and annealed to allow for hybridization of the complementary fragments, 

resulting in the desired architecture. This approach, pioneered by Rothemund, 

is known as a DNA origami technique.40,41 It provides an opportunity to create 

more and more complex architectures on nanometer and micrometer scale.  
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Figure 1-10. Top-down sequence design procedure from DNA origami 

structure for desired geometry. The image is taken from ref.39 

Although most of the researchers tend to utilize canonical base pairing in 

DNA nanostructures, blunt-end interactions are yet another attractive 

unorthodox force that drives the assembly between nucleobases (Figure 1-11 

A). The strategy of nucleobase stacking between the termini of the DNA duplex 

is particularly valuable for the hierarchical assembly of the multiunit DNA 

origami structures.42,43 Among others, the use of blunt-end stacking was 

studied by Dietz and co-workers, who  reported DNA origami building blocks 

sculpted to bind selectively at specific places due to their shape-complementary 

geometry.44 Mimicking proteins´ shape-recognition behavior, the DNA origami 

building blocks stack together as designed, enhancing the tunability and 

directionality of the blunt-end interactions. Helping to overcome the size 

limitation of the DNA origami technique, macro binding between separate 

DNA origami compartments enables the preparation of larger constructs with 

dynamic properties (Figure 1-11 B).44  
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Figure 1-11. A: The schematic illustration of the DNA blunt-end 

interactions. B: Schematic representation and corresponding TEM images of 

the dynamic DNA origami constructs formed via blunt-ended stacking between 

shape-complementary moieties. The images are taken from ref.43,44 

1.2.2 DNA as a scaffold for the arrangement of synthetic molecules 

In nature, a templating approach operates abundantly at different scales – 

from bulk biomineralization to ultraprecise DNA self-organization on scaffold 

proteins. The programmable self-assembly of DNA itself can be turned into a 
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benefit for the directed arrangement of non-nucleoside molecular blocks.45–47 

The self-recognition properties of DNA are especially promising in the 

established areas of materials science and biotechnology. In this regard, using 

base-pairing interactions is the main focus of DNA-guided arrangement of the 

functional moieties such as aromatic molecules, metallic nanoparticles, 

proteins and etc.48–50  

Häner and co-workers used DNA for the creation of multichromophore 

arrays with a precision hardly achievable by other approaches. Introducing 

non-nucleoside chromophores often led to the increased stability of hybrid 

double strands.51–53 A large number of chromophores were successfully 

arranged exploiting the DNA scaffolding strategy for the diverse applications 

in photophysics,54 optoelectronics55 and sensing56,57. 

Gold nanoparticles were arranged in a regular manner on ever more 

sophisticated DNA scaffolds ranging from octahedral to toroidal structures.58–

60 Recently, Ke and coworkers prepared honeycomb DNA origami structures 

for precise patterning of gold nanoparticles that serve as plasmonic 

metamaterials (Figure 1-12 A).61 

Another example of templated arrangement has been proposed by the team 

lead by Lin. They reported on hollow DNA origami structures for the controlled 

shaping of liposomes using a DNA-mediated assembly that mimics the 

cytoskeleton´s membrane shaping function (Figure 1-12 B).62 The shape of the 

resulting liposomes can be effectively controlled by the geometry of the DNA 

scaffold. 
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Figure 1-12. A: Schematic illustration and TEM images of gold 

nanoparticles arrangement on the honeycomb lattice and tube. B: Schematic 

illustration and TEM images of liposomes´ arrays on different templates. The 

images are taken from ref. 61,62 

1.2.3 Synthetic molecules as scaffolds for DNA arrangement 

As indicated previously, the conjugation of DNA strands to functional 

entities with a specific set of optical, mechanical or biological properties allows 

engineering of sophisticated DNA-containing architectures. Such hybrids are 

regarded as one of the most potential biocompatible functional platforms. 

Besides the DNA-guided assemblies discussed above, DNA block copolymers 

can be successfully used for the preparation of nanoparticles, side-chain 

polymers and non-covalent architectures with grafted oligonucleotides.63,64 

Being arranged on the scaffold, protruding oligonucleotides serve as an active 

motif for the hierarchical assembly and stimuli-responsive switches. 

The systems comprised of closely spaced DNA single strands benefit from 

unique properties that depend on the length of  DNA, the density of the 

oligonucleotide package and ionic strength in solution.65,66 It was observed that 
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hybridization between complementary grafted DNA strands occurs through an 

exceptionally sharp temperature transition in contrast to this process  in 

solution.67 A more cooperative behavior of the assembly/disassembly processes 

for crowded systems is associated with a high local counterion concentration. 

Subsequently, higher ionic strength results in the increased melting 

temperatures and stability of duplexes. The length of oligonucleotides also 

influences the efficiency of binding.68 While the transitions become sharper 

with the increase of the oligonucleotide length, the risk of hybridization 

between adjacent strands as well as self-hybridization obstructs the attractive 

forces between complementary strands. The sensitivity and tunability of the 

oligonucleotide interactions in DNA-grafted systems further finds numerous 

applications. 

One of the most critical requirement for applications remains the ability to 

control the architecture of the target structure. A team led by Mirkin proposed 

a method for the crystallization of DNA-nanoparticles into well-defined 

polyhedra mimicking atomic crystallization (Figure 1-13 A).69 They used 

temperature as a trigger for the assembly, cooling the system over several days. 

Mediated by DNA hybridization, the assembly of conjugates results in shape-

controlled crystal structures.  

DNA nanoparticles, in the form of brush polymers and inorganic systems, 

were employed in drug delivery and sensing.70,71 For example, Raeesi et al. 

reported on drug-delivery system based on core-satellite gold nanoparticle 

assemblies (Figure 1-13 B).72 These nanostructures were loaded with a 

hydrophobic drug, doxorubicin, which intercalates into the DNA linkers. The 

strategy proposed by the authors enables photo- and thermally driven drug 

release. The loading capacity and stability of the structures can be controlled 

by the length of DNA sequences.  
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Figure 1-13. A: SAXS data; TEM and SEM images for DNA-nanoparticle 

superlattices prepared by slow-cooling technic. B:  Doxorubicin-loaded gold 

nanoparticle superstructure. The images are taken from ref.69,72 

Utilizing the same strategy for controlled assembly via DNA hybridization, 

the self-organization of nanopolymersomes was presented by the groups of 

Meier and Palivan.73 Hollow spherical nanocompartments functionalized by 

DNA single strands were assembled into defined clusters preserving their 

initial morphology (Figure 1-14 A). Similarly, the DNA-mediated assembly of 

liposomes has been reported by several groups.74,75 For example, the 

interconnection of lipophilic vesicles for the subsequent fusion was 
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demonstrated by Vogel and coworkers (Figure 1-14 B).76 This strategy mimics 

the mechanism for the uptake and release of molecules in nature and shows 

the potential of presented constructs for the design and fabrication of 

nanoreactors. 

 

Figure 1-14. A: Schematic illustration of the self-assembly of polymersomes 

and TEM and CLSM analysis of the corresponding polymersome clusters. B: 

Schematic illustration of three-staged fusion cascade of liposomes directed by 

DNA hybridization. The images are taken from ref. 73,76 
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DNA-grafted polymers are yet another promising material for the drug 

delivery systems, therapeutic applications, and DNA diagnostics.77 Such 

materials are characterized by chemical stability, phisical flexibility and high 

mechanical strength. In addition, they benefit from the dynamic nature of DNA 

that are aligned along the polymer chains and readily available for 

hybridization. 

The behavior of isolated DNA-grafted polymer wires, as well as their 

controlled positioning and further manipulations, were extensively studied in 

the group of Gothelf. Figure 1-15 shows a DNA-brush polymer deposited on the 

surface of DNA origami sheets.78 The deposition is mediated by DNA 

hybridization that offers high control over the orientation of the wires and 

further conformational switches.79 Furthermore, Gothelf and coworkers 

reported on energy transfer between two separate conjugated polymer chains 

as well as quenching effect as the result of  hybridization with the  

complementary strand modiefied with the quencher.78 These results 

demonstrate the addressability of the grafted DNA chains and the potential 

utility of the DNA-grafted polymers as molecular wires. 

 

Figure 1-15. Synthesis of a DNA-grafted polymer; schematic illustration 

and AFM image of the deposited DNA-polymer conjugates on the surface of 

DNA origami. The image is taken from ref.78   
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DNA is commonly used as a linker for polymer chains driving the formation 

of networks, hybrid hydrogels.80,81 On the other hand, DNA serves as a stimuli-

responsive motif that can be triggered by pH, temperature, metal ions, etc., 

and used for the preparation of responsive systems based on hydrogels.82 

Recently, Willner and coworkers have reported on DNA-acrylamide hydrogel 

microcapsules for the controlled drug release.83 The release occurred upon pH 

change that caused a DNA linker to switch its conformation to an i-motif 

unlocking the capsules (Figure 1-16). 

DNA-polymer hybrid materials formed by covalent bonds lack several 

remarkable characteristics such as tunability and reversibility of interactions, 

self-organization, and the ability to self-heal disintegrated domains. To 

overcome these limitations, non-covalent interactions between DNA-

conjugated building blocks can be used. One of the interesting strategies used 

for the preparation of these functional materials resides in the self-assembly 

of DNA amphiphiles. The aggregation of hydrophobic moieties connected to 

oligonucleotides results in the formation of DNA-grafted non-covalently 

bonded scaffolds in water. Depending on the hydrophobic-hydrophilic balance, 

the morphology of these scaffolds varies from spherical to worm-like micellar 

structures. For example, drug-cored micellar nanostructures of different 

morphologies were reported by Tan et al. (Figure 1-17 A) The self-assemblies 

comprised of camptothecin-conjugated oligonucleotide amphiphiles exhibit 

light responsiveness, enabling controllable drug release.84  
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Figure 1-16. The schematic illustration of the preparation of DNA-

acrylamide hydrogel microcapsules and controlled the pH-triggered release of 

the drug doxorubicin. The image is taken from ref.83 

Reversible labeling of the DNA-grafted supramolecular polymers by gold-

nucleotide conjugates was demonstrated by Noteborn et al.85 The write-erase 

process was accomplished via hybridization between complementary DNA 

using a strand-displacement method (Figure 1-17 B). 

In the last example depicted here, Wu et al. described the system for the 

controlled association of E. coli based on supramolecular DNA-dendron 

polymers (Figure 1-17 C).86 The association occurred through mannose 

recognition sites, which were attached to the fibers via DNA hybridization. 

The examples of the non-covalent DNA-grafted polymers are limited and 

mostly presented by micellar structures. The controlled arrangement of the 

molecules into defined structure for the dense arrangement of the DNA 

remains a formidable challenge. 
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Figure 1-17. A: Schematic illustration of the self-assembly and light-

triggered release of the camptothecin-nucleotide amphiphiles. B: Schematic 

illustration and TEM images of the squaraimide-based DNA-grafted 

supramolecular polymers and write/erase labeling by gold nanoparticles. C: 

Illustration of the formation of the Dendron-DNA supramolecular polymers 

and association of E.coli and corresponding TEM images. The images are taken 

from ref. 84–86 
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1.3 AIM OF THE STUDY 

The self-assembly of natural polyphosphodiesters yields unique 

biomaterials from relatively simple building blocks, emphasizing the 

importance of hierarchical organization and precision of sequences on their 

properties. Future developments in the field of polyphosphodiester synthesis 

can help to shift focus from polyamides as self-assembling molecules and thus 

expand the existing toolbox of biocompatible, environmentally friendly 

functional systems.87–90 Surprisingly, despite recent advances in synthetic 

polyphosphodiesters,91–93 there is an almost unexplored area of their 

supramolecular polymerization – a key step in transferring a chemical 

structure into properties and functions.94 Reports on the self-assembly of 

polyphosphodiesters appear in different research fields, including DNA/RNA 

nanotechnology,95–98 bioconjugated77,78,99 and supramolecular polymers.100–105 

Knowledge in the areas is somehow disconnected, hampering the development 

and discovery of new applications. In each case, the self-assembly properties 

remain key to the functions and are determined by potential noncovalent 

interactions (hydrogen bonding, hydrophobic effect and stacking) and 

environmental factors. 

Our efforts are mainly directed to the non-covalent synthesis and studying 

the properties of DNA-grafted supramolecular polymers. Such interest is 

largely inspired by the intrinsic properties of supramolecular polymers13,106,107, 

such as their dynamics and stimuli-responsiveness, and recent advances in 

functional DNA nanoparticles.108,109 
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CHAPTER 2. DNA-GRAFTED SUPRAMOLECULAR POLYMERS – 

HELICAL RIBBON STRUCTURES FORMED BY SELF-ASSEMBLY OF 

PYRENE-DNA CHIMERIC OLIGOMERS 

ABSTRACT 

The controlled arraying of DNA strands on adaptive polymeric platforms 

remains a challenge. Here, we present the non-covalent synthesis of DNA-

grafted, linear supramolecular polymers from short chimeric oligomers. The 

oligomers are composed of an oligopyrenotide strand attached to the 5’-end of 

an oligodeoxynucleotide. Supramolecular polymerization of the oligomers in 

aqueous medium leads to the formation of one-dimensional (1D) helical ribbon 

structures. Hydrophobic and stacking interactions of intramolecularly folded 

pyrenes are the driving force behind the development of the DNA-grafted 

polymers. Atomic force and transmission electron microscopy show rod-like 

polymers of several hundred nanometers length. The temperature-controlled 

formation of the polymers is completely reversible and follows a nucleation-

elongation mechanism. DNA-grafted polymers of the type described herein will 

serve as models for the development of structurally and functionally diverse 

supramolecular platforms with applications in materials science and 

diagnostics. 
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2.1 INTRODUCTION 

DNA plays an important role in modern nanotechnology.77,108,110–119 The 

merging of organic entities, such as polymers,120 lipid chains100,121 or aromatic 

molecules25,45,122–128 with canonical DNA motifs allows the design and 

engineering of supramolecular architectures with special optical, mechanical 

or biological properties.129–134 While the self-assembly behavior of the resulting 

DNA conjugates is still controlled by base pairing interactions,135 the overall 

structural and functional properties of the hybrid materials can be directed by 

the conjugated moieties.49,136–138 In DNA-grafted polymers64 (Scheme 2-1. A) 

oligonucleotides are arranged in a comb-like fashion on a polymer backbone. 

Scheme 2-1. A: Schematic representation of a DNA-grafted polymer. B: 

DNA-grafted supramolecular polymer. 

 

DNA polymer hybrids were shown to adapt morphologically distinct shapes 

that are influenced by environmental factors.139 Not surprisingly, such 

polymers find interest as materials for various applications including drug 

delivery or DNA sensing140 and it is highly desirable to enhance further the 

functional diversity of both, the DNA and the polymer parts.139,141–143 

Supramolecular polymers are formed by non-covalent interactions107,144 and, 

thus, bear additional responsiveness towards external stimuli in comparison 

to covalent polymers. In this chapter, we describe the formation of DNA-

grafted supramolecular polymers (Scheme 2-1 B). We show that pyrene-DNA 

chimeric oligomers self-assemble into ribbon-like helical structures in an 

aqueous medium.  
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2.2 RESULTS AND DISCUSSIONS 

2.2.1 DNA-pyrene conjugates based on 1,6-modified pentynyl pyrene 

2.2.1.1 Dependence of the self-assembly on the length of the pyrene chain 

The chimeric pyrene-DNA oligomers102,145,146 used in this study were 

prepared by solid phase synthesis according to published procedures147 and are 

summarized in Scheme 2-2. The oligomers are composed of an identical DNA 

strand (10 nucleotides) and a 5’-linked pyrene part of variable length (0, 1, 4, 

7 or 10 units). Individual 1,6-bis-pentynyl pyrene units are connected by 

phosphodiester groups. The non-modified DNA sequences a10 and b10 are 

complementary. 

Scheme 2-2. A: the list of the DNA hybrid sequences used in this study; B: 

chemical structure of the phosphodiester-linked pyrene units; C: model for the 

pyrene-DNA chimeric oligomer. Pyrene units are arranged in a stair-like 

fashion; negatively charged phosphodiester groups are located on the edges of 

the pyrene stack. The appended oligonucleotide is arbitrarily shown as a right-

handed single strand. 
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All oligomers were found to be soluble at elevated temperatures (>80°C) in 

an aqueous medium (100 mM NaCl, 10 mM sodium phosphate buffer, pH 7). 

Upon cooling of 2 μM solution of oligomers containing pyrenes, the self-

assembly of polymers takes place. The polymerization process is readily 

followed by UV/vis-absorption. The simultaneous formation of an H-band at 

335 nm (S0→S1,) and a J-band at 305 nm (S0→S2) was observed for the self-

assemblies of Py7a10, Py7b10 and 1:1 mixture of these oligomers 

Py7a10/Py7b10 (Figure 2-1, Figure 2-2). In contrast, oligomers Py1a10, Py1b10, 

Py4a10 and Py4b10, which have a lower number of pyrene units present in the 

oligomer, did not show a similar spectroscopic pattern (Figure 2-2). 

 

Figure 2-1. UV/vis spectra of Py7a10 at 90°C (red) and 20°C (black). 

Conditions: oligomer concentration 2 µM, 10 mM phosphate buffer, pH = 7, 100 

mM sodium chloride. 

These characteristic shifts are reminiscent of previous observations made 

with 1,6-linked pyrene trimers and are explained by a stair-like folding of 

pyrene oligomers.148,149 The stair-like folding of the seven pyrenes present in 

oligomers Py7a10 or Py7b10 is illustrated in Scheme 2-2 C. The folded 

oligopyrenes consist of a layer of pyrenes that are flanked by the negative 

charges of the phosphodiester groups located on the edges of the stack. 
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Subsequent aggregation of individual oligomers leads to the formation of 

supramolecular polymers. 

 

 

Figure 2-2. Temperature-dependent changes (Δ Absorption = Abs.T°-

Abs.90°) in the absorption spectra; the direction of arrows indicates increasing 

temperature (20°C → 90°C). Conditions: oligomer concentration 2 µM, 10 mM 

phosphate buffer, pH = 7, 100 mM sodium chloride. 

Investigation of the samples after cooling to room temperature by atomic 

force microscopy (AFM) on APTES-modified mica surface reveals the formed 

polymers. Oligomers Py1a10, Py1b10, Py4a10 and Py4b10 assembled into 

small nm-scale spherical objects (Figure 2-4). Whereas, the polymers made of 

strands comprising seven pyrenes exhibit a one-dimensional (1D) shape 

(Figure 2-5). They appear as rod-like objects, which are highly uniform 
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concerning their thickness (2.5 ± 0.2 nm) (Figure 2-3). Clusters of individual 

ribbons could occasionally be observed. The cross-section analysis (Figure 2-3 

B) of an accidental overlay of two ribbons indicates that such an overlap leads 

to a doubling of the thickness measured. Moreover, laterally-connected ribbons 

may be found, but their fraction is rather small. 

 

Figure 2-3. AFM image (A) and cross-section analysis (B) of the self-

assemblies of Py7a10/Py7b10. Conditions: 10 µM total strand concentration, 

10 mM phosphate buffer, 250 mM sodium chloride. 

The length of the nanoribbons considerably depends on the ionic strength 

of the solution and the overall concentration of the monomers. For example, 

the self-assembly of 0.2 μM solution of DNA amphiphiles in 100 mM NaCl 

media leads to the formation of non-defined aggregates (Figure 2-5 A). Upon 

increasing the NaCl concentration to 250 mM and the strand concentration to 

5 μM, the length of the aggregates gradually increased to 500 nm.  
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Figure 2-4. AFM images of the self-assemblies of 2 μM oligonucleotides 

Py1a10/Py1b10 (A), Py1a10 (B), Py1b10 (C), Py4a10/Py4b10 (D), Py4a10 (E), 

Py4b10 (F) in 100 mM NaCl, 10 mM phosphate buffer (pH=7). 

 

Figure 2-5. AFM images of the self-assemblies of Py7a10 in 100 mM (A-C) 

and 250 mM (D-F) NaCl, 10 mM phosphate buffer (pH=7). The overall 

concentration of the monomers: 0.2 μM (A, D), 1 μM (B, E) and 5 μM (C, F). 
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Remarkably, the same type of polymers is also formed from a solution 

containing a 1:1-mixture of oligomers Py7a10 and Py7b10 (Figure 2-6 A, D). 

These observations indicate that the interaction between the pyrene segments 

outweighs the base pairing interactions between the complementary DNA 

strands.  

Interestingly, the 1D polymers formed from oligomers Py7a10 and/or 

Py7b10 exhibit an apparent helical structure. The helical pitch can be 

determined by tracking the thickness of the objects along their contour (Figure 

2-7).  

 

Figure 2-6. AFM images of the self-assemblies of 10 μM of Py7a10/Py7b10 

(A, D), Py7a10 (B, E) and Py7b10 (C, F) in 100 mM (A-C) and 250 mM (D-F) 

NaCl, 10 mM phosphate buffer (pH=7). 
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Figure 2-7.  AFM (A) and TEM (B) images of supramolecular polymers 

formed from 10 μM of Py7a10/Py7b10. (A bottom: trace of polymer height 

profile). Conditions: 10 mM phosphate buffer, pH 7, 250 mM NaCl. 

Statistical evaluation of the peak-to-valley profiles renders an average 

pitch value of 50±15 nm (Figure 2-8). Transmission electron microscopy (TEM) 

was used as an additional tool to visualize the DNA-grafted supramolecular 

polymers on the surface (Figure 2-7). The TEM images of the Py7a10/Py7b10 

self-assemblies provide further evidence that the aggregates exist as helical 

ribbons. The ribbons appear on the carbon-coated copper grid as elongated 1D 

objects with a width of 19±2 nm. 

 

Figure 2-8. Distribution of the distance between pitches of the 

supramolecular polymers Py7a10 (black), Py7a10/Py7b10 (gray), Py7b10 (red) 

in 250 mM NaCl. 
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Scheme 2-3. Proposed schematic illustration of the dimensions of the self-

assemblies. 

 

The handedness of the formed aggregates cannot be distinguished clearly 

by AFM. The objects are relatively small compared to the radius of curvature 

at the apex of the tip and can appear to have artificially-induced handedness. 

As an additional method to determine the helicity of the structures, CD 

experiments were performed. However, they demonstrated a weak chiroptical 

response in a pyrene part (Figure 2-9). These results could originate from the 

increased flexibility of the ribbons. Therefore, the claims on relative helicity 

could be wrongly interpreted by the techniques used.  

The polymerization process of Py7a10 and a 1:1-mixture of Py7a10/Py7b10 

was investigated in more detail by temperature-dependent UV/vis studies. 

Figure 2-10 shows the degree of polymerization (agg) as monitored by the 

development of the J-band (305 nm). A substantial hysteresis is present 

(~12 °C at αagg=0.5) between melting and annealing curves. To minimize 

kinetic effects, the heating/cooling curves were recorded using a low-

temperature gradient (0.1 °C/min). Further time-dependent isothermal UV-vis 

measurements did not reveal any significant changes in the spectroscopic and 

morphological properties of the supramolecular assemblies.  
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Figure 2-9. CD spectra of the 2 μM single and binary component aggregates 

in 100 mM NaCl, 10 mM phosphate buffer at 20 °C. 

The shapes of the curves for both, single- and binary-component system, 

are similar and exhibit the typical features of a cooperative nucleation-

elongation mechanism. The cooling curves were fitted to the described 

theoretical model.150 The derived elongation temperature (Te) is approximately 

51±1 °C for both systems under the conditions used (see Experimental Section). 

Upon increasing ionic strength of the solution, the elongation temperature is 

also increased (Figure 2-25 Experimental Section). 
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Figure 2-10. Heating (red) and cooling (black) curves recorded with a 

solution of Py7a10 (dotted) or a 1:1-mixture of Py7a10/Py7b10 (solid); the 

direction of arrows indicates a change of temperature. Conditions: 2 µM total 

strand concentration, 10 mM phosphate buffer, 100 mM sodium chloride; 

temperature gradient: 0.1 °C/min. 

The proposed model for the formation of DNA-grafted supramolecular 

polymers by cooperative self-assembly is illustrated in Scheme 2-4. At elevated 

temperatures, oligomeric molecules (Py7a10 and/or Py7b10) exist as 

molecularly dissolved chains. Upon cooling, the oligomers tend to self-assemble 

to form small aggregates. The interaction between individual strands is driven 

by hydrophobic and stacking interactions of pyrene residues. Further cooling 

leads to the formation of nuclei that serve as templates for elongation of 

polymers. Fitting the curves according to the nucleation-elongation theory 

allows an estimation of the number (N) of oligomers required to form a nucleus. 

For both types of systems, the number of oligomers required to form the 

nucleus is ~7 (Figure 2-22 and Figure 2-23 Experimental Section). The 

continued addition of oligomers to the nuclei occurs in a cooperative manner 

and leads to the formation of the helical ribbon structures.  
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Scheme 2-4. Illustration of the formation of DNA-grafted supramolecular 

polymers from chimeric DNA-pyrene oligomers via a nucleation-elongation 

process. 

 

 

Importantly, nucleation occurs at temperatures considerably higher than 

the melting temperature Tm of the DNA hybrid formed of the two 

complementary oligodeoxynucleotides a10/b10 (Tm = 37°C, Figure 2-24 

Experimental Section). Furthermore, spectroscopic and microscopic properties 

of single- and double-component mixtures (i.e. polymers formed from Py7a10 

or Py7b10 alone or a 1:1-mixture of both) are minor. These results provide 

further strong evidence that the formation of the supramolecular polymers is 

mainly driven by intermolecular interactions between the pyrene segments 

and interactions between the nucleotide segments – even canonical base 

pairing interactions – play a minor role. On the other hand, the stability of the 



CHAPTER 2 

38 

 

polymers is also strongly dependent on the length of the pyrene stretch. When 

the number of pyrenes is reduced, such as in oligomers Py1a10, Py1b10, 

Py4a10 or Py4b10, no polymers of comparable length or shape can be observed 

by microscopic methods. This is paralleled by UV/vis data as shown in Figure 

2-11. Oligomers containing four instead of seven pyrenes exhibit only an ill-

defined J-band upon changing the temperature from 90 °C to 20 °C. If only a 

single pyrene is appended to the oligonucleotide, the J-band is not observed at 

all. 

 

Figure 2-11. Left: UV/vis for the binary mixtures Py1a10/Py1b10 (dark 

grey), Py7a10/Py7b10 (red) and Py7a10/Py7b10 (light grey) at 20°C. Right: 

changes in absorbance at 305 nm (J-band) per pyrene unit (n) upon heating the 

oligomer solutions from 20°C to 90°C. Conditions: 2 µM total strand 

concentration, 10 mM phosphate buffer, pH 7, 100 mM NaCl. 

To study the ability of the pyrene-DNA amphiphiles with a longer pyrene 

chain to self-assemble into defined structures, a Py10b10 conjugate was 

synthesized. It comprises ten pyrene units and an identical DNA sequence. The 

self-assembled Py10b10 exhibits common for the aggregated pyrenes 

spectroscopic and microscopic characteristics (Figure 2-12). Upon slow cooling, 

J- and H-bands with maxima at 305 nm and around 340 nm were observed 

(Figure 2-12 D inset). The CD spectrum measured at 20 °C showed only weak 
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signals in the regions specific for DNA (below 300 nm) and pyrenes (above 300 

nm) (Figure 2-12 E).  

 

Figure 2-12. AFM (A) and TEM (B) images of the self-assemblies of Py10b10. 

D: Cooling curve for the 2μM solution of Py10b10 in 50 mM NaCl, 10 mM PBS, 

pH=7; inset picture shows absorption spectra of the solution of self-assemblies 

after preparation. E: CD spectra of the solution of Py10b10. 

Further microscopic studies revealed the formation of elongated ribbon-like 

structures with the thickness of 4.5 nm (Figure 2-12 A). The width of 25±2 nm 

determined by TEM analysis (Figure 2-12 B) is close to the estimated DNA-

pyrene-DNA distance (assuming the stacking distance of 0.34 nm). The latter 
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parameter was estimated to be 11±2 nm; it is strongly dependent on the type 

of oligonucleotide folding. 

Fluorescence spectroscopy provides additional information on the nature of 

the DNA-grafted supramolecular polymers. The fluorescence spectra of 

Py7a10-and/or Py7b10-derived 1D ribbons reveal a combination of pyrene 

monomer and excimer emission (Figure 2-13). The pyrenes are confined in a 

rigid network of ladder-type folded oligomers. This reduces the probability of 

pyrenes to form excimers. Therefore, a relatively large part of the relaxation 

occurs via monomer emission leading to monomer and excimer signals of 

comparable intensity for the polymers. In comparison, samples containing 

oligomers Py4a10 and/or Py4b10 do not form equally well-defined aggregates; 

the pyrenes are conformationally less restricted and exhibit predominantly 

excimer emission. 

The self-assembly of lipid-modified DNA hybrids has been intensively 

studied. Most morphological experiments reveal the formation of micelles or 

vesicles.121,151–154 The controlled formation of one-dimensional DNA-grafted 

platforms, however, is rather unusual.94,155,156 It is also noteworthy that the 

1D-shape of the polymers described here is in sharp contrast to the two-

dimensional (2D) polymers formed by pyrene trimers.47,140 The confinement of 

polymeric growth in one direction is explained by the presence of the 

oligonucleotide attached to one end of the oligopyrenes strand. Supramolecular 

polymerization is driven by hydrophobic and stacking interactions between the 

pyrenes. Due to the presence of the negatively charged edges, the growth of the 

polymers can take place only in a planar way. The presence of the DNA strand 

represents a further delimitation and directs the addition of subsequent pyrene 

oligomers in a linear (or quasi-linear) way as illustrated in Scheme 2-4. For 

reasons of repulsive forces between the negatively charged individual DNA 

strands it can be reasonably assumed that they are positioned along either side 

of the ribbon-like pyrene polymer with more or less equal distribution. 
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Figure 2-13. Fluorescence spectra for single component self-assemblies and 

1:1 binary mixtures (excitation wavelength = 365 nm) at 20 °C (black) and at 

95 °C (red). Conditions: 2 µM total strand concentration, 10 mM phosphate 

buffer, pH 7, 100 mM NaCl. 

2.2.1.2 Dependence of the self-assembly on the length of the DNA chain 

In the current section, we demonstrate that the self-assembly of DNA-

linked pyrene oligomers (Figure 2-14) can lead to one- or two-dimensional 

supramolecular polymers in aqueous solution. The morphology of the polymers 

is controlled by the length of the DNA moiety. 

Oligophosphodiesters Py7b1N-Py7b20 were prepared via solid-phase synthesis 

using phosphoramidite chemistry as described previously (Figure 2-14). The 
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assemblies are formed from oligomers containing a single nucleotide, whereas 

two or more conjugated nucleotides lead to 1D ribbons of variable length. 

 

Figure 2-14. Preparation of monodisperse oligophosphodiesters 

(deoxynucleoside in green, phosphates in red, pyrenes in grey) via solid-phase 

synthesis using CEP-Py. Table: sequences of oligomers and morphology of self-

assembly. 

All oligomers consist of a heptapyrenotide moiety conjugated to the 5’-end 

of an oligonucleotide or, in case of Py7b1N, a single nucleotide. Supramolecular 

polymerization occurs during slow cooling of an aqueous solution of the 

oligomers. Self-assembly is driven by aromatic stacking interactions of pyrenes. 
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The number of nucleotides, in turn, determines the type of morphology, 

fibrillary or planar, of the supramolecular polymers.  

Two-dimensional supramolecular polymers are formed via annealing of 

Py7b1N from 90 °C to 20 °C in the aqueous buffer using a cooling rate of 

0.1 °C/min. The formation of ordered pyrene arrays is confirmed by the 

appearance of the characteristic J- (305 nm) and H-bands (335 nm) in the UV-

vis spectrum (Figure 2-15 A). The bands originate from the exciton interactions 

between ladder-folded 1,6-substituted pyrenes. Upon cooling, the intensity of 

the 305 nm band increases, which reflects the cooperative formation of Py7b1N 

supramolecular polymers (Figure 2-15 B). Furthermore, the CD spectrum of 

Py7b1G at 20 °C exhibits a strong exciton-coupled signal (-307 nm/+303 nm) 

in the region of the J-band (Figure 2-15 C, black).  

The bisignate signal disappears upon heating the assemblies above 80 °C 

(Figure 2-15 D). Self-assembled Py7b1T exhibits a similar but weaker CD 

signal at -307 nm/+303 nm. The CD spectra of Py7b1A and Py7b1C are almost 

silent at 20°C. Despite different chiroptical properties, microscopic data 

unambiguously confirmed the self-assembly of all oligomers Py7b1N into 2D 

supramolecular polymers. AFM experiments show an apparent thickness of ~2 

nm for the planar assemblies after deposition onto APTES-modified mica 

surface (Figure 2-16).  

Obviously, a single nucleotide is compatible with a 2D aggregation of 

pyrenes as illustrated in Figure 2-16. Furthermore, the interaction between 

the chiral nucleotide and the stacked pyrenes can induce the strong exciton-

coupling of pyrene chromophores observed in the CD spectrum. These 

interactions are highly sensitive to the structure of the conjugated nucleobase, 

providing a route to modulate the chiroptical response in 2D supramolecular 

materials. 
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Figure 2-15. A: Representative UV-vis spectra of Py7b1N at 20°C and 90°C. 

B: Temperature-dependent change of absorbance of Py7b1N observed at 305 

nm (cooling rate: 0.1 °C/min). C: CD spectra of Py7b1N at 20 °C (inset: a 

zoomed region for the CD signals). D: Temperature-dependent CD spectra for 

2μM Py7b1G upon heating from 20 °C (black) to 95 °C (red) in 10 °C steps. 

Conditions: 2 µM total strand concentration, 10 mM phosphate buffer, pH 7, 

10 mM NaCl 

In contrast to Py7b1N, chimeric oligomers containing two or more 

nucleotides (Py7b2NG-Py7b20) all form one-dimensional supramolecular 

polymers in a temperature controlled annealing process. The presence of J- and 

H-bands at 305 nm and 335 nm in the UV-vis spectra at 20 °C confirm the 

formation of ordered pyrene arrays by all oligomers. In order to have an 

elongation phase of supramolecular polymerization around 80 °C, the ionic 

strength of the solution medium was adjusted for each oligomer individually. 
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Figure 2-16. Top: Illustration of the self-assembly of Py7b1N resulting in 

the formation of 2D supramolecular polymers. Bottom: AFM images of the 

different Py7b1N oligomers. .Conditions: 2 µM total strand concentration, 10 

mM phosphate buffer, pH 7, 10 mM NaCl 

All temperature-dependent curves depicted in Figure 2-17 A are non-

sigmoidal reflecting a cooperative self-assembly process. At 20 °C, CD spectra 

for the self-assembled Py7b2NG-Py7b20 contain only weak signals below 300 

nm, and the region above 300 nm is almost CD silent (Figure 2-17 B). This is 

in sharp contrast to the polymers formed by Py7b1G and Py7b1T. AFM and 

TEM imaging experiments reveal 1D morphology for the supramolecular 

polymers of Py7b2NG-Py7b20. Significant differences in the length of these 

linear supramolecular polymers were found. Self-assembly of Py7b2NG-Py7b5 

results in micrometer-long ribbons (Figure 2-18). As determined by AFM 
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(Figure 2-19), the thickness of the deposited assemblies changes gradually 

from ~1.5 nm for Py7b2G to ~ 2.2 nm for Py7b5. Oligomer Py7b10, however, 

forms ribbons with a length of a few hundred nanometers only and a slightly 

larger apparent thickness (~2.5 nm). Consistently, the self-assembly of Py7b14 

and Py7b20 leads to the shortest (tens of nanometers), yet thickest ribbons 

(~3.0 and 3.5 nm, respectively). The increase in thickness throughout the series 

is in good agreement with the growing length of the DNA segment. The 

decrease in length of the 1D assemblies, despite the enhanced ionic strength, 

is rationalized by the repulsion between negatively charged phosphates, which 

increases with the length of the DNA chains. 

 

Figure 2-17. A: Temperature-dependent change of absorbance of the 

oligomers measured at 305 nm using a cooling rate of 0.1 °C/min. B: CD spectra 

of Py7b2NG-Py7b20 at 20 °C. Conditions: 2 µM total strand concentration, 10 

mM phosphate buffer, pH 7, sodium chloride: 100 mM for Py7b2AG, 100 mM 

for Py7b3, 150 mM for Py7b4, 200 mM for Py7b5, 250 mM for Py7b10, 250 mM 

for Py7b14, and 350 mM for Py7b20. 
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Figure 2-18. AFM images for the supramolecular fibers of Py7b2NG-Py7b20 

deposited on amino-modified mica surface.  
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Figure 2-19. AFM images (left), corresponding height and length analysis 

(middle) and TEM images (right) for the supramolecular polymers. 
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2.2.2 DNA-pyrene conjugates based on 2,7-modified pentynyl pyrene 

In this section, we extend a toolbox of self-assembling motifs leading to 

DNA-grafted supramolecular assemblies and successfully demonstrate some of 

their properties. Herein, we introduce a 2,7-dipentynyl substituted pyrene 

isomer as a convenient unit to form and study chiral DNA-grafted 

supramolecular polymers. The design of an oligomer 27Py7b10 is depicted in 

Scheme 2-5. The strand 27Py7b10 consists of seven 2,7-substituted pyrenes 

conjugated through a phosphodiester bond with a 10nt DNA strand; 27Py7b10 

was synthesized using solid-phase synthesis followed by the RP-HPLC 

purification. 

Scheme 2-5. Chemical structure of the 2,7-disubstituted pyrene unit and 

sequence of pyrene-DNA conjugate 27Py7b10; illustration of oligomer 27Py7b10 

and its assembly into a DNA-grafted supramolecular polymer 

 

The self-assembly of 27Py7b10 was followed by different spectroscopic 

methods. UV/vis absorption spectra of 27Py7b10 in ethanol correspond to the 

disassembled, single-chain state (blue line, Figure 2-20 A).157 In aqueous 

solution, on the contrary, supramolecular polymerization takes place upon 
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cooling from 95 °C to 15 °C (0.1 °C/min) and leads to the appearance of a blue-

shifted (λmax = 252 nm) and a red-shifted band (λmax = 352 nm; see Figure 

2-20 A, black line). The temperature-dependent UV/vis curve (Figure 2-20 C) 

shows a cooperative self-assembly process of 27Py7b10 below 90 °C. The 

fluorescence spectrum of 27Py7b10 at 20 °C displays two maxima at 416 and 

443 nm, that are attributed to pyrene monomer emission, and a broad red-

shifted band with λmax at 485 nm, which is characteristic for pyrene excimer 

(Figure 2-20 D). The CD spectrum at 20 °C shows a bisignate signal with 

negative and positive peaks at 259 and 246 nm, respectively (Figure 2-20 B). 

The value of zero crossing of the CD signal corresponds to the absorption 

maximum in the UV-vis spectrum at 252 nm.  

The exciton coupled CD spectrum indicates that pyrenes adopt a stable 

helical conformation with a preferred supramolecular chirality that originates 

from interactions with the oligonucleotide chains grafted to the polymer.158 The 

intensity of the bisignate signal strongly depends on the temperature and 

grows by cooling from 25 to 15 °C (Figure 2-20 B). Such behavior is expected 

for chiral supramolecular systems since the conformational flexibility of the 

assemblies is reduced by lowering the temperature. Importantly, UV/vis 

spectrum remains essentially unchanged between 25 and 15 °C. 
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Figure 2-20. A: Absorption spectra of 27Py7b10 in water (black) and ethanol 

(blue). B: CD spectra of 27Py7b10 in water at 25, 20 and 15 °C. C: Normalized 

absorption difference of 27Py7b10 against temperature at 252 nm. The inset 

shows temperature-dependent changes of UV/Vis spectra for 27Py7b10 in water 

from 90 (red) to 15 °C (blue). D: Fluorescence emission spectrum of the 

supramolecular polymers 27Py7b10 in aqueous solution at 20 °C (λex= 352 nm). 

Conditions: oligomer concentration 2μM; aqueous buffer: 10 mM PBS, 150 mM 

NaCl, pH=7. 

Figure 2-21 D displays a TEM image of the supramolecular polymers. 

27Py7b10 forms 1D ribbons with a width of 10-15 nm. These results were 

confirmed by AFM on APTES-modified mica surface (Figure 2-21 A-C). Both 

microscopic techniques revealed that three types of aggregates are formed 

during a slow annealing process: 1) ribbons with a length of several 
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micrometers; 2) ribbons of a few hundred nanometers length; and 3) unresolved 

aggregates with dimensions below 20 nm. Similar types of pathway complexity 

have been described for supramolecular polymerization processes.159 The 

thickness of aggregates of types 1 and 2 is 2.6±0.1 nm according to AFM 

analysis.  

 

Figure 2-21. AFM images of 27Py7b10 supramolecular polymers on APTES-

modified mica surface from aqueous solutions deposited at 20 °C (A) and 4°C 

(C). B: zoomed region from image A and cross-section analysis. D: TEM images 

of DNA-grafted supramolecular polymers of 27Py7b10. Conditions: oligomer 

concentration 2μM; aqueous buffer: 10 mM PBS, 150 mM NaCl, pH=7. 
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2.3 CONCLUSIONS 

In summary, we have shown that the self-assembly of chimeric DNA-pyrene 

oligomers in water into either 1D or 2D supramolecular polymers is governed 

by the length of the DNA. While the presence of a single terminal nucleotide 

yields supramolecular nanosheets, longer DNA chains direct the assembly 

towards the formation of 1D ribbon-like polymers. Oligodeoxynucleotide 

strands are arranged along the edges of a ribbon-shaped helical aggregate of 

self-assembled pyrene segments. The length of the polymers can reach up to 

several hundred nm and depends on the composition of the monomeric unit, 

ionic strength of the medium and overall concentration of the monomers. 

Hydrophobic and stacking interactions between intramolecularly folded 

pyrene chains are the major driving force for the polymerization, which occurs 

through a nucleation–elongation process. Furthermore, we have demonstrated 

the design and synthesis of functional DNA-grafted supramolecular polymers 

from monodisperse di-block oligophosphodiesters containing 2,7-linked 

pyrenes. The DNA strands induce supramolecular chirality to the pyrene 

arrays, which is manifested by strong exciton coupled CD signals. The findings 

provide insight into the process of supramolecular polymerization of 

amphiphilic oligomers in water leading to polymers with different morphology 

and chiroptical activity. The type of DNA-grafted polymer described here may 

serve as a model for the development of structurally and functionally diverse 

supramolecular platforms with applications in materials science and 

diagnostics. The results demonstrate the value of DNA-grafted supramolecular 

polymers as versatile, functional platforms by using the dynamic and 

responsive properties of non-covalent polymers. 

2.4 EXPERIMENTAL SECTION 

Materials and General Methods. 

All chemical reagents and solvents required for the synthesis were 

purchased from commercial suppliers (Aldrich, Glen Research, 
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Proligo®Reagents or TCI) and used without further purification. All dilutions 

were carried out using MilliQ water. For AFM studies, mica plates were 

purchased from Plano GmbH. For TEM measurements, Carbon Films on 200 

Mesh Copper Grids from Agar Scientific were used. 5-(6-(5-(Bis(4- 

methoxyphenyl)(phenyl)methoxy)pent-1-ynyl)pyren-1-yl)pent-4-ynyl-2-

cyanoethyl diisopropylphosphoramidite and 5-(7-(5-(Bis(4-

methoxyphenyl)(phenyl)methoxy)pent-1-yn-1-yl)pyren-2-yl)pent-4-yn-1-yl (2-

cyanoethyl) diisopropylphosphoramidite required for solid-phase synthesis 

were prepared as previously reported.157,160  

Synthesis of Oligomers. 

All oligomers were synthesized in a 1 μM scale using the standard 

cyanoethyl phosphoramidite DNA solid phase synthesis protocol on an ABI 394 

(Applied Biosystems Instruments) automated synthesizer. dG-CPG 500, dC-

CPG 500, dA-CPG 500 and dT-CPG 500 were used as solid supports. Cleavage 

of the sequences from the support was achieved by treatment with 0.8 ml of 

25% NH3 at 55 °C in a closed vial with vigorous shaking for 16 hours. The solid 

support was removed by centrifugation and separation from the supernatant. 

After the evaporation of the solvent, the samples were dissolved in distilled 

water (MilliQ) and purified by HPLC. The purity of the sequences was 

confirmed by mass spectroscopy. 

HPLC Purification 

HPLC purification was carried out on a Shimadzu HPLC system using 

Lichrospher 100 RP-18 250 x 4 mm column or Reprosil 100 C8 250 x 4 mm 

column. The mobile phase is composed of: 

A) 0.1 M triethylammonium acetate (TEAA) buffer (pH 7.0) and HPLC 

grade acetonitrile in 80/20 v/v. 

B) HPLC grade Acetonitrile 

Gradient: 0−40% B over 22 min, then 40−100% B over 5 min. 

All unmodified DNA strands were purified on the C18 column using 0.1 

TEAA pH 7.0 and acetonitrile. 
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Detection was carried out using a Shimadzu SPD-10A UV/Vis Detector, 

monitoring absorbance at 260 or 360 nm. 

Flow rate: 1 ml/min 

Temperature: 55 °C 

Spectroscopic Measurements. 

Absorption spectra were recorded on a Varian Cary-300 Bio-UV/VIS. 

Fluorescence data were collected on a Varian Cary Eclipse fluorescence 

spectrofluorimeter at an excitation wavelength of 365 nm (for the strands with 

1,6-substituted pyrene) and 352 (for the strand with 2,7-substituted pyrene). 

For the CD measurements, a JASCO J-715 spectropolarimeter was used. All 

measurements were performed in quartz cuvettes with an optical path of 1 cm. 

Transmission Electron Microscopy (TEM) Measurements. 

Experiments were performed on an FEI Model Morgagni 268 device, using 

an operating voltage of 80 kV. For sample preparation, 5 μl of the solution was 

dropped on a copper grid coated with carbon. After 5 minutes, the grid was 

tapped with filter paper to remove surface water. Then a drop of aqueous 

uranyl acetate solution (0.8%) was added onto the copper grid. After 1 min, the 

water was removed by tapping the grid with filter paper. 

Atomic Force Microscopy (AFM) Measurements 

AFM imaging was acquired with a Nanosurf FlexAFM using Tap190Al-G 

cantilevers from BudgetSensors (resonance frequency ≈ 190 kHz, force 

constant = 48 N/m). Sample preparation involved deposing of 20 μl of the 

aggregates’ solution in buffer (10 mM PBS PH 7.0) onto an APTES-modified 

mica plate. After 5 min incubation, the samples were rinsed with 5 ml of 

distilled water. All images were recorded using a soft tapping mode. 

Preparation of the Aggregates.  

Unless otherwise noted, the following conditions for the aggregates 

preparation were used: 10 mM phosphate buffer solution (PBS), 100 or 250 mM 

NaCl, overall concentration of the sequences = 2 μM The mixtures were heated 
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to 90 °C in a conventional heating block thermostat and after 2 minutes of 

equilibration were cooled to 20 °C at a controlled rate of 0.1 °C/min. 

Thermodynamic analysis 

The temperature-dependent degree of aggregation (αagg(T)) could be 

estimated based on the following equation:  

𝑎𝑔𝑔(𝑇) =
𝐴𝑏𝑠(𝑇) − 𝐴𝑏𝑠𝑀

𝐴𝑏𝑠𝑃 − Abs𝑀
 (1) 

In this equation Abs(T) is the absorbance at a given temperature, AbsM is 

the absorbance of the molecularly dissolved strands, AbsP corresponds to the 

absorption of the polymerized sequences. The absorbance was measured at 305 

nm, the maximum of J-band. 

For the elongation aggregated species could be estimated by: 

𝑎𝑔𝑔(𝑇) = 𝑠𝑎𝑡(1 − 𝑒𝑥𝑝 [
− 𝛥𝐻𝑒(𝑇 − 𝑇𝑒)

𝑅𝑇𝑒
2

]) (2) 

In this equation sat =1, He is the enthalpy of aggregation at Te, and R is 

the ideal gas constant. 

 

Figure 2-22. The fitting of the experimental data for the cooling curve of 2 

μM Py7a10/Py7b10 in an aqueous medium. Conditions: 2 µM total strand 

concentration, 10 mM phosphate buffer, 100 mM sodium chloride; temperature 

gradient: 0.1 °C/min. 
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Figure 2-23. The fitting of the experimental data for the cooling curve of 2 

μM Py7a10 in an aqueous medium. Conditions: 2 µM total strand 

concentration, 10 mM phosphate buffer, 100 mM sodium chloride; temperature 

gradient: 0.1 °C/min. 

 

In the nucleation regime the fraction of aggregated species can be defined 

by the following equation: 

𝑎𝑔𝑔(𝑇) = √𝐾𝑎
3 𝑒𝑥𝑝 [(

2

3√𝐾𝑎
3

− 1)
𝛥𝐻𝑒(𝑇 − 𝑇𝑒)

𝑅𝑇𝑒
2

] (3) 

Here Ka is the dimensionless equilibrium constant of the activation step at 

the elongation temperature. The average number of molecules in an aggregate 

at the elongation temperature, <N(Te)> gives an estimate of the size of the 

aggregation nucleus: 

〈𝑁𝑛(𝑇𝑒)〉 =
1

√𝐾𝑎
3

 (4) 

Applying equation (2) to the supramolecular polymers of Py7a10/Py7b10, 

the following values were found: Te=323.5 K, Δhe= -95000 J/mol, Ka= 6.3  10-
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3, <N(Te)> = 6. Accordingly, for the system of 2 μM Py7a10: Te=324.5 K, Δhe= 

-72000 J/mol, Ka= 2.7  10-3, <N(Te)> = 7. 

Spectroscopic measurements  

 

Figure 2-24. Heating (red) and cooling (black) curves recorded for a solution 

of a 1:1-mixture of a10/b10; the direction of arrows indicates a change of 

temperature. The inset shows the first derivatives of the cooling curve. 

Conditions: 2 µM total strand concentration, 10 mM phosphate buffer, 100 mM 

sodium chloride; temperature gradient: 0.1 °C/min.  

 

Figure 2-25. Heating and cooling curves recorded for the solutions of 

Py7a10, Py7b10 and Py7a10/Py7b10. Conditions: 2 µM total strand 

concentration, 10 mM phosphate buffer, 250 mM sodium chloride; temperature 

gradient: 0.1 °C/min.  
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CHAPTER 3. PATHWAY DIVERSITY IN THE SELF-ASSEMBLY OF 

DNA-GRAFTED SUPRAMOLECULAR POLYMERS 

ABSTRACT 

The pathway diversity of the self-assembly of amphiphilic DNA-pyrene 

conjugates is described. The hydrophobic pyrene units drive the self-assembly 

of the anionic oligomers in an aqueous environment into ribbon-shaped, DNA-

grafted supramolecular polymers. Isothermal mixing of two types of sorted 

ribbons, each of which contains only one kind of two complementary 

oligonucleotides, results in the formation of tight networks. Thermal 

disassembly of these kinetically trapped networks and subsequent re-assembly 

of the liberated components leads to mixed supramolecular polymers, which 

now contain both types of oligonucleotides. The scrambling of the 

oligonucleotides prevents the interaction between ribbons and, thus, network 

formation. The results show that a high local density of DNA strands in linear 

arrays favors hybridization among sorted polymers, whereas hybridization 

among mixed arrays is prevented. The lack of DNA hybridization among mixed 

ribbons is ascribed to the electrostatic repulsion between identical, hence non-

complementary, oligonucleotides. The findings highlight the importance of 

kinetically trapped states on the structural and functional properties of 

supramolecular polymers containing orthogonal self-assembly motifs. 

 

 

 

 

 

Part of this work has been published: 

Y. Vyborna, M. Vybornyi and R. Häner, Bioconjugate Chem., 2016, 27, 2755-

2761. 

  



CHAPTER 3 

60 

 

3.1 INTRODUCTION 

Supramolecular polymers provide direct access to a vast diversity of 

functional materials due to their dynamic nature, their responsiveness to 

external stimuli as well as the tunability and reversibility of the non-covalent 

interactions governing their assembly.106,161 A thorough understanding of the 

self-assembly pathways is essential for extending the functionalities of these 

materials.10,162–165 Directing the non-covalent interactions allows controlling 

the properties of the resulting supramolecular constructs.166–170 Also, the 

proper choice of assembly protocols helps in tuning the properties of 

biomaterials171 or improves the performance of organic semiconductors.172 

Thus, the chemical composition alone is often insufficient to achieve the best 

performance of complex supramolecular assemblies, among which DNA-based 

materials take a prominent role.108 DNA-assembled objects are of interest in 

the design and development of drug carriers, nanomachines, and other types 

of sophisticated nanomaterials.97,119,173–176 The wide range of potential 

applications has led to considerable interest in the properties of 

oligonucleotides conjugated to polymers or lipophilic chains.99,111,121,177–182 DNA 

conjugates often combine multiple self-assembly motifs enabling selective and 

orthogonal non-covalent interactions.100,135,183–187 To date, little is known about 

materials from DNA conjugates, in which the interactions between the non-

DNA parts are central to the hierarchical organization. Therefore, the study of 

the mechanistic details of self-assembly in such systems is critical. The 

characterization of individual processes leading to morphologically different 

products, as well as the identification of escape pathways from kinetically 

trapped states into the thermodynamically favored structure, are of particular 

interest. In the previous chapter, we have reported on the synthesis of one-

dimensional DNA-grafted supramolecular polymers using short, chimeric 

DNA-pyrene oligomers.188 Here, we describe different competitive aggregation 

pathways of these oligomers and highlight the importance of kinetically 

trapped states for the controlled self-assembly of DNA hybrid materials.  
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3.2 RESULTS AND DISCUSSIONS 

The system used in this study consists of two chimeric oligomers, Py7a10 

and Py7b10 (Scheme 2-2). As established before,188 these oligomers self-

assemble in an aqueous medium into one-dimensional (1D) ribbon-like 

supramolecular polymers via stacking interactions between pyrene units 

(Scheme 3-1). The ribbons consist of a pyrene core with DNA single strands 

tethered along the edges.  

Scheme 3-1. Schematic illustration of the self-assembly pathways of 

pyrene-DNA hybrids into one-dimensional DNA-grafted supramolecular 

polymers and networks. 

 

The supramolecular polymers are prepared by cooling a solution of 

oligomers Py7a10 and/or Py7b10 from 95 °C to 20 °C using a temperature 
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gradient of 0.1 °C/min. At 95 °C, the oligomers are dissolved. The slow cooling 

gradient ensures that the self-assembly process takes place at or near the 

thermodynamic equilibrium. Nucleation starts around 80 °C and is followed by 

a cooperative elongation process. The objects obtained via co-annealing of 

Py7a10 and Py7b10 to give Py7a10/Py7b10 are morphologically 

indistinguishable from the ones obtained in the single-component systems 

Py7a10 or Py7b10 (Figure 3-1).  

 

Figure 3-1. AFM images (bottom) and illustrative schemes (top) of the self-

assemblies Py7a10/Py7b10, Py7a10 and Py7b10. Conditions: 200 mM NaCl, 10 

mM phosphate buffer system pH = 7, concentration of each oligomer = 2 μM. 

Isothermal mixing of equal quantities of the separately prepared, sorted 

Py7a10 and Py7b10 results in the formation of Py7a10*Py7b10 networks 

through base pairing as illustrated in Scheme 3-1. Py7a10/Py7b10, on the 

other hand, does not form this type of networks although these polymers are 

quantitatively composed of the same components. Figure 3-2 shows typical 

atomic force microscopy (AFM) images of Py7a10/Py7b10 copolymers and 

Py7a10*Py7b10 networks.  
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Figure 3-2. Representative AFM images of discrete ribbons Py7a10/Py7b10 

(A) and interconnected polymer networks Py7a10*Py7b10 (B). Conditions: 200 

mM NaCl, 10 mM phosphate buffer system pH=7, concentration of each 

oligomer = 2 μM. 

 

Figure 3-3. Normalized temperature-dependent change of absorption 

measured at 305 nm for Py7a10/Py7b10 (A) and Py7a10*Py7b10 (B). Heating 

(red) and cooling (black) were performed using a gradient of 0.1 °C/min. 

Conditions: 200 mM NaCl, 10 mM phosphate buffer system pH=7, 

concentration of each oligomer = 2 μM. 

Figure 3-3 shows the disassembly-reassembly cycles of Py7a10*Py7b10 

(kinetically trapped product) and Py7a10/Py7b10 (thermodynamically favored 

product) monitored by temperature dependent intensity changes at 305 nm.  
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This wavelength corresponds to the maximum of the absorption band for 

the aggregated pyrenes (J-band) and serves as a reliable indicator of the 

aggregation state of pyrenes.148 Upon slowly heating to 95 °C, both 

Py7a10*Py7b10 and Py7a10/Py7b10 disassemble into molecularly dissolved 

Py7a10 and Py7b10 chains as indicated by the complete disappearance of the 

J-band (Figure 3-4). However, the normalized heating curves (red lines in 

Figure 3-3 A and B) exhibit a similar shape only in the range from 65 °C to 

95 °C. Below 65 °C, the pyrene absorbance of Py7a10*Py7b10 reveals 

competing processes which occur in the course of the heating event (Figure 3-3 

B).  

 

Figure 3-4. UV-vis spectra for Py7a10*Py7b10 at 20 °C (black) and 90 °C 

(red). Conditions: 200 mM NaCl, 10 mM phosphate buffer system pH=7, 

concentration of each oligomer = 2 μM. 

The initial gradual decrease in absorption from 20 to 50 °C is probably due 

to the sedimentation of large network aggregates.75 Between 50 and 65 °C, a 

stepwise recovery of the signal takes place until the same value is reached as 

in the heating curve (Figure 3-3 A) of the mixed polymer Py7a10/Py7b10. 

Above 65 °C, the decrease of the absorbance reflects the disassembly of pyrenes 

solely, which is indicated by the identical shapes of the melting curves of both, 
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Py7a10*Py7b10 and Py7a10/Py7b10. Renewed slow cooling of the obtained 

molecularly dissolved chains from 95 °C to 20 °C leads in both cases to the 

formation of the mixed polymer Py7a10/Py7b10 in a cooperative process. 

The disassembly process of the networks was further studied by performing 

additional heating-cooling experiments and analyzing the morphology of the 

newly formed aggregates by AFM at 20 °C. The experiments consisted of 

heating Py7a10*Py7b10 from 20 °C to a certain temperature T and cooling it 

back to 20 °C. The observed morphology turned out to be highly dependent on 

T. For example, heating to T = 35 °C and further cooling to 20 °C results in the 

exclusive formation of large and tightly packed networks (Figure 3-5 A). 

Apparently, increasing the temperature to 35 °C seems to favor the 

interactions between individual ribbons. The sedimentation of the large 

aggregates would explain the decrease in absorption. Heating Py7a10*Py7b10 

to T = 55 °C, which is still in a region with a descending pyrene absorption, led 

to the formation of networks together with short polymers (Figure 3-5 B). This 

indicates the partial dissolution of the large networks at this temperature 

liberating individual Py7a10 and Py7b10 oligomers, which subsequently 

reassemble into mixed polymers Py7a10/Py7b10. Heating to 75 °C yielded 

morphologically similar structures as the experiment conducted to T = 55 °C 

(Figure 3-5 C). Finally, at T = 95 °C, the networks are entirely disassembled, 

which is demonstrated by the exclusive formation of Py7a10/Py7b10 after 

reassembly; no networks could be detected (Figure 3-5 D). These results imply 

that the networks are metastable and rearrange into thermodynamically 

favored 1D supramolecular polymers in a temperature-induced disassembly-

assembly process.  

Scheme 3-1 summarizes the processes occurring in the two-component 

system. The separate self-assembly of Py7a10 and Py7b10 leads to linear 

polymers. Mixing these two types of sorted supramolecular polymers at 20 °C 

results in the formation of metastable networks Py7a10*Py7b10, in which 

individual ribbons are interconnected by DNA hybridization. These aggregates 
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are converted by subsequent thermal denaturation and reassembly into the 

thermodynamically favored Py7a10/Py7b10, which has mixed DNA strands 

and, thus, forms only one-dimensional supramolecular polymers but no 

networks.  

 

Figure 3-5. Melting curve and AFM images of materials obtained upon 

applying heating-cooling cycles (for more details see main text) to 

Py7a10*Py7b10. Conditions 200 mM NaCl, 10 mM phosphate buffer system 

pH=7, concentration of each oligomer = 2 μM. 

The absence of networks is rationalized by the electrostatic repulsion 

between non-complementary DNA strands.66,189 On the other hand, the 

hybridization of complementary DNAs between sorted ribbons, Py7a10 and 

Py7b10, leads to the networks observed for Py7a10*Py7b10. Multiple sites of 

interactions between individual ribbons render the aggregation process highly 

cooperative. The results show that individual oligomers Py7a10 and Py7b10 

remain kinetically trapped in Py7a10*Py7b1/ and only thermal activation 

allows their transformation into the energetically more favored product. 
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We tested the property of Py7a10*Py7b10 and Py7a10*Py7b10 to entrap 

hydrophobic molecules using Nile Red as a fluorescent reporter. Nile red is an 

uncharged hydrophobic molecule. Its fluorescence is strongly influenced by the 

polarity of the environment. It is almost nonfluorescent in water solution but 

the emission efficiency increases in a hydrophobic environment.  

 

Figure 3-6. Top: schematic representation of an encapsulation of the Nile 

Red into the networks. Bottom left: normalized fluorescence emission spectra 

of the Nile Red in buffer (black), in the presence of networks (red) and the 

presence of individual nanoribbons (gray). Bottom right: plot on the normalized 

fluorescence intensities at 660 nm. 

Also, its absorption maximum is at 553 nm and does not interfere 

absorption of the pyrene. To compare the efficiency of  encapsulation, 50 μl of 

3.14·10-5 M of Nile Red in CH2Cl2 was added to three vials, and CH2Cl2 was 

evaporated. To the first and second vial, the Py7a10*Py7b10 networks and 

Py7a10 solutions respectively were then added, followed by 10 mM pH 7 

phosphate buffer. To the third vial, only phosphate buffer was added. The vials 

were stirred at room temperature overnight. Fluorescence emission was 

recorded at the excitation wavelength of 550 nm. The emission spectra show 
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that both linear supramolecular polymers and networks accommodate the dye 

in their hydrophobic environments (Figure 3-6). 

3.3 CONCLUSIONS 

The pathway complexity of the self-assembly in systems containing pyrene-

DNA conjugates Py7a10 and Py7b10 has been elucidated. Supramolecular 

polymerization of a mixture of equal amounts of Py7a10 and Py7b10 leads to 

the formation of Py7a10/Py7b10. These mixed polymers contain both types of 

complementary DNA strands arranged along their edges and network 

formation is completely prevented. Alternatively, combining the separately 

preassembled, sorted polymers formed from Py7a10 and Py7b10 leads to the 

formation of metastable networks via crosslinking of individual ribbons by 

DNA hybridization. The networks are stable at room temperature due to a slow 

rate of oligomer exchange between the polymers. However, temperature 

induced disassembly of the networks and subsequent reannealing of the 

released oligomers Py7a10 and Py7b10 results in the formation of the 

thermodynamically preferred mixed polymer Py7a10/Py7b10, which does not 

form networks. The lack of DNA hybridization among ribbons of 

Py7a10/Py7b10 is ascribed to the electrostatic repulsion between identical, 

hence non-complementary, oligonucleotides that are present in a high density 

at the edges of the polymeric ribbons. The findings illustrate the importance of 

kinetically trapped states on the structural and functional properties of 

supramolecular polymers. 

3.4 EXPERIMENTAL SECTION 

Unless otherwise noted, all chemicals and general methods were used as 

described in section 2.4. 

Preparation of the Samples 

For a typical experiment, supramolecular polymers Py7a10, Py7b10 and 

Py7a10/Py7b10 were prepared according to the following procedure: 10 mM 
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phosphate buffer solution (PBS), 200 mM NaCl and 2 μM sequences were 

mixed. The mixtures were heated to 95 °C in a conventional heating block 

thermostat and after 2 minutes of equilibration were cooled to 20 °C at a 

controlled rate of 0.1 °C/min. To prepare assemblies Py7a10*Py7b10, pre-

annealed assemblies Py7a10 were mixed with Py7b10 and incubated at room 

temperature for 2 hours. 
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CHAPTER 4. FROM RIBBONS TO NETWORKS: HIERARCHICAL 

ORGANIZATION OF DNA-GRAFTED SUPRAMOLECULAR 

POLYMERS 

ABSTRACT 

DNA-grafted supramolecular polymers (SPs) allow the programmed 

organization of DNA in a highly regular, one-dimensional array. 

Oligonucleotides are arranged along the edges of pyrene-based helical 

polymers. The addition of complementary oligonucleotides triggers the 

assembly of individual nanoribbons resulting in the formation of extended 

supramolecular networks. Network formation is enabled by cooperative coaxial 

stacking interactions of terminal GC base pairs. The process is accompanied 

by structural changes in the pyrene polymer core that can be followed 

spectroscopically. Network formation is reversible and disassembly into 

individual ribbons is realized either via thermal denaturation or by the 

addition of a DNA separator strand. 

 

 

 

 

 

 

 

 

 

 

Part of this work has been published: 

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

14054.  
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4.1 INTRODUCTION 

The creation of functional nanoscale structures represents a major goal of 

today’s nanotechnology. DNA-based materials are of primary interest for the 

construction of functional platforms.108,190–192 A proper choice of the nucleotide 

sequence provides control over aromatic stacking and hydrogen bonding 

interactions,42,44,193 thus enabling the assembly of systems with a high degree 

of complexity.183,194–196 Approaches towards the preparation of functional DNA 

materials include the designed DNA self-assembly,197–200 the grafting of 

oligonucleotides onto metal nanoparticles (NPs)201 and other surfaces,202–204 as 

well as polymers.84,130,205–209 The latter class, DNA-grafted polymers, were 

pioneered by Nguyen and Mirkin  and gained increasing attention over the last 

years.77,140,143,210–213 In previous chapters, we have introduced DNA-grafted 

supramolecular polymers (SPs). These self-assembled structures appear as 

one-dimensional (1D) ribbons, consisting of an oligopyrenotide core145 with 

arrays of single-stranded oligonucleotides appended onto its edges. The non-

covalent nature of SPs brings the additional feature of reversibility of the 

polymerization process.107,214–217 Furthermore, it enables the formation of 

polymers with a high DNA grafting density.218 Herein we describe the 

hierarchical organization of DNA-grafted SPs. It is shown that individual 

ribbons assemble into extended networks through a highly cooperative mesh 

of DNA blunt-end stacking interactions. 

4.2 RESULTS AND DISCUSSIONS 

Chimeric oligomers Py7a10, Py7b10 and Py7c10 (Scheme 4-1) are all 

composed of a heptapyrenotide part and an appended oligonucleotide. They 

were prepared via solid-phase synthesis, purified by RP-HPLC and 

characterized by MS (Appendix). The two complementary oligonucleotides a10 

(connector strand) and b10 (separator strand) have the same nucleobase 

sequence as the respective corresponding chimeric oligomers Py7a10 and 

Py7b10; d10 is complementary to the oligonucleotide part of Py7c10. 
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Scheme 4-1: A: Sequences of chimeric oligomers and oligonucleotides; B: 

chemical structure of phosphodiester-linked pyrene part; C: graphic 

representation of chimeric oligomers. 

 

As previously described, DNA-grafted SPs are typically performed by slow 

annealing. Thus, a 2 μM solution of DNA-pyrene oligomers in aqueous buffer 

(10 mM sodium phosphate, pH=7.0 and 250 mM sodium chloride) is cooled from 

95 °C to 20 °C using a gradient of 0.1 °C/min. Stacking interactions between 

pyrenes drive the self-assembly of polymeric ribbons. The polymerization 

process leads to the development of two distinct absorption bands in the UV/vis 

spectrum at 335 (H-band; S0→S1 transition) and 305 nm (J-band; S0→S2 

transition; see Figure 4-1 A).149,160 

The assembly/disassembly process is most conveniently followed by 

changes of the 305 nm band (Figure 4-1 B-D and Figure 4-2 A, B). Figure 4-1 

B shows the assembly of ribbons from Py7b10 upon cooling. The polymerization 

occurs via a single transition that starts at ∼85 ̊C. The process is reversible, 

albeit some hysteresis is observed. Surprisingly, if the same procedure is 

performed in the presence of the complementary oligonucleotide a10, a second 

transition appears below 30 °C (Figure 4-1 C). The change in the intensity of 

the J-band reflects a conformational reorganization of the supramolecular 

pyrene backbone. The sharpness of this transition, characterized by the full-

width at half-maximum (fwhm)219 of 1.5 °C (melting) and 2.5 °C (annealing), 

suggests a high degree of cooperativity. Also, this process is reversible and 
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shows hysteresis. In contrast, annealing/melting curves for a system 

containing Py7b10 and the non-complementary oligonucleotide b10 exhibit 

only a single transition below 85 °C, which coincides with the formation of 

Py7b10 nanoribbons (Figure 4-1 D). 

 

 

Figure 4-1. A) UV/vis of Py7b10 at 20 °C (black) and 95 °C (red). 

Temperature-dependent change of absorbance at 305 nm of Py7b10 (B), 

Py7b10*a10 (C) and Py7b10+b10 (D). Arrows indicate cooling and heating. 

Cooling (black) and heating (red) were performed using a 0.1°C/min ramp. 

Conditions: 2 μM Py7b10 and 6 µM of a10 (C) or b10 (D); 10 mM phosphate 

buffer, pH=7.0, 250 mM sodium chloride. The insets in (B)-(D) show the first 

derivatives of the corresponding curves. 
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Figure 4-2. Annealing absorption curves at 260 nm of Py7b10 (A), 

Py7b10*a10 (B). Conditions: 2 μM Py7b10 and 6 µM of a10; 10 mM phosphate 

buffer, pH=7.0, 250 mM sodium chloride. 

Circular dichroism (CD) spectroscopy provides further insight into the 

nature of the transition observed around 30 °C. The CD spectrum for the 

Py7b10*a10 system resembles the one of the B-DNA below 300 nm, it exhibits 

a strong exciton-coupled signal (Figure 4-3 A, red curve) in the 300-320 nm 

region at 20°C. The bisignate signal (+307/-303 nm) corresponds to the J-band 

of assembled pyrenes.220 After heating to 35 °C the signal disappears (Figure 

4-4), which clearly shows that it is linked to the transition taking place in this 

temperature range. This suggests that the stacking arrangement of the 

pyrenes, and hence, their electronic interaction is altered during the observed 

process. In contrast, the samples prepared either from Py7b10 alone or 

Py7b10+b10 are CD silent in the same region (Figure 4-4 A, black and gray 

curves). Thus, the low-temperature transition only occurs when a10 (connector 

strand) is hybridized to the DNA part of Py7b10. 
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Figure 4-3. CD spectra at 20 °C; A) Py7b10 (black), Py7b10+b10 (gray), 

Py7b10*a10 (red) prepared by slow annealing; Conditions: 2 μM Py7b10 and 6 

µM of a10 © or b10 (D); 10 mM phosphate buffer, pH=7.0, 250 mM sodium 

chloride; B) Py7b10*a10 before (red) and after (black) addition of b10 

(conditions: as before, except b10 was used at 12 µM conc.). 

 

Figure 4-4. Temperature-dependent CD spectra of Py7b10*a10 (2 µM + 6 

µM) system: 20 °C (black), 25 °C (grey), 30 °C (grey), 35°C (red). Conditions: 2 

μM Py7b10 and 6 µM of a10; 10 mM phosphate buffer, pH=7.0, 250 mM sodium 

chloride. 
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Atomic force microscopy (AFM) was used to correlate the spectroscopic data 

with the morphological appearance of aggregates. Supramolecular polymers 

were deposited and visualized on an amino-modified mica surface. As shown 

previously, self-assembly of Py7b10 leads to the formation of ribbons that 

exhibit a length of several hundred nanometers and are randomly distributed 

on the surface (Figure 4-5 A). The Py7b10+b10 mixture leads to identical 

results (Figure 4-5 B). In the complementary Py7b10*a10 system, however, 

polymers exist as high-density networks (Figure 4-5 C), reminiscent of 

haystacks in a field, rather than as individual ribbons. The formation of 

networks is confirmed by transmission electron microscopy (TEM; Figure 4-6). 

The two transitions appearing in the annealing curves of Py7b10 in the 

presence of a complementary oligonucleotide a10 reflect the hierarchical 

structural organization of chimeric oligomers. Based on the combined 

spectroscopic and morphologic data, we propose a model for the network 

formation as illustrated in Scheme 4-2. 

The first transition is due to the formation of nanoribbons via 

supramolecular polymerization of Py7b10. The second cooperative transition 

occurs only in the presence of the complementary oligonucleotide a10. DNA 

hybridization between a10 and the single-stranded oligonucleotides grafted 

onto the pyrene nanoribbons results in the formation of duplexes. These 

duplexes are arranged along the edges of the ribbons (Scheme 4-2) and contain 

GC base pairs at their termini. Cooperative interactions between individual 

ribbons through coaxial stacking of these blunt-ended GC base pairs lead to 

network formation. We assume that each ribbon, through short patches of a 

few GC base pairs, is connected to neighboring ribbons; long-range collinear 

stacking of ribbons is unlikely. 
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Figure 4-5. AFM images and illustration of supramolecular assemblies 

formed from Py7b10 (A), Py7b10 +b10 (B) and Py7b10*a10 (C). Conditions: 2 

μM Py7b10 and 6 µM of a10 or b10; 10 mM phosphate buffer, pH=7.0, 250 mM 

sodium chloride. 
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Figure 4-6. TEM images of networks Py7b10*a10 (left) and individual 

ribbons Py7b10 (right). Conditions: 2 μM Py7b10 and 6 µM of a10 or b10; 10 

mM phosphate buffer, pH=7.0, 250 mM sodium chloride. 

Scheme 4-2. Illustration of hierarchical self-assembly process. Nanoribbons 

are formed through the assembly of chimeric oligomers (Py7b10) in a first step. 

Subsequent hybridization of oligonucleotide a10 to the DNA part of the 

nanoribbons leads to the formation of duplexes containing GC base pairs at 

their ends. Networks are then formed via cooperative blunt-end stacking 

interactions. 

 



CHAPTER 4 

80 

 

4.2.1 Effect of AT base pairs on the self-assembly via blunt-ended 

interactions 

The importance of blunt-end stacking interactions for the controlled 

assembly of DNA nanostructures and devices is well documented.42,200,221–224 

Coaxial stacking225 of GC base pairs is significantly stronger than of AT base 

pairs.226 This is also observed in the present case. In oligomer d10, the two 3`-

terminal bases are switched in comparison to a10 (Scheme 4-1). The annealing 

curve of oligomer Py7c10 in the presence of d10 shows only a single transition 

occurring at 80±5 ̊C (Figure 4-7) and no CD signal at the region of the pyrene 

absorption (Figure 4-8). 

 

Figure 4-7. Annealing absorption curves at 305 nm with corresponding first 

derivatives for Py7c10 (A), Py7c10*d10 (B); CD spectra (C) of the assemblies of 

Py7c10 (black), Py7c10*d10 (red). Conditions: 2 μM Py7c10 and 6 µM of d10; 

10 mM phosphate buffer, pH=7.0, 250 mM sodium chloride. 
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Figure 4-8. CD spectra of the assemblies of Py7c10 (black), Py7c10*d10 

(red). Conditions: 2 μM Py7c10 and 6 µM of d10; 10 mM phosphate buffer, 

pH=7.0, 250 mM sodium chloride. 

 

Figure 4-9. AFM images of supramolecular assemblies formed from Py7c10 

(A), Py7c10 *d10 (B). Conditions: 2 μM Py7c10 and 6 µM of d10; 10 mM 

phosphate buffer, pH=7.0, 250 mM sodium chloride. 

Thus, the blunt-ended AT base pairs, which are formed by hybridization of 

d10 with Py7c10, do not support network formation due to decreased stability 

of their blunt-end stacking interactions. 



CHAPTER 4 

82 

 

4.2.2 Effect of nucleobase mismatches on the formation of the networks 

The influence of base composition on network formation was further elicited 

by a series of control oligonucleotides differing in length and nucleotide 

sequence (Scheme 4-3).  

Scheme 4-3. A) DNA sequences of the strands in Set 1 and Set 2. 

Hierarchical assembly: all transitions occurring higher 20°C are assigned as 

“yes” with a corresponding value (a maximum of the first derivative). The 

modifications of the a10 strand are highlighted in red. B) Illustrations of the 

double strands on a polymerized Py7b10 platform leading to the networks. 

Blunt ends are present in all cases. 
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The data show that mismatches, overhanging nucleobases or shorter 

duplexes have the expected negative impact on the formation and the stability 

of networks. To get a better understanding of the network formation depending 

on mismatches, we designed two sets of connector sequences (Scheme 4-3). Set 

1 contains 11 strands and aims to evaluate the importance of a connector 

oligonucleotide length. Set 2 consists of five probes, which contain mismatches 

at different positions. In Set 1, co-annealing of Py7b10 and a10 leads to the 

highest stability of the networks (Figure 4-10 A) and the most intense CD 

signal (Figure 4-10 B). 

 

Figure 4-10. A: Annealing (0.1 °C/min) absorption curves with 

corresponding first derivatives (20-35°C region) for Py7b10*a10 (red), 

Py7b10*11a (solid black), Py7b10*9a (gray), and other Py7b10/Set 1 strands. 

B: CD spectra of the samples prepared in (A) at 20°C. C) Cooling (0.1°C/min) 

absorption curves with corresponding first derivatives (20-35°C) for 

Py7b10*MM2 (red) and other Py7b10/Set 2 strands. D: CD spectra of the 

samples prepared in (C) at 20°C. Conditions: 2 μM Py7c10 and 6 µM of the 

strands from Set 1 and Set 2; 10 mM phosphate buffer, pH=7.0, 250 mM 

sodium chloride. 
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In Set 2, a single mismatch was introduced at different positions. A 

transition was detected only for MM2. The decreased stability is also reflected 

by a weak CD signal (Figure 4-10 C, D).  

Among shorter connector strands, the second transition is observed only for 

9a. This strand lacks a single base at the 3´-end. For the longer overhanging 

strands, the transition was found only for 11a. This sequence contains an 

additional base at the 3`-end.  

Thus, the 5`-position of connector strands plays a more important role in 

the network formation, and the influence of the bases at 3`-end, located closer 

to a polymer core,  is reduced. The energetic penalty on the hierarchical process 

applied by structural changes closer to the 5`-end of a sequence is larger with 

respect to the 3`-end.  

Again, the mismatch is positioned close to the 3`-end, which is the closest 

to a polymer chain. This result shows that a single mismatch results in a less 

efficient hybridization and hampers the network formation compared to the 

fully matched strand a10. Therefore, hybridization of all ten nucleobases of a10 

is essential for efficient blunt-end stacking and the formation of networks.  

4.2.3 Effect of Py7b10/a10 ratio on the hierarchical organization. 

The variation of a Py7b10/a10 ratio (concentration of Py7b10 is kept 

constant) allows monitoring the stability of the network formation. The 

temperature of the second transition is strongly dependent on a a10 

concentration. An addition of only 15 mol. % of a10 is sufficient to induce this 

transition higher 20°C (Figure 4-11, solid gray lines). Additionally, correlative 

CD data show that the intensity of the Cotton effect becomes stronger upon 

increasing the concentration of a10 (Figure 4-12). 
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Figure 4-11. A: Annealing curves, normalized at 305 nm of Py7b10*a10 

system with various content of a10. B: Enlarged area of (A). The arrow 

indicates an increase of a10 concentration from 10% (black), 15% (solid gray) 

to 1000% (red). Conditions: 2 μM Py7b10; 10 mM phosphate buffer, pH=7.0, 

250 mM sodium chloride. 

 

 

Figure 4-12. CD spectra of Py7b10*a10 20°C. The arrow indicates an 

increase of a10 concentration from 10% (black), 15% (solid gray) to 1000% (red). 

Conditions: 2 μM Py7b10; 10 mM phosphate buffer, pH=7.0, 250 mM sodium 

chloride. 
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4.2.4 Reversibility of networks upon addition of b10 (separator strand). 

The supramolecular nature of the interactions of nanoribbons allows 

reversing the network formation under the isothermal condition, as shown by 

competition experiments. Thus, the addition of the separator strand (b10, the 

2-fold excess over a10) to the Py7b10*a10 network at 20°C results in the 

disassembly of the aggregates (illustrated in Scheme 4-2). Formation of the 

duplex a10*b10 (Tm=47°C, Figure 4-13) leads to the removal of the connector 

strand 1b from the network. 

 

Figure 4-13. Annealing curve (0.1°C/min) for system containing 2 µM a10 + 

6 µM b10. The difference of intensity was normalized at 260 nm. Conditions: 

10 mM phosphate buffer, pH=7.0, 250 mM sodium chloride. 

A complete disappearance of the network is accomplished within 2 hours 

(Figure 4-14 C). AFM imaging shows only individual ribbons after addition of 

1a (Figure 4-15). The disassembly process is also confirmed by the 

disappearance of the CD signal at 305 nm (Figure 4-3). We assume that such 

a strong CD signal, which is characteristic for the networks, originates from 

the decreased flexibility of the pyrenes in the polymer core caused by the 

confined environment. Such conformation leads to slightly different 
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orientation of transition dipole moments in long pyrene stacks compared to 

relatively flexible individual ribbons.227 

 

Figure 4-14. Network disassembly experiments. A: Time-dependent 

absorption spectra at 20°C upon addition of b10 (separator strand, 12 µM) to 

networks prepared by annealing 2 µM Py7b10 + 6 µM a10. B: Enlarged area of 

(A). The arrow indicates changes with time. C: Time-dependent absorption at 

305 nm after the addition of b10 (12 µM) to networks Py7b10*a10. Conditions: 

10 mM phosphate buffer, pH=7.0, 250 mM sodium chloride. 

Furthermore, the hierarchical assembly is not limited to the Py7b10*a10 

pair. The spectroscopic response was also observed for the combination 

Py7a10*b10 (Figure 4-16), which also contains GC blunt ends. 
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Figure 4-15. AFM images (right) and illustrative schemes (left) describing 

disassembly of the networks upon addition of 1a (separator strand); red: 

assembled pyrenes forming the core of the ribbons; light gray: oligonucleotide 

chains appended on edges of the ribbons; green: complementary 

oligonucleotide. 

 

Figure 4-16. Annealing absorption curves at 305 nm with corresponding 

first derivatives for Py7a10*b10. Conditions: 2 μM Py7a10 and 6 µM of b10; 10 

mM phosphate buffer, pH=7.0, 250 mM sodium chloride. 
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4.2.5 Network formation from ribbons composed of 27Py7b10 

The DNA duplexes formed by annealing of a10 to 27Py7b10 were expected 

to enable blunt-end stacking interactions along the edges of the 

supramolecular polymers. In a typical experiment, a mixture of 27Py7b10 and 

a10 was slowly co-annealed from 95 °C to 15°C. In addition to the transition 

due to the supramolecular polymerization process, the temperature-dependent 

absorption at 252 nm shows a second transition below 20 °C (Figure 4-17). 

 

Figure 4-17. A: Normalized cooling curve for 27Py7b10*a10 (2μM/6μM) 

mixture monitored at 252 nm. The inset shows temperature-dependent UV/Vis 

absorption for 27Py7b10*a10. B: CD spectra of 27Py7b10*a10 in aqueous 

solution at different temperatures (15 °C, 20 °C, 25 °C). Arrow indicates 

increasing temperature. Conditions: 10 mM PBS, 150 mM NaCl, pH=7. 

This transition corresponds to the process of polymer aggregation via blunt-

end stacking interactions and induces conformational changes in pyrene 

arrays. Similarly to the previous systems, AFM images reveal micrometer-

sized networks formed by the mixture 27Py7b10*a10 (Figure 4-18). However, 

the CD spectrum of 27Py7b10*a10 differs and consists of two regions. In the 

range of 225-300 nm, a strong exciton coupled signal (+275/-250 nm) is 

overlapped with the bands of the DNA duplex (Figure 4-17 B). In the range of 

300-400 nm, which reflects the absorption spectrum of aggregated 2,7-

substituted pyrenes, the CD spectrum is dominated by several induced bands. 
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All spectroscopic fingerprints of the networks disappear upon heating above 

their stability temperature (~20 °C). The successful implementation of the 2,7 

– substituted pyrenes into the hierarchical assembly via blunt-end interactions 

shows the modularity of our design strategy. 

 

Figure 4-18. AFM image of networks formed from supramolecular polymers 

27Py7b10*a10. Conditions: 10 mM PBS, 150 mM NaCl, pH=7. 

4.2.6 Self-assembly pathway in a three-component system which involves 

blunt-end stacking 

The three-component system involves Py7a10, Py7b10 oligonucleotide a10, 

which is complementary to Py7b10. AFM imaging shows that the addition of 

a10 to preformed Py7a10*Py7b10 networks at 20 °C does not affect the 

appearance of the networks (Figure 4-19 B, C). 
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Figure 4-19. AFM images of materials obtained at different stages in a 

three-component mixture using Py7a10*Py7b10 networks. Conditions: 200 

mM NaCl, 10 mM phosphate buffer system pH = 7, concentration of Py7a10 

and Py7b10 = 2 μM; a10 = 6 μM. 

Disassembly of these aggregates Py7a10*Py7b10 + a10 by heating to 95 °C 

leads to the molecularly dissolved chains (Figure 4-21 A). Renewed cooling 

from 95 °C to 20 °C exhibits a single transition by a nucleation-elongation 

mechanism and exclusively leads to linear supramolecular polymers (Figure 

4-19 D). Next, Py7b10 and a10 were mixed to form networks of Py7b10*a10 as 

confirmed by AFM (Figure 4-20 B) and CD analysis (Figure 4-22). 

After addition of Py7a10 to this system, AFM images show the presence of 

both, Py7b10*a10 networks and linear Py7a10 (Figure 4-20 C). These results 

indicate that hybridization of DNA chains of Py7b10 with a10 precludes duplex 

formation between complementary strands of Py7a10 and Py7b10. This 

underlines the slow dynamics of hybrid oligomer exchange. Performing an 

additional heating/cooling cycle (Figure 4-21 B) leads again to the formation of 

the thermodynamically favored, mixed supramolecular polymers (Figure 4-20 

D).  
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Figure 4-20. AFM images of materials obtained at different stages in a 

three-component mixture using Py7b10*a10 networks. Conditions: 200 mM 

NaCl, 10 mM phosphate buffer system pH = 7, concentration of Py7a10 and 

Py7b10 = 2 μM; a10 = 6 μM. 

 

 

Figure 4-21. Normalized temperature-dependent absorption measured at 

305 nm for Py7a10*Py7b10 + a10 (A) and Py7b10*a10 + Py7a10(B). Conditions: 

200 mM NaCl, 10 mM phosphate buffer system pH = 7, concentration of 

Py7a10 and Py7b10 = 2 μM; a10 = 6 μM.  
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Figure 4-22. (A) CD spectra for Py7a10 (yellow), Py7b10 (green), 

Py7a10/Py7b10 (red), Py7a10*Py7b10 (blue) and Py7a10*Py7b10 + a10 (black) 

at 20°C. The inset shows enlarged signals of (B). CD spectra for Py7b10*a10 

(black) and Py7b10*a10 + Py7a10 at 20°C before (gray) and after heating-

cooling cycle (red). Conditions: 200 mM NaCl, 10 mM phosphate buffer system 

pH = 7, concentration of Py7a10 and Py7b10 = 2 μM; a10 = 6 μM. 

4.3 CONCLUSIONS 

In conclusion, we have demonstrated that chimeric pyrene-DNA oligomers 

assemble into extended networks via hierarchical assembly pathways. The 

first step, self-assembly of oligomers into helical nanoribbons, is driven by 

aromatic stacking interactions among pyrene units. The supramolecular 

polymerization is independent of the nucleotide sequence of the DNA part. The 

second step, aggregation of individual nanoribbons into extended networks, 

only takes place in the presence of a complementary oligonucleotide. 

Hybridization leads to the formation of duplexes along the helical nanoribbon 

core. Blunt-end stacking interactions of GC base pairs trigger the formation of 

a network in a highly cooperative process. The networks can be disassembled 

by destroying the coaxial stacking interactions either by heating or through 

the addition of a separator strand. Supramolecular polymeric networks of this 

type may be relevant for the development of DNA-based smart materials, such 

as stimuli-responsive carriers of active ingredients. 
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4.4 EXPERIMENTAL SECTION 

Unless otherwise noted, all chemicals and general methods were used as 

described in section 2.4. 

Unmodified oligonucleotides from Set 1 were synthesized using 

phosphoramidite approach and purified on the C18 column using 0.1 M TEAA 

at pH=7.0 and acetonitrile according to the procedure described previously. 

Strands from Set 2 and strands with overhangs from Set 1 were purchased 

from Microsynth AG and used without further purification. 
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CHAPTER 5.  POTENTIAL APPLICATIONS OF DNA-GRAFTED 

SUPRAMOLECULAR POLYMERS  

ABSTRACT 

The synthesis, characterization, and functionalization of chiral DNA-

grafted supramolecular polymers are reported. One-dimensional 

supramolecular polymers are assembled from monodisperse, sequence-specific 

oligophosphodiesters consisting of natural nucleosides (A, G, C, T) and pyrene 

chromophores linked by phosphodiester bonds. These chiral DNA-grafted 

supramolecular polymers were successfully used for energy transfer and as 

templates for cargo binding (AuNP). The formation and properties of 

supramolecular polymers were followed by atomic force microscopy (AFM), 

transmission electron microscopy (TEM) and fluorescence. 
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5.1 INTRODUCTION 

Supramolecular polymers have proved their potential for the preparation 

of functional systems with tailor-made biomimetic properties.3,14,22,228,229 Since 

their assembly is based on non-covalent interactions, supramolecular polymers 

exhibit pronounced stimuli-responsiveness, and their adaptability to 

environmental factors may exceed that of covalent polymers. These qualities 

are essential for applications in various fields,13,214 including biosensing,214 

drug delivery230 and protein scaffolding.231 The rapid expansion of the field 

recently also led to the emergence of DNA-grafted supramolecular polymers as 

smart, programmable assemblies.84,218,232,233 These materials are accessible via 

self-assembly of DNA strands conjugated to hydrophobic oligomers or 

polymers.109,179,234,235 DNA-grafted supramolecular polymers combine the 

intrinsic functionalities of a non-covalent polymer core with the recognition 

properties of the nucleic acids.153,236 The self-assembly of the two parts 

proceeds orthogonally, thus affording a route for versatile functionalization of 

the pre-assembled polymer via DNA hybridization.136 For example, 

oligonucleotide domains can be used as handles to attach and release different 

types of cargoes in a sequence-specific way108,237 or form other stimuli-

responsive functional assemblies, e.g., hydrogels.238 While numerous practical 

applications of DNA-grafted polymers have been reported,94,99,143,239,240 their 

supramolecular counterparts suffer from limited knowledge of how to build 

DNA arrays of different dimensionality on supramolecular scaffolds. We have 

recently shown that DNA-grafted supramolecular polymers are formed as a 

result of hydrophobic interactions in aqueous solution between pyrene units.218 

The approach largely relies on the programmable properties of monodisperse, 

sequence-specific oligophosphates.101,145,241,242 In this chapter, we present some 

of the potential applications of the DNA-grafted supramolecular polymers –

energy transfer platforms and cargo careers. 
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5.2 RESULTS AND DISCUSSIONS 

5.2.1 FRET Analysis 

In the currentmodel system, we demonstrate the hybridization ability of 

tethered DNA and the usage of a fluorescent supramolecular platform for the 

energy transfer applications. Aiming this goal, we added a labeled DNA strand 

containing an acceptor dye Cy5 (at 3´or 5´ terminal positions) to the DNA-

grafted supramolecular polymers (Scheme 5-1).  

Scheme 5-1. Illustration of the concept of FRET experiment.  

 

Excimer emission of pyrenes is efficiently transferred to the cyanine dye. 

The FRET efficiency is inversely proportional to the distance between donor 

and acceptor.243 Energy transfer occurs in a distance-dependent way. An 

increase in the FRET efficiency from 33% to 46% with the decreasing distance 
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between Cy5 and pyrene was observed (Figure 5-1). This result confirms that 

the DNA strands are accessible for hybridization and retain their functionality.  

 

Figure 5-1. FRET analysis of the hybridization of the tethered DNA of the 

single-component self-assembly: for the 3´modified DNA (closer to the pyrene) 

the efficiency was as high as 46% and decreased to 33% for the 5´modified DNA 

(donor-acceptor is expected to be separated by 10 base pairs). 

5.2.2 Arrangement of gold nanoparticles 

DNA is widely used for the precise arrangement of nanoscale objects, such 

as inorganic NPs61,244,245 and proteins.231 The potential of DNA-grafted 

polymers as a cargo system is demonstrated by the selective arrangement of 

gold nanoparticles (AuNPs) along the supramolecular ribbons. AuNPs with an 

average diameter of 5 nm were prepared by the citrate reduction method247 

and conjugated to thiol-modified oligonucleotides (Experimental Section). 

AuNPs were densely packed with oligonucleotides. This allows to leverage 

repulsive charge interactions and attractive hybridization interactions and, at 

the same time, also minimizes cross-linking events by potential annealing to 

multiple binding sites.246 Hybridization of the supramolecular polymers with 

the complementary AuNP-oligonucleotides led to the selective attachment of 

the AuNPs along the edges of the nanoribbons. As illustrated by the TEM 
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images (Figure 5-2), AuNPs are aligned along both edges of the supramolecular 

polymers, confirming that the polymer appended single-stranded 

oligonucleotides are amenable to sequence-specific hybridization. 

 

Figure 5-2. TEM images AuNPs attached to DNA-grafted supramolecular 

polymers of 27Py7b10. An illustration of the immobilization of AuNPs on the 

DNA-grafted supramolecular nanoribbon is shown at the bottom. 
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5.3 CONCLUSIONS 

We have demonstrated that DNA-grafted supramolecular polymers could 

be utilized as platforms for the arrangement of functional moieties through 

hybridization between complementary strands. While pyrene core can serve as 

a donor, Cy5 (acceptor) was attached along the nanoribbons. Taking advantage 

of the unique self-recognition properties of the DNA, it is possible to attach 

target functionalities precisely. 

Moreover, the single-stranded DNA chains are efficiently loaded with DNA-

modified AuNPs, which serve as a model cargo. Finally, we have shown 

herein that DNA-grafted supramolecular polymers act as a reliable, 

functional platform which combines dynamic and responsive nature of non-

covalent polymers with an exceptional selectivity of DNA chains 

hybridization. Further studies in the field can lead to the development of 

new delivery and sensing systems. 

5.4 EXPERIMENTAL SECTION 

Unless otherwise noted, all chemicals and general methods were used as 

described in section 2.4. 

Materials and General Methods. 

Cyanine-modified DNA strands were purchased from Microsynth AG and 

used without further purification.  

Synthesis of AuNPs 

AuNPs with a diameter of ~5 nm were synthesized by the citrate reduction 

method in the presence of a tannic acid as a co-reductant.247 First, 100 ml of a 

solution of 0.3 mM HauCl4 was brought to a boil and mixed with 2 ml of 1% 

citric acid and 7 ml of 1% tannic acid. After the color of the solution changed to 

burgundy, the solution was refluxed for another 3 min and cooled to room 

temperature. The AuNPs solution was filtered through a syringe filter with a 

pore size of 0.2 µm. Next, the citrate coated nanoparticles were stabilized by 

exchanging the citrate shell for a more stable phosphine ligand. Thus, 11 mg 
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of BSPP (bis(p-sulfonatophenyl)- phenylphosphine dipotassium salt) was 

added to 10 ml of the AuNPs solution and was shaken overnight at low speed. 

For the precipitation of AuNPs, solid NaCl was added slowly until a color 

changed from red to gray-blue. The solution was then centrifuged for 15 min 

at 4400 rpm; the supernatant was removed, and the AuNPs were resuspended 

in 500 µl of an aqueous 0.5 mM BSPP solution. The centrifugation and 

resuspension were repeated twice. Finally, the concentration was determined 

photometrically at 520 nm assuming a molar extinction coefficient for the 5 nm 

AuNP of 1  107 M−1 · cm−1. 
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CHAPTER 6.  GENERAL CONCLUSIONS 

The main goal of the current work was the design and fabrication of the 

chromophore-templated arrays of DNA with the long-term goal of 

functionalization of the created structures through hybridization between 

complementary DNA strands. In the studies, the synthesis procedure of the 

DNA-pyrene conjugates was established and the self-assembly properties of 

these amphiphiles were investigated thoroughly. 

In Chapter 2, the supramolecular polymerization of chimeric oligomers 

composed of pyrenes and oligodeoxynucleotides was studied. The polymers 

self-assemble via aromatic stacking interactions of pyrenes. The length of DNA 

and pyrene chains, as well as the type of pyrene isomer, controls the 

appearance of the polymers and their spectroscopic characteristics.  

In Chapter 3, we have studied the mechanistic details of the assembly of 

chimeric DNA-pyrene oligomers. The structural and functional properties of 

the polymers largely depend on the assembly pathway. DNA interactions 

between individually prepared (sorted) polymers lead to the formation of 

polymeric supramolecular networks via hybridization of complementary 

oligonucleotides. These networks are metastable and can be transformed into 

the thermodynamically favored species. The latter is characterized by the 

absence of networks due to scrambling of the oligonucleotides over the 

polymers 

Chapter 4 describes the hierarchical self-assembly of chimeric DNA-pyrene 

oligomers into supramolecular networks. Interactions between individual 

ribbons were identified as blunt-ended stacking between GC base pairs. The 

separate processes were monitored by intensity changes of a characteristic 

pyrene absorption band originating from the polymer formation. Furthermore, 

we demonstrate that the supramolecular networks exhibit pronounced CD 

activity. Network formation is reversible and disassembly into individual 
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ribbons is realized either via thermal denaturation or by addition of a DNA 

separator strand.  

In Chapter 5, we demonstrate the loading of supramolecularpolymers with 

a model cargo. Thus, gold nanoparticles have been attached along the edges of 

the ribbons via DNA hybridization. Additionally, we propose a model system, 

in which we demonstrate the hybridization ability of the tethered DNA and the 

usage of a fluorescent supramolecular platform for the energy transfer 

applications. Aiming this goal, we added a labeled DNA strand containing an 

acceptor dye Cy5 (at 3´or 5´ terminal positions) to the DNA-grafted 

supramolecular polymers. Excimer emission of pyrenes is efficiently 

transferred to the cyanine dye. 

The findings provide insight into the process of supramolecular 

polymerization of amphiphilic oligomers in water leading to polymers with 

different morphology and chiroptical activity. Supramolecular polymers of this 

type may be relevant for the development of DNA-based smart materials, such 

as stimuli-responsive carriers of active ingredients. 
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Appendix B. MS and HPLC characterization of the synthesized 

oligomers used in the current study. 

 Table 6-1. Molecular weight of the synthesized DNA block copolymers. 
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Figure 6-1. MS analysis and HPLC traces for the synthesized oligomers. 
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