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Summary 

The first chapter aims at introducing topics related to the thesis. These include supramolecular polymers 

in aqueous medium, some structural aspects of deoxyribonucleic acid (DNA), the preparation of 

synthetic oligomers, the concept of aggregation-induced emission (AIE), and different approaches for 

the construction of DNA nanostructures. This introduction, with a focus on what has been reported 

previously in our research group, is followed by elucidating the aim of the thesis in chapter 2. The results 

of the experimental lab work are discussed in the subsequent chapters. 

 

In the third chapter, amphiphilic DNA conjugates exhibiting hydrophobic tetraphenylethylene (TPE) 

sticky ends at the 3’-ends are examined. Supramolecular assembly of such DNA duplexes results in two 

distinct vesicular morphologies – they either appear as prolate ellipsoids or spheres. The two different 

DNA architectures are characterized by their DNA duplex alignment within the supramolecular arrays. 

Only one type of DNA packing leads to the formation of DNA-addressable vesicular constructs. 

 

The self-assembly of 3’-/5’-end TPE-modified DNA duplexes into vesicular nanostructures are explored 

in chapter 4. The objective of this chapter is to investigate the influence of the TPE sticky ends and DNA 

sequence length on the self-assembly behavior of the duplexes. The fifth chapter is devoted to further 

functionalize the supramolecular constructs, assembled from 3’-/5’-end TPE-modified DNA duplexes. 

Introduction of a terminal functionality into the duplexes governs the supramolecular assembly process 

and leads to clearly distinct DNA architectures, such as a star-shaped morphology. Chapter 6 provides 

an approach for the creation of DNA nanostructures, assembled from 3’-/5’-end TPE-modified DNA 

conjugates hybridized to a longer DNA complement. 

 

In the seventh chapter, the self-assembly of phosphodiester-linked TPE trimers in aqueous medium 

under different conditions is presented. 

 

Chapter 8 briefly describes a collaboration project, namely the synthesis of target compounds that are 

subsequently employed in on-surface polymerization and cryo-force spectroscopy experiments. Finally, 

overall conclusions are drawn, as well as outlining future perspectives. 
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1 Introduction 

1.1 Supramolecular Polymers in Aqueous Medium 

In nature, complex structures are often constructed from small and rather simple subunits that are held 

together by weak, non-covalent intermolecular forces.[1] This phenomenon might have inspired and 

stimulated the research field of supramolecular chemistry over the past years.[2] The self-assembly of 

monomeric units leads to supramolecular polymers, in which the repeating building blocks are 

connected through directional, non-covalent interactions.[3] Hydrophobic effects, hydrogen bonding, 

Coulomb interactions, van der Waals forces, and metal coordination are among the non-covalent 

interactions that drive self-assembly and account for the formation of supramolecular polymers.[4,5] 

Owing to the nature of these non-covalent interactions, supramolecular polymers may be dynamic, 

adaptive, reversible, self-healable, or stimuli-responsive.[6–15] Because the chemistry of life generally 

takes place in an aqueous environment, supramolecular polymers in aqueous media are of particular 

interest, e.g., for bio-related applications.[16–18] An example of a supramolecular polymer in aqueous 

medium was reported by the group of Stupp et al. It was shown that a perylene monoimide based 

amphiphile (Figure 1a) self-assembles in water into supramolecular ribbons. 

 

 

 

Figure 1. (a) Chemical structure and model representation of the perylene monoimide based amphiphile. (b) 

Illustration of stacked amphiphiles within the supramolecular ribbon structure. Figure adapted from ref. [19]. 
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Small angle X-ray scattering (SAXS) data suggested the arrangement of the amphiphiles within the 

ribbons as illustrated in Figure 1b. The driving force for the formation of these supramolecular polymers 

can be explained by the -stacking interactions between the hydrophobic, aromatic perylene moieties. 

This resulted in the reported supramolecular nanostructures, with the hydrophobic components of the 

amphiphile located inside the ribbon-like assemblies, while the negatively charged carboxylic acids 

pointed towards the polar, aqueous environment. 

 

In our research group, supramolecular polymers assembled from different types of phosphodiester-

linked amphiphilic oligomers have been demonstrated. They were based on various polycyclic aromatic 

hydrocarbons (PAHs), such as pyrene,[20–25] phenanthrene,[26,27] or anthracene,[28,29] and led to the 

formation of diverse morphologies. Such supramolecular polymers were prepared by a thermal assembly 

process and the formation of the self-assemblies is mainly driven by -stacking forces between the 

hydrophobic PAHs in aqueous medium. 

 

The thermal assembly process can be divided into two steps: disassembly followed by reassembly. 

Therefore, the sample solution is first heated to obtain molecularly dissolved oligomers. Then, the 

second step involves the controlled cooling of the sample solution with a defined cooling gradient (e.g., 

0.5 °C/min). During this cooling step, the oligomers gradually lose thermal energy, which in turn, 

induces the supramolecular assembly process of the oligomers.[25] Given that the cooling gradient is 

slow enough, the thermodynamically most stable supramolecular nanostructures can be expected.[24] 

 

An example of a supramolecular polymer of our research group, assembled from a 3,6-disubstituted 

phosphodiester-linked phenanthrene trimer (oligomer A, Figure 2a) is described in more detail.[26] After 

performing a thermal assembly process in aqueous medium, oligomer A self-assembles into linear 

fibers. In these supramolecular polymers, the hydrophobic phenanthrenes are -stacked, while the 

negatively charged phosphate groups point towards the aqueous environment, comparable to the 

previously described example by Stupp et al. Incorporation of small quantities of oligomer B, which 

consists of a phenanthrene trimer and an additional pyrene moiety (Figure 2a), leads to the formation of 

light-harvesting supramolecular polymers (Figure 2b). Phenanthrene excitation of those pyrene doped 

fibers at 322 nm results in intense pyrene fluorescence emission at 406 nm. Thus, after phenanthrene 

excitation, the excitation energy is efficiently transferred along the fiber from the phenanthrene units 

(donors) to the pyrene moieties (acceptors) over long distances (Figure 2c). 
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Figure 2. (a) Molecular structures and model representations of oligomers A and B. (b) Schematic representation 

of the supramolecular polymerization process. (c) Phenanthrene excitation leads to excitation energy transfer along 

the fiber to the next pyrene, which results in pyrene monomer fluorescence emission. Figure adapted from ref. [26]. 

 
 

The applicability of these phenanthrene fibers as light-harvesting antennae was further explored in a 

follow-up study.[30] Therefore, the supramolecular polymers were doped with various acceptor 

chromophores – in this case, not covalently linked to phenanthrene. Benzo[a]pyrene (Figure 3a) proved 

to be an excellent acceptor chromophore for this light-harvesting system assembled from oligomer A. 

Performing the supramolecular polymerization process in the presence of a dopant yielded light-

harvesting supramolecular polymers (Figure 3b). Excitation of the phenanthrenes followed energy 

transfer to the acceptor molecules, evidenced by fluorescence emission of the acceptor chromophore. 

 

 

 

Figure 3. (a) Chemical structure of oligomer A and benzo[a]pyrene. (b) Schematic representation of the forming 

supramolecular fiber and random integration of a benzo[a]pyrene moiety. Figure adapted from ref. [30].  
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Utilizing the same phenanthrene-based light-harvesting antennae, but excitation energy transfer in a 

directional cascade fashion, has been demonstrated as well.[31] Combining supramolecular polymers 

with DNA-organized photonic wires allowed the construction of artificial light-harvesting systems with 

superior light-harvesting properties. The light-harvesting system was assembled from phenanthrene 

trimers (oligomer A), doped with a phenanthrene pentamer conjugated to a 20-mer single-stranded DNA 

(oligomer B) and equimolar concentrations of the fluorophore functionalized DNA single strands C and 

D (Figure 4a). Oligomer B served as a template for the construction of the DNA photonic wire, 

consisting of cyanine (Cy)-modified oligomers C and D, which are in part complementary to the DNA 

single strand and thus, hybridized to oligomer B. In this way, a Cy3 fluorophore was positioned in close 

proximity to the phenanthrenes, followed by Cy5 and Cy5.5 (Figure 4b).  

 

 

 

 

Figure 4. (a) Sequences and representations of oligomers A–D. (b) Illustration of integrated DNA photonic wires 

into the fibers. After phenanthrene excitation (1), the energy is transferred along the antenna to Cy3 (2). The DNA 

photonic wire further transfers the energy (3) to Cy5 and Cy5.5, which results in Cy5.5 fluorescence emission (4). 

Figure adapted from ref. [31]. 
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Upon phenanthrene excitation, the excitation energy is transferred along the fiber to the next Cy3, which 

is arranged in the DNA scaffold. Afterwards, the excitation energy is transferred within the 

DNA-organized photonic wire in a directional, stepwise manner from Cy3 to Cy5, and eventually to 

Cy5.5. Successful energy transfer from the primary phenanthrene donor array to the final Cy5.5 acceptor 

was indicated by Cy5.5 fluorescence emission. A Förster resonance energy transfer (FRET)[32–36] 

mechanism is suggested for the propagation of the excitation energy within the DNA photonic wire. 

This study exemplifies that the well-defined scaffold of double-stranded DNA can serve as a tool of 

spatial control, to precisely position functional groups within space. 

 

 

1.2 Structure of DNA 

The beforementioned example of DNA as a scaffold highlights the importance of an understanding of 

some structural features of natural DNA. Nucleic acids are linear polymers, built up from monomers 

(nucleotides) that are covalently linked.[37] In DNA, the nucleotides are composed of any of the four 

DNA nucleobases (adenine, guanine, cytosine, or thymine; see Figure 5b), a 2’-deoxy-D-ribose sugar, 

and a phosphate residue.[38] The consecutive covalent linking between the 5’-hydroxyl group of one 

nucleoside with the 3’-hydroxyl group of another nucleoside via a phosphodiester bond leads to nucleic 

acid single strands. This defines the primary structure of the single strand – determined by the sequence 

of the DNA nucleobases.[39] 

Two complementary DNA single strands can form in an antiparallel fashion a DNA double helix 

(duplex), wound around the same axis, which is attributed to the DNA’s secondary structure (Figure 

5a).[40] Different conformations have been reported for the DNA double helix, depending on the aqueous 

environment. At high humidity and low salt concentration, the right-handed B-conformation (B-DNA) 

is favored and thus, described below in more detail.[39,41] In this conformation, the hydrophobic 

nucleobases are located inside the double helix and nearly perpendicular to the helix axis, stacked above 

each other with a rise per base pair of about 3.4 Å (Figure 5a).[42,43] The nucleobase of one single strand 

is base-paired with a nucleobase of the complementary single strand in the same plane. G always 

base-pairs with C via hydrogen bonds, while A base-pairs with T, known as Watson-Crick base pairing 

(Figure 5b).[40] Instead of a straight alignment of the two glycosidic bonds in a Watson-Crick base pair, 

the angled orientation (illustrated best in the top view perspective, down the helical axis, Figure 5a) 

results in the formation of two distinct grooves between the phosphodiester backbones. Hence, the 

emergence of the major groove and minor groove is due to this angular aspect.[43] 
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The two hydrophilic sugar-phosphate backbones are facing the aqueous environment and are positioned 

on the outside of the double helix (Figure 5a).[40,42] Nucleobase stacking interactions, hydrogen bonding 

between complementary base-paired nucleobases, as well as the interactions of water molecules close 

to the double-stranded DNA, contribute to the stabilization of this helical arrangement.[39,43,44] Overall, 

the width of B-DNA is roughly 20 Å with a pitch of approximately 36 Å (Figure 5a).[38] 

 

 

 
 

Figure 5. (a) Side view and top view illustrations of the double-stranded B-DNA, including some basic dimensions 

of the double helix. (b) Watson-Crick base pairing of the nucleobases; hydrogen bonds are illustrated in dashed 

blue lines. Figure adapted from ref. [41]. 

 

 

These distinct structural properties of DNA inspired many researchers to take advantage of the 

organizational power of the DNA scaffold. Therefore, the DNA scaffold was used to assemble 

multi-chromophore arrays,[45–54] to position functional groups with defined interchromophore 

distances,[55,56] or to investigate excitation energy transfer processes,[57–63] to name only a few. In all of 

these examples, chemically modified oligonucleotides were used. Indeed, incorporation of artificial 

nucleotide surrogates into oligonucleotides expand the scope of DNA beyond the classical role of DNA 

in biological systems as the carrier of genetic information.[64–66] These artificial building blocks present 

additional functionalities, relevant for applications in the fields of DNA nanotechnology or materials 

sciences.[67,68] However, this necessitated the development of a reliable method for the preparation of 

synthetic oligonucleotides. 
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1.3 Preparation of Synthetic Oligonucleotides 

Solid-phase synthesis by the phosphoramidite approach is a straightforward, automated method for the 

efficient and sequence-defined preparation of short oligonucleotides.[69–71] As displayed in Figure 6 for 

the preparation of DNA, the solid-phase synthesis can be illustrated as a series of repeating steps and 

after each cycle, the oligomer is elongated by one nucleotide. To fulfil the requirements for the 

solid-phase synthesis cycle, the nucleosides are protected at the 5’-hydroxyl with a 4,4’-dimethoxytrityl 

(DMT) group, the nucleobases are protected with base labile protecting groups, and the 3’-hydroxyl 

group is derivatized to the corresponding phosphoramidite. During the solid-phase synthesis, the 

growing oligonucleotide chain is covalently attached to an insoluble solid-support. Long-chain alkyl-

amino functionalized controlled pore glass (CPG) or polystyrene based solid-supports are frequently 

employed. Commonly, the 3’-terminal nucleoside is already bound via a succinyl linker to the solid-

support. This implies that the synthesis proceeds in 3’→5’ direction, opposite to the 5’→3’ direction 

found in nature.[39] 

 

The solid-phase synthesis cycle starts with the removal of the 5’-DMT protecting group (step 1 in Figure 

6). This detritylation is accomplished under acidic conditions with 3% trichloroacetic acid in DCM. In 

the second step, the incoming DMT-protected nucleoside phosphoramidite is activated with a solution 

of 4,5-dicyanoimidazole in acetonitrile and reacted with the solid-support bound 5’-hydroxyl group to 

form a phosphite triester linkage (step 2 in Figure 6). Step 3 in the cycle aims at limiting the number of 

failure sequences. Therefore, unreacted 5’-hydroxyl groups are acetylated (“capped”) with in situ mixed 

solutions of acetic anhydride/2,6-lutidine and N-methylimidazole (catalyst), both in THF. Consequently, 

failure sequences are blocked for all subsequent synthesis cycles. In the next step, the phosphite triester 

is oxidized into the corresponding phosphate triester with an oxidizing solution containing iodine, 

pyridine, water, and THF (step 4 in Figure 6). To close the cycle, the 5’-DMT group of the elongated 

oligomer is detritylated as previously described in the last step. 

 

This cycle is repeated until the desired oligonucleotide is synthesized. Then, the oligomer is released 

under basic conditions (e.g., ammonia) from the solid-support as well as all protecting groups are 

removed (i.e., of the nucleobases and cyanoethyl groups on the phosphodiesters). Finally, the crude 

oligomers are purified, for example by high performance liquid chromatography (HPLC).[39] 
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Figure 6. Individual steps involved in the solid-phase synthesis cycle, employing phosphoramidite chemistry.[39] 

 

 

1.4 Aggregation-Induced Emission-Active DNA Hybrids 

Due to the iterative and programmable solid-phase synthesis process, nucleotide surrogates can be 

incorporated at defined positions within the sequence and thus, allowing the preparation of sequence-

defined, chemically modified oligonucleotides.[72,73] 

Another representative example of our research group where functional units have been placed at 

defined positions in DNA sequences is described in more detail. DNA single strands have been modified 

in the middle of their sequences with a dialkynyl TPE unit.[74] TPE was selected due to the aggregation-

induced emission (AIE) properties, which phenomenon was first described by Ben Zhong Tang and co-

workers in 2001.[75] AIE-active molecules, so called AIEgens, are non-emissive in their molecularly 
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dissolved state but become highly emissive upon aggregation (Figure 7a). In the non-emissive, dissolved 

state, the phenyl rings of TPE can freely rotate and upon TPE excitation, the excitation energy is released 

via non-radiative pathways. However, the restriction of intramolecular rotation, caused by aggregation, 

leads to emissive aggregates.[76–80] Highly emissive molecular assemblies might find applications in 

biomolecular or chemical sensing,[81–83] bioimaging,[84–87] or artificial light-harvesting systems,[88–91] 

among others.[92–96] The work of our group revealed that AIE can be controlled by the hybridization of 

TPE-modified DNA conjugates.[74] While the individual DNA single strands only showed weak 

fluorescence emission, the duplex was highly emissive (Figure 7b). Therefore, after hybridization of the 

two complementary TPE-modified DNA single strands, molecular aggregation of the TPE units in the 

duplex accounted for the emergence of the observed luminescence. 

 

 

 

Figure 7. (a) Molecular structure of TPE and working principle of AIE. (b) TPE-modified DNA featuring AIE 

properties. Figure adapted from ref. [74]. 

 

 

This study also exemplifies two major advantages of DNA that renders DNA as an ideal material for 

nanotechnological applications: firstly, DNA hybridization is reversible. Denaturation of double-

stranded DNA into the separate DNA single strands can be accomplished thermally by heating the DNA 

solution above the melting temperature (Tm). Secondly, specificity of DNA hybridization is ensured by 

specific Watson-Crick base pairing,[40] i.e., pivotal for the development of sensitive DNA-based devices 

for diagnostic applications.[97–103] Hence, only complementary DNA single strands will form a double-

stranded DNA duplex. These two central aspects are among the basic foundations for the construction 

of DNA-based nanostructures, which is the topic of the following section. 
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1.5 DNA Nanostructures 

The assembly of branched, double-stranded DNA, exhibiting terminal single-stranded nucleotide 

overhangs, known as sticky ends, is one possible approach for the construction of well-defined DNA 

nanostructures. The seminal theoretical work of Nadrian C. Seeman in 1982 described the idea of 

immobile DNA junction motifs and their potential assembly into two-dimensional (2D) or three-

dimensional (3D) networks, in which individual DNA fragments are connected via sticky ends (Figure 

8).[104,105] Shortly thereafter, the existence of a tetrameric junction complex in solution was confirmed 

experimentally.[106] This pioneering work of Nadrian C. Seeman might have sparked the entire research 

field of DNA nanotechnology.[107–111] 

 

 

 
 

Figure 8. Assembly of a 2D lattice, from DNA sticky-ended immobile junction motifs via sticky end interactions. 

Figure adapted from ref. [107]. 

 

 

A more recent example for the hierarchical assembly of supramolecular 3D nanostructures via the sticky 

end strategy is depicted in Figure 9, which was reported by Chengde Mao and co-workers.[112] In this 

study, short DNA single strands hybridize to form a three-point-star motif (tile). This tile possesses 4 

unpaired nucleotides at each end of the double-stranded part and act as sticky ends. Accordingly, the 

assembly of the individual tiles into the final DNA nanostructures is mediated through these 

complementary sticky ends. It was shown that depending on the loop length (colored red in Figure 9a) 

and the DNA concentration, different nanostructures could be obtained, such as DNA dodecahedra 

(Figure 9b). Different 2D and 3D supramolecular structures, assembled from DNA tiles with sticky 

ends, have been reported.[113–121] 
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Figure 9. (a) Self-assembly of sticky-ended DNA tiles leads to the formation of different DNA nanostructures. 

(b) Cryo-EM images and schematic illustrations of DNA dodecahedra. Figure adapted from ref. [112]. 

 

 

In 2006, Paul W. K. Rothemund introduced an alternative approach for the bottom-up construction of 

complex DNA nanostructures, called DNA origami.[122] The reliability of nucleobase pairing as well as 

the programmability of nucleic acids folding are key aspects for this assembly strategy. The DNA 

origami approach relies on the use of a long single-stranded scaffold strand and a large set of different, 

short single-stranded staple strands (Figure 10a). 

 

 

 

Figure 10. (a) DNA origami design for a desired shape (framed in purple), composed of a scaffold strand (black) 

and various staple strands (colored). (b) Different DNA origami shapes, with the corresponding folding paths (top 

two rows) and AFM images (bottom two rows). Figure adapted from ref. [122]. 
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Folding of a 7 kilobase scaffold strand into a desired 2D shape was accomplished by annealing a set of 

over 200 staple strands to the scaffold strand. The staple strands hybridize to complementary fragments 

of the scaffold strand and thus, keep the scaffold in place. By rational design of the staple strands, DNA 

origami nanostructures with a predictable size and shape have been constructed (Figure 10b). 

 

 

The creation of such DNA objects presumes comprehensive knowledge about the sequence design rules 

to construct a desired nanostructure.[123–125] To overcome this hurdle, different computer-aided design 

software tools have been elaborated over the years.[126–132] These tools tremendously facilitate the 

workflow towards straightforward fabrication of complex target DNA shapes.[133,134] For example, Mark 

Bathe and co-workers developed a sequence design algorithm that computes the required single-stranded 

DNA sequences in a top-down, and fully autonomous manner (Figure 11a).[135] The proof of principle 

of the computational algorithm was demonstrated by the construction of a variety of 3D DNA origami 

structures, such as a icosahedron (Figure 11b) or tetrahedron (Figure 11c). 

 

 

 

Figure 11. (a) DNA sequences of a target shape are automatically computed. The shape-specific single-stranded 

scaffold and staple strands are synthesized, annealed, and the desired structures are characterized by cryo-electron 

microscopy (cryo-EM). (b) Scaffolded DNA origami icosahedron (52 base pair edge-length). (c) DNA origami 

tetrahedron (63 base pair edge-length). Scale bars for cryo-EM images: 20 nm. Figure adapted from ref. [135]. 
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In the previously described studies, the nanostructures were constructed entirely from canonical DNA 

nucleotides, stabilized largely via Watson-Crick base pairing. Combining these molecular recognition 

properties of DNA with orthogonal supramolecular interactions expand the scope of DNA 

architectures.[136–143] This can be achieved by the integration of artificial building blocks into DNA, 

which introduce additional functionality and account for the orthogonal supramolecular interactions of 

such DNA hybrid materials.[144–147] Several supramolecular arrays assembled from amphiphilic DNA 

conjugates have been reported.[148–157] Most of these supramolecular assemblies were largely governed 

by the intermolecular interactions between the artificial building blocks rather than the DNA part. 

 

 

Previous work in our research group demonstrated the formation of DNA nanostructures, assembled 

from 3’-end modified phenanthrene-DNA duplexes (Figure 12a).[158] Depending on the duplex 

concentration, either sheet-like (Figure 12b) or vesicular structures (Figure 12c) were observed on mica. 

In this example, the assembly of the DNA conjugates into supramolecular arrays was enabled by the 

supramolecular interaction of the hydrophobic phenanthrene sticky ends. In addition, spermine (Figure 

13) was required for the construction of these assemblies. This polyamine is positively charged at pH 7.2 

and thus, assumed to reduce the coulombic repulsion between the negatively charged DNA duplexes. 

Such an electrostatic neutralization is essential, since the DNA duplexes are very close next to each 

other in these assemblies. 

 

 

 

Figure 12. (a) Molecular structure of phenanthrene modification and graphical representation of the 3’-end 

modified phenanthrene DNA duplex D1. (b) At low DNA duplex concentrations (1 M), monolayers of self-

assembled D1 were observed by AFM. (c) At increased DNA duplex concentrations (5 M), D1 self-assembles 

into vesicular structures as imaged by AFM. Figure adapted from ref. [158]. 
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Figure 13. Molecular structure of spermine tetrahydrochloride. 

 

 

Spermine is an abundant natural polycation and found at increased levels under conditions of high cell 

division, e.g., in tumor cells.[159,160] The polyamine is associated with a variety of cellular functions, but 

the detailed mechanism of action is often still unclear.[39,161–163] Nonetheless, it is believed that spermine 

plays an important role in promoting DNA packaging and the stabilization of chromatin – also via 

electrostatic attraction to the negatively charged phosphate backbone of nucleic acids.[164–166] Due to the 

non-specific electrostatic Coulomb interaction between nucleic acids and polyamines, synthetic 

polymeric polycations were applied as transfection agents for the delivery of therapeutic nucleic acids 

to cells.[167–173] 
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2 Aim of the Thesis 

Spatial control of individual building blocks in complex, hierarchically assembled supramolecular 

arrays is crucial for a wide range of chemical and biochemical processes.[174] For example, natural light-

harvesting complexes reflect such well-ordered assemblies. In these arrays, light capturing 

chromophores are precisely embedded within large protein complexes, ensuring an efficient excitation 

energy transfer of the harvested light.[175,176] 

 

In DNA nanotechnology, spatial control can be achieved by using the double-stranded DNA scaffold, 

which represents a well-defined structural building block for the bottom-up construction of DNA 

nanostructures. The previous study in our group on the self-assembly of phenanthrene sticky-ended 

DNA duplexes into supramolecular nanostructures initiated this current work.[158] It also exemplifies the 

approach of combining two orthogonal supramolecular interactions, i.e., DNA hybridization with 

hydrophobic interactions derived from chemically modified sticky ends. 

 

The aim of this thesis is to further explore the influence of the chemical modification of the sticky ends 

and the DNA conjugates design on the supramolecular assembly behavior, as well as the 

functionalization of such DNA architectures – overall termed as DNA architectonics. Therefore, the 

phenanthrene overhangs will be replaced by TPE, primarily due to the appealing AIE properties of TPE. 

The 3’-/5’-end modified TPE-DNA conjugate design will come into the focus of this study as it offers 

the possibility for the straightforward introduction of an additional functionality on the complementary 

DNA single strand. It will be shown that such an additional terminal moiety plays a key role in the 

emergence of a variety of distinct morphologies. 
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3 Self-Assembly of 3’-End Modified TPE-DNA 

Conjugates 

 

 

The supramolecular assembly behavior of 3'-end modified TPE-DNA conjugates will be studied. Two 

different vesicular architectures are observed by cryo-EM, which were formed via hydrophobic TPE 

sticky end and spermine mediated interactions. The two AIE active vesicular constructs are defined by 

their DNA duplex arrangement. Either an extended DNA duplex alignment (type I vesicles) or a compact 

arrangement of the amphiphilic duplexes (type II vesicles) was revealed by cryo-EM imaging. The 

accessibility of the DNA duplexes within the two morphologies was investigated by DNA intercalation 

experiments and is determined by the type of the DNA packing. Upon incorporation of small amounts 

of a Cy3-labelled DNA single strand, artificial light-harvesting complexes were constructed. 

 

 

Part of this work has been published: 

 

Supramolecular Assembly of DNA-Constructed Vesicles 
 

S. Rothenbühler, I. Iacovache, S. M. Langenegger, B. Zuber, R. Häner, Nanoscale 2020, 12, 21118–

21123. 

 

 

3.1 Results and Discussion 

3.1.1 Spectroscopic Characterization of E-TPE Diol and Z-TPE Diol 

E- and Z-TPE diol 2 and 3 (Figure 14a) were measured first in ethanol. Under these conditions, it is 

assumed that TPE is molecularly dissolved and not aggregated. Therefore, these measurements serve as 

a comparison for following studies in aqueous medium, to verify if the TPE units are aggregated or not 

under certain conditions and temperatures. Depicted in Figure 14b are the ultraviolet-visible (UV-Vis) 
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absorption profiles of E- and Z-TPE diol 2 and 3 in ethanol at 20 °C. Both isomers exhibit two distinct, 

featureless absorption bands: E-TPE diol 2 shows one maximum at 259 nm and a second one at 329 nm. 

Z-TPE diol 3 features a maximum at 266 nm and one maximum at 329 nm as well. In agreement with 

the AIE concept, TPE diols 2 and 3 are almost non-emissive in the well-solubilizing solvent ethanol and 

only a weak emission band centered around 500 nm is observed after TPE excitation at 335 nm (Figure 

14c). 

 

 

Figure 14. (a) Molecular structures of E-TPE diol 2 and Z-TPE diol 3. (b) UV-Vis absorption and (c) fluorescence 

emission spectra of E-TPE diol 2 (green) and Z-TPE diol 3 (blue). Conditions: 10 M TPE diol in ethanol, 20 °C, 

ex.: 335 nm, excitation slit: 5 nm, emission slit: 5 nm. 

 

 

3.1.2 Overview of 3’-End Modified TPE-DNA Conjugates 

Listed in Figure 15a are the DNA single strands that were used in this study. ON1 to ON4 were prepared 

via solid-phase synthesis and purified by HPLC. Detailed experimental procedures are provided in 

sections 3.3.1–3.3.3. These four oligonucleotides consist of 20 DNA nucleotides and three 

phosphodiester-linked TPE units at their 3’-ends. Due to the complementarity of ON1 and ON2, as well 

as ON3 and ON4, DNA duplexes can be formed that exhibit TPE overhangs (sticky ends) on both sides 

of the duplexes (Figure 15b). DNA duplexes modified either with E-TPEs (ON1*ON2) or Z-TPEs 

(ON3*ON4) were investigated to compare the self-assembly behavior of the two different 
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stereoisomers. This is of interest because it was reported previously that for example the substitution 

pattern on phenanthrene affects the morphology of the supramolecular polymers. While the 

3,6-phosphodieseter-linked phenanthrene trimer self-assembled into fibers,[26] nanotubes were formed 

from 2,7-phosphodiester-linked phenanthrene trimers.[27] Therefore, the E- and Z-stereoisomer of TPE 

might also have an effect on the morphology of the supramolecular assemblies. ON5 to ON8 were 

purchased from Microsynth (Switzerland). ON5 and ON6 served as control and reference DNA, 

whereas the Cy3-labelled oligonucleotides ON7 and ON8 were utilized in light-harvesting experiments. 

 

 

 

 

Figure 15. (a) Summary of DNA sequences and molecular structures of the modifications. (b) Because the two 

single strands ON1 and ON2 are complementary, they can hybridize to form duplex ON1*ON2. 
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3.1.3 Spectroscopic Characterization of 3’-End Modified TPE-DNA 

Conjugates 

Displayed in Figure 16 are the temperature-dependent UV-Vis absorption spectra of ON1*ON2 and 

ON3*ON4. The similar absorption profiles can be divided into two parts: the peak around 260 nm stems 

from combined absorption of the DNA nucleobases and the TPE units. However, the absorption band 

around 330 nm originates from TPE absorption only. Controlled cooling of the sample solutions from 

75 °C to 20 °C (gradient: 0.5 °C/min) results in hypochromicity around 260 nm and is due to DNA 

hybridization. A Tm of the reference DNA ON5*ON6 was measured to be 53 °C (Figure 60). The 

bathochromic shifts from 326 nm to 333 nm for ON1*ON2 and from 328 nm to 334 nm for ON3*ON4 

is ascribed to TPE interactions. These differences in the absorption profiles at two different 

temperatures, together with the Tm of the reference DNA, imply for aggregation at 20 °C. 

 

 

 

Figure 16. Temperature-dependent UV-Vis absorption spectra of ON1*ON2 (left) and ON3*ON4 (right). 

Conditions: 1 M each single strand, 10 mM sodium phosphate buffer pH 7.2, 0.1 mM spermine · 4 HCl, 20 vol% 

ethanol. 

 

 

The temperature-dependent fluorescence emission spectra of ON1*ON2 and ON3*ON4 shown in 

Figure 17a and fluorescence quantum yields (FL, Table 1) evidence the AIE behavior of the TPE-DNA 

conjugates. While the fluorescence emission is negligible at 75 °C (FL <1%), an intense emission signal 

centered around 490 nm is detected at 20 °C for both duplexes. This is also reflected by the significantly 

increased fluorescence quantum yields after TPE excitation at 335 nm (Table 1). Fluorescence quantum 
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yields were determined according to published procedures[177] relative to quinine sulfate (in 0.5 M 

sulfuric acid) as a standard.[178] The excitation spectra at 20 °C verify that the observed fluorescence is 

due to the TPE moieties because the profiles resemble the absorption profiles of the respective TPE diol 

(Figure 14b). 

 

 

 

Figure 17. (a) Temperature-dependent fluorescence emission (solid line) and excitation (dotted line) spectra, and 

(b) fluorescence-monitored annealing and melting curves of ON1*ON2 (left) and ON3*ON4 (right). Conditions: 

1 M each single strand, 10 mM sodium phosphate buffer pH 7.2, 0.1 mM spermine · 4 HCl, 20 vol% ethanol, 

ex.: 335 nm, em.: 490 nm, gradient: 0.5 °C/min, * denotes second-order diffraction. 

 

 

Table 1. Fluorescence quantum yields (FL) of ON1*ON2 and ON3*ON4 

either at 75 °C (disassembled state) or at 20 °C (assembled state). 

 FL [%] at 75 °C 
FL [%] at 20 °C, after 

thermal assembly process 

ON1*ON2 <1 31 ± 1 

ON3*ON4 <1 22 ± 1 
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The AIE properties of the TPE overhangs enables the study of the supramolecular assembly process by 

fluorescence-monitored annealing curves (Figure 17b). As discussed before, the fluorescence is close to 

zero at elevated temperatures, but emerges distinctively during the thermal annealing process (controlled 

cooling of 0.5 °C/min). This hints at a certain self-assembly mechanism of ON1*ON2 and ON3*ON4, 

because the non-sigmoidal shape of the annealing curves strongly implies for a cooperative nucleation-

elongation growth mechanism.[179–185] Therefore, the temperature, at which a pronounced increase in the 

emission is observed, corresponds to the nucleation temperature, short TFL(nucleation). The nucleation 

temperature basically signifies the start of the supramolecular assembly process and was determined to 

be 62 °C (based on the annealing curves) for ON1*ON2 as well as for ON3*ON4. The reversibility of 

the assembly and disassembly process is demonstrated by the nearly overlapping curves of the annealing 

and melting curves. 

 

In summary, based on the Tm value of 53 °C for the reference DNA ON5*ON6, it can be assumed that 

the DNA duplexes ON1*ON2 and ON3*ON4 are denatured at 75 °C. This is further supported by the 

low fluorescence emission intensities at this temperature, which suggest insignificant TPE aggregation. 

After the thermal assembly process at 20 °C, however, there are clear signs for DNA hybridization and 

at the same time TPE interactions (i.e., aggregation). 

 

 

3.1.4 Atomic Force Microscopy 

Atomic force microscopy (AFM) was utilized to visualize the nanostructures of ON1*ON2 and 

ON3*ON4 formed after thermal assembly. Figure 18 shows spherical assemblies of ON1*ON2, 

deposited on (3-aminopropyl)triethoxysilane (APTES)-modified mica. Thus, ON1*ON2 self-assembles 

into vesicular objects, with a height ranging roughly between 20–70 nm and 50–150 nm in diameter. 

Regular and well-defined nanostructures were obtained only when the duplex exhibits TPE sticky ends 

on both sides of the duplex. Small, undefined aggregates were obtained when the TPE overhangs are 

present just on one side (duplex ON2*ON5, Figure 61). Compared to ON1*ON2, the absence of any 

sharp fluorescence onset in the fluorescence-monitored annealing curve of ON2*ON5 further indicates 

that the assembly process was less defined (Figure 62c). As one might have expected, the stereoisomers 

have a slightly different self-assembly behavior. The corresponding Z-TPE isomer, ON3*ON4, forms 

smaller aggregates with diameters in most cases below 100 nm and heights of up to 50 nm (Figure 19). 

However, it seems that these nanostructures tend to agglomerate further into more ill-defined aggregates. 

Because ON3*ON4 forms less defined supramolecular arrays compared to ON1*ON2, only 

nanostructures assembled from the E-stereoisomer, ON1*ON2, were investigated in more detail. 
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With the help of Beatrice Frey from the Department of Chemistry, Biochemistry and Pharmaceutical 

Sciences of the University of Bern, scanning electron microscopy (SEM) experiments were conducted 

to elucidate the surface topography of self-assembled ON1*ON2. While the experiments confirmed the 

spherical structure, no additional information of the surface topography could be gained (Figure 63). 

To elucidate structural properties of the vesicular membrane, small angle X-ray scattering (SAXS) 

experiments were performed in collaboration with Prof. Dr. Antonia Neels and Dr. Neda Iranpour 

Anaraki from the Swiss Federal Laboratories for Materials Science and Technology (Empa), St. Gallen. 

However, no additional insights on the structural properties of aggregated ON1*ON2 could be obtained 

because the signal intensity was too low. It is assumed that either the concentration of the vesicles was 

too low, or that the nanostructures have been damaged during the exposure time. 

 

 

 

Figure 18. (a) AFM scan with corresponding cross sections and (b) deflection scan of assembled ON1*ON2. 

Conditions: 1 M ON1*ON2, 10 mM sodium phosphate buffer pH 7.2, 0.1 mM spermine · 4 HCl, 20 vol% 

ethanol. 

 

 

 

Figure 19. (a) AFM scan with corresponding cross sections and (b) deflection scan of assembled ON3*ON4. 

Conditions: 1 M ON3*ON4, 10 mM sodium phosphate buffer pH 7.2, 0.1 mM spermine · 4 HCl, 20 vol% 

ethanol.  
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3.1.5 Transmission Electron Microscopy 

Transmission electron microscopy (TEM) confirmed the vesicular structure of self-assembled 

ON1*ON2 (Figure 20). Their size range of about 50–200 nm is comparable to the dimensions observed 

by AFM (Figure 18). Noteworthy, TEM imaging reveals an incredibly exciting feature of the 

nanostructures, namely the regular pattern. The distance between the regular, darker bands is around 7–

8 nm, which would be in well agreement with the length of a single DNA duplex ON1*ON2. Intrigued 

by the regular patterns observed on the vesicular structures, the nanostructures were further explored by 

cryo-electron microscopy (cryo-EM) in collaboration with Prof. Dr. Benoît Zuber and Dr. Ioan 

Iacovache from the Institute of Anatomy of the University of Bern. 

 
 

 

Figure 20. TEM images of self-assembled ON1*ON2 on holey carbon films on copper grids; UA-Zero staining. 

Conditions: 1 M ON1*ON2, 10 mM sodium phosphate buffer pH 7.2, 0.1 mM spermine · 4 HCl, 20 vol% 

ethanol. 

 

 

3.1.6 Cryo-Electron Microscopy 

In contrast to AFM, SEM, and TEM, which depend largely on surface adsorption processes and drying 

effects, cryo-EM imaging of vitrified specimens allows the visualization of nanostructures as they are 

in their actual morphology in solution.[186,187] Additionally, cryo-EM does not require any staining agents 

and thus, potential artifacts due to staining can be excluded.[188] However, due to the vulnerability of the 

DNA structures, the total electron dose had to be adjusted to less than 20 e-/Å2. Cryo-EM imaging 

unveiled that supramolecular assembly of ON1*ON2 leads to the coexistence of two different vesicular 



3   Self-Assembly of 3’-End Modified TPE-DNA Conjugates 
 

 

 

 

25 

morphologies. The first morphology, type I vesicles, are presented in Figure 21 and their prolate, 

ellipsoidal shape resembles them of a rugby-ball. The overall size of these type I vesicular constructs 

varies between 50 and 100 nm. Cryo-EM imaging also shows a regular pattern of discrete bands, as it 

was previously described for the structures observed by TEM (Figure 20). Due to the increased 

resolution of cryo-EM imaging, the distances between the darker bands could be determined more 

precisely and was measured to be 7.8 ± 0.5 nm in average (see section 3.3.5). This distance agrees very 

well with the length of the 23-mer duplex of ON1*ON2. In some areas of the vesicles, a regular pattern 

with a distance of about 2.4 ± 0.5 nm between the darker rods can be observed (see inset in Figure 21), 

which corresponds to the width of a single DNA duplex. Thus, cryo-EM imaging allowed to elucidate 

the DNA duplex arrangement within the vesicular structures and is schematically represented by the 

illustrations in Figure 21. 

 

 

 

Figure 21. Type I supramolecular assemblies of ON1*ON2 visualized by cryo-EM and schematic representations. 

Conditions: 1 M ON1*ON2, 10 mM sodium phosphate buffer pH 7.2, 0.1 mM spermine · 4 HCl, 20 vol% 

ethanol.  
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In contrast to the extended arrangement of the DNA duplexes in type I vesicles, the second morphology 

(type II vesicles) is characterized by a more compact, columnar alignment of the DNA duplexes (Figure 

22). In this type II architecture, the vesicular membrane was measured to be 10.9 ± 0.5 nm and the DNA 

width about 2.5 ± 0.5 nm (see illustration in Figure 22). Compared to type I vesicular constructs, type II 

vesicles also have a different diameter and range between 200–350 nm. Because the TPE sticky ends 

are located on both sides of the membrane, double-layered type II vesicles can be formed via -stacking 

of the TPEs. Such a behavior of an additional assembly of a second layer is frequently visible in type II 

constructs. Additional cryo-EM images of both morphologies are provided in Figure 64. 

 

 

 

Figure 22. Type II supramolecular assemblies of ON1*ON2 visualized by cryo-EM and schematic 

representations. Conditions: 1 M ON1*ON2, 10 mM sodium phosphate buffer pH 7.2, 0.1 mM spermine · 4 HCl, 

20 vol% ethanol. 
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In both types of vesicular architectures, the negatively charged DNA backbones of neighboring DNA 

duplexes within the assemblies are close to each other. This rather tight DNA packing induces a 

coulombic repulsion, which needs to be neutralized by spermine and thus, spermine is crucial for the 

formation of the vesicles. If the thermal assembly process has been performed in the absence of the 

polycation, no nanostructures were found by cryo-EM imaging (Figure 23). While the spectroscopic 

data still suggest DNA hybridization, it does not indicate for supramolecular polymerization, 

particularly due to the absence of any discernible nucleation temperature in the fluorescence-monitored 

annealing curve (Figure 65). This assumption is further supported by the small dark spots (some are 

representatively encircled in Figure 23), which might be ascribed to individual DNA duplexes. 

 

 

 

Figure 23. Cryo-EM imaging of ON1*ON2 after the thermal assembly process has been performed in the absence 

of spermine · 4 HCl. The encircled dark spots might be ascribed to individual DNA duplexes. Conditions: 1 M 

ON1*ON2, 10 mM sodium phosphate buffer pH 7.2, 20 vol% ethanol. 

 

 

If these DNA-constructed vesicles are envisioned for example as potential drug carriers, the ethanol 

fraction of the aqueous medium poses substantial problems regarding biocompatibility. Therefore, the 

thermal assembly process has been performed in the absence of ethanol. However, the spectroscopic 

data (Figure 24) suggests incomplete disassembly at 75 °C, mainly evidenced by the significant 

fluorescence emission at this temperature and no distinct nucleation temperature in the fluorescence-

monitored annealing curve. The corresponding cryo-EM images are presented in Figure 25, which show 

undefined, small aggregates. Thus, the ethanol fraction is required during the thermal assembly process 

to afford such well-defined type I and type II vesicular constructs.  
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Figure 24. (a) UV-Vis absorption spectra, (b) fluorescence emission spectra, and (c) fluorescence-monitored 

annealing curve of ON1*ON2 in the absence of ethanol. Conditions: 1 M ON1*ON2, 10 mM sodium phosphate 

buffer pH 7.2, 0.1 mM spermine · 4 HCl, ex.: 335 nm, em.: 490 nm, gradient: 0.5 °C/min. 

 

 

 

Figure 25. Cryo-EM images of aggregated ON1*ON2 after the thermal assembly process has been performed in 

the absence of the ethanol fraction. Conditions: 1 M ON1*ON2, 10 mM sodium phosphate buffer pH 7.2, 0.1 mM 

spermine · 4 HCl. 
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Well-defined vesicles without any ethanol present in the aqueous medium were only obtained by a two-

step procedure. First, a thermal assembly process has been performed in the presence of ethanol. In the 

second step, the ethanol fraction was removed by dialysis against 10 mM sodium phosphate buffer 

pH 7.2, containing 0.1 mM spermine · 4 HCl. The successful removal of the ethanol fraction was 

verified by measuring the refractive index of a control, that was treated identically to the respective 

sample and compared against a calibration curve (Figure 66). After dialysis, the absorbance, and the 

fluorescence signal decreased (Figure 67), as well as FL (23 ± 2%). Depicted in Figure 26 is a cryo-

EM image of the nanostructures after dialysis (for additional images, see Figure 68). The ratio between 

the two types of vesicular architectures basically inverted. While 94% of the vesicles belonged to the 

type I architecture before dialysis, more than 90% of all observed vesicles are associated to the type II 

DNA duplex arrangement after ethanol removal. The vesicular membrane thickness was not affected 

significantly (10.6 ± 0.6 nm), but the diameter of the vesicles decreased to about 50–150 nm. 

 

 

 

Figure 26. Cryo-EM image and schematic representations of type II vesicles of ON1*ON2 after removal of 

ethanol by dialysis. Conditions: 1 M ON1*ON2, 10 mM sodium phosphate buffer pH 7.2, 0.1 mM spermine · 4 

HCl, <0.5 vol% ethanol. 

 

 

In summary, in the presence of ethanol, type I vesicles are predominant, while the vast majority belongs 

to type II vesicles after removal of the ethanol fraction by dialysis. This allows to investigate the 

accessibility and addressability of the DNA of the two different vesicular morphologies separately and 

is the topic of the next two subchapters 3.1.7 and 3.1.8.  
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3.1.7 Ethidium Bromide Intercalation 

The accessibility of the DNA within the two different vesicular morphologies was examined by DNA 

intercalation experiments. Ethidium bromide (EthBr, Figure 27) represents one of the classical DNA 

intercalators and was therefore selected for this study.[189–194] Following the neighbor exclusion 

principle,[195] a maximum of 10 EthBr units can intercalate into a 20-mer DNA duplex, as illustrated in 

Figure 27a. For the following experiments, it was approximated that EthBr only intercalates into the 

double-stranded DNA part of ON1*ON2 (Figure 27b). 

 

 

 

Figure 27. Illustration of ethidium bromide (EthBr) intercalation into reference duplex ON5*ON6 (a) and TPE-

modified duplex ON1*ON2 (b), and chemical structure of EthBr. 

 

 

EthBr intercalation was first studied by fluorescence spectroscopy. Compared to the intrinsic 

fluorescence emission of free EthBr in solution, intercalated EthBr shows increased emission.[196,197] 

Therefore, 10 M of EthBr was added to preformed type I vesicular constructs of ON1*ON2. After 

TPE excitation (ex.: 335 nm), the emission of TPE is almost quenched entirely (Figure 28b). On the 

other hand, emission from EthBr emerged around 610 nm, which indicates that the excitation energy 

from the TPEs is transferred to EthBr. However, to calculate the EthBr intercalation efficiency into 

self-assembled ON1*ON2, the excitation wavelength was adjusted to 520 nm. At this wavelength, the 

observed absorbance solely originates from EthBr (Figure 28a). The integrated fluorescence intensity 

of the reference DNA duplex ON5*ON6 in the presence of 10 M of EthBr (Figure 70) was set to 100% 

intercalation efficiency (after subtraction of the intrinsic fluorescence of free EthBr in solution, Figure 

69). This corresponds to the maximum of 10 EthBr units intercalated into ON5*ON6 (Table 2). 

According to the relative integrated fluorescence intensities between the reference DNA duplex 

ON5*ON6 and type I vesicles of ON1*ON2, about 6 EthBr units intercalate per ON1*ON2 duplex 

(Table 2 and Figure 27b). 
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The same experiments were also performed with type II vesicles. The vesicles were prepared by the 

thermal assembly procedure, followed by ethanol removal by dialysis to obtain type II vesicular 

constructs. In this case, it was calculated that only about 2 EthBr molecules intercalate per DNA duplex 

ON1*ON2 (Figure 71–Figure 73, and Table 2). 

 

 

 

Figure 28. (a) UV-Vis absorption spectra and (b) fluorescence emission spectra (dotted line: ex.: 335 nm; solid 

line: ex.: 520 nm) of ON1*ON2 before (black) and after 10 M EthBr addition (red) to type I vesicles. Conditions: 

1 M ON1*ON2, 10 mM sodium phosphate buffer pH 7.2, 0.1 mM spermine · 4 HCl, 20 vol% ethanol, 20 °C, 

* denotes second-order diffraction. 

 

 

Table 2. Mean values for the calculation of the intercalation efficiency. Conditions: 10 M EthBr, 10 mM sodium 

phosphate buffer pH 7.2, 0.1 mM spermine · 4 HCl, 20 resp. <0.5 vol% ethanol, 20 °C. a Integrated fluorescence 

intensity between 540–740 nm, ex.: 520 nm. b Assuming that the reference DNA duplex ON5*ON6 is maximally 

intercalated with 10 EthBr units. 

Sample FLarea
a Sample-Blank [%] 

Number of 

intercalated EthBr 

Aqueous medium, containing 20 vol% ethanol 362.8 0 0 0 

ON5*ON6 (1 M), containing 20 vol% ethanol 877.2 514.4 100b 10b 

EthBr added to type  vesicles of ON1*ON2 (1 M) 655.2 292.4 57 6 

Aqueous medium, without ethanol 149.9 0 0 0 

ON5*ON6 (1 M), without ethanol 1340.4 1190.5 100b 10b 

EthBr added to type  vesicles of ON1*ON2 (1 M) 434.1 284.2 24 2 
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EthBr intercalation was also studied by cryo-EM imaging, which should lead to a widening of the 

discrete bands that were observed in the cryo-EM images (distance x in Figure 29). Upon intercalation, 

the DNA helix is lengthened by roughly 3.4 Å per intercalated EthBr.[39,198] Indeed, successful 

intercalation of EthBr into type I vesicles was confirmed by a statistically significant extension of the 

distance x from originally 7.8 ± 0.5 nm to 9.9 ± 0.6 nm after EthBr addition. This lengthening 

corresponds to about 6 intercalated EthBr units. It is noteworthy that the overall morphology of the 

vesicular constructs is not affected after EthBr addition (see also Figure 74). Conversely, no statistically 

significant widening of the vesicular membrane was found after EthBr addition to the type II vesicular 

architecture (Figure 29 and Figure 75). These results agree very well with the fluorescence spectroscopy 

data and suggest that only the extended DNA alignment of type I vesicular constructs is accessible for 

efficient EthBr DNA intercalation. 

 

 

 

Figure 29. Cryo-EM images before and after EthBr addition to type I vesicles as well as a summary of the 

corresponding distance measurements for both types of morphologies. 
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3.1.8 Accessibility and Addressability Study with Light-Harvesting 

Experiments 

Doping experiments with a Cy3-labelled DNA single strand ON7 have been performed to investigate 

the addressability and accessibility of the two different vesicular architectures. First, type I vesicles have 

been prepared by the thermal assembly procedure, before minute amounts of the complementary strand 

ON7 (1 mol% Cy3 per TPE unit) were added at 20 °C. Incorporation of ON7 into the vesicular 

membrane is assumed to take place via strand exchange (Figure 30). Upon TPE excitation, successful 

incorporation would result in excitation energy transfer from the TPE donors to the Cy3 acceptor, 

leading to Cy3 emission. 

 

 

 

Figure 30. Schematic representation for the doping of type I vesicles with Cy3-labelled ON7, leading to a light-

harvesting system. 

 

 

The corresponding fluorescence emission results for type I vesicles are presented in Figure 31a (for 

UV-Vis absorption spectra, see Figure 76a). After the addition of ON7 and TPE excitation at 335 nm, 

TPE fluorescence (around 490 nm) is reduced and emission from Cy3 (around 570 nm) emerges, 

indicative for excitation energy transfer from TPE to Cy3. A Förster resonance energy transfer 

(FRET)[32–36] mechanism is proposed due to the spectral overlap between TPE emission and Cy3 

absorbance. The spectroscopic characterization of ON7 is presented in Figure 77. Deconvolution of the 

blue curve in Figure 31a leads to the individual emission components for TPE and Cy3 (illustrated in 

Figure 32) and allows the calculation of the FRET efficiency. Based on the integrated TPE fluorescence 

intensities, it was calculated that the excitation energy from about 22 ± 4 TPEs is transferred to a Cy3 

acceptor. Hence, the TPE units act as light-harvesting antennae and transfer the excitation energy to Cy3 

acceptor moieties. According to the calculated FRET radius of R0 = 49 Å,[199–201] it is assumed that 

energy is transferred predominantly only along one band of TPEs in type I vesicles. Doping of type I 

vesicles with ON7 has no effect on the morphology of the assemblies, as evidenced by the AFM images 

displayed in Figure 33. Vesicular structures with a comparable size range as observed in the absence of 
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ON7 were found. After removal of the ethanol fraction by dialysis, the light-harvesting properties are 

sustained (green curve, Figure 31a). 

On the other hand, direct addition of ON7 (1 mol% Cy3 per TPE unit) to type II vesicles leads to 

neglectable excitation energy transfer only (green curve, Figure 31b). This marginal energy transfer 

might be ascribed to edge effects in partially double-layered type II constructs. At the edges of an 

additional layer, the duplex alignment resembles the type I vesicular membrane. 

 

 

 

Figure 31. (a) Fluorescence emission spectra of self-assembled vesicles of ON1*ON2 in the absence (black) and 

presence of 1 mol% ON7, before (blue) and after (green) removal of ethanol by dialysis. (b) Fluorescence emission 

spectra of self-assembled vesicles of ON1*ON2 in the absence of ON7 before (black) and after (blue) dialysis, 

and after dialysis in the presence of 1 mol% ON7 (green). Conditions: 1 M ON1*ON2, 10 mM sodium phosphate 

buffer pH 7.2, 0.1 mM spermine · 4 HCl, 20 resp. <0.5 vol% ethanol, 20 °C, ex.: 335 nm. 

 

 

 

 FLarea
a 

Undoped ON1*ON2 18891.4 

1 mol% Cy3 doped ON1*ON2 16777.4 

TPE part of doped ON1*ON2 14732.6 

Cy3 part of doped ON1*ON2 2044.8 
 

Figure 32. Deconvoluted fluorescence emission spectra as well as corresponding integrated fluorescence 

intensities for the calculation of the light-harvesting efficiency before removal of the ethanol fraction by dialysis. 

Undoped type I vesicles of ON1*ON2 (black), 1 mol% ON7 doped ON1*ON2 (blue), deconvoluted TPE part of 

doped ON1*ON2 (light green), and deconvoluted Cy3 part of doped ON1*ON2 (pink). a Integration between 

380–660 nm, ex.: 335 nm.  
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Figure 33. (a) AFM overview scan, (b) deflection scan, and (c) zoom with corresponding cross sections of 

Cy3-doped assemblies of ON1*ON2. Conditions: 1 M ON1*ON2, 1 mol% ON7, 10 mM sodium phosphate 

buffer pH 7.2, 0.1 mM spermine · 4 HCl, 20 vol% ethanol. 

 

 

The specificity of the doping process was confirmed by the addition of a non-complementary, 

Cy3-labelled DNA single strand. ON8 exhibits the same base composition as ON7 but is not 

complementary to any of the TPE-DNA conjugates ON1 or ON2. Addition of ON8 to either type I or 

type II vesicles does not lead to light-harvesting complexes (Figure 34). Therefore, ON8 is not 

incorporated into the vesicular constructs and thus, excludes excitation energy transfer. 

 

These results are in line with the data obtained from ethidium bromide intercalation experiments. Type 

I vesicles are more accessible than type II constructs for EthBr intercalation and the incorporation of a 

Cy3-labelled DNA single strand. The compact, columnar arrangement of the DNA duplexes in type II 

vesicular architecture seems to be rather inaccessible. 
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Figure 34. (a) Fluorescence emission spectra of self-assembled vesicles of ON1*ON2 in the absence (black) and 

presence of 1 mol% ON8, before (blue) and after (green) removal of ethanol by dialysis. (b) Fluorescence emission 

spectra of self-assembled vesicles of ON1*ON2 in the absence of ON8 before (black) and after (blue) dialysis, 

and after dialysis in the presence of 1 mol% ON8 (green). Conditions: 1 M ON1*ON2, 10 mM sodium phosphate 

buffer pH 7.2, 0.1 mM spermine · 4 HCl, 20 resp. <0.5 vol% ethanol, 20 °C, ex.: 335 nm. 

 

 

The successful doping was further verified by nanoparticle tracking analysis (NTA) experiments. Figure 

35 displays the size distribution plots of type I vesicles before and after doping with 1 mol% of the 

Cy3-modified DNA single strand ON7 and the results are summarized in Table 3. Very similar 

diameters were found for the measurements in scatter mode before and after doping. The sizes also 

match the dimensions of the vesicular nanostructures found by AFM, TEM, and cryo-EM. 

 

 

 

Figure 35. (a) NTA size distribution result (scatter mode) of self-assembled ON1*ON2. Conditions: 1 M 

ON1*ON2, 10 mM sodium phosphate buffer pH 7.2, 0.1 mM spermine · 4 HCl, 20 vol% ethanol, 25 °C. (b) NTA 

size distribution result of Cy3-doped type  vesicles of ON1*ON2. Conditions: 1 M ON1*ON2, 1 mol% ON7, 

10 mM sodium phosphate buffer pH 7.2, 0.1 mM spermine · 4 HCl, 20 vol% ethanol, 25 °C, scatter mode (dark 

green), fluorescence mode (light green, ex.: 488 nm). 

 

  
















































































































































































































































































































































































