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Publication context 

The fusion of biomolecules and synthetic polymers has paved the way to a novel class of hybrid 

materials that combine the advanced features of both building blocks in a synergistic fashion. In 

particular, DNA nanostructures can benefit from various functional groups and responsive properties 

that can be imparted by polymers, whereas the unique programmability and supramolecular 

recognition of DNA can assist in constructing higher ordered architectures.  

Within this PhD project, the current state of the art in the field of DNA-polymer conjugates was 

surveyed and discussed. Herein, the manifold approaches towards DNA-polymer conjugates, their 

supramolecular assemblies, and the functions and applications thereof are described. With respect to 

the outline of this thesis, chapter 3.2 of our review (1) on “Noncovalent DNA – Polymer Conjugates” is 

of great relevance for the research presented later on and thus, included into the introduction. 

Likewise important for the introduction of this thesis is publication 2 on “DNA Origami Meets 

Polymers”, which can be regarded as a follow-up, narrowing the focus to conjugates involving DNA 

origami platforms. Explicitly, bottom up and top down methodologies together with their 

characteristics and prospects are compared, leading over to the results and discussion part.  

Here, two research papers describe the bottom up fabrication of defined poly(catecholamines)–DNA 

origami nanostructures. In 3, we established a photopolymerization system on DNA origami tubes with 

spatiotemporal control at nanometer resolution. The preinstalled photosensitizer protoporphyrin IX 

responds to white light and triggers formation of polydopamine at designated areas, yielding polymer-

ring DNA tubes. In a subsequent study (4), we could further develop the technique towards multi-

wavelength polymerization of various catecholamines via facile sequential processes. By imprinting 

https://doi.org/10.1002/anbr.202000101
https://doi.org/10.1002/adhm.201900665
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polymeric layers at these designated areas, we modulate the surface chemistry of the DNA objects, 

subsequently promoting cellular uptake.  

In addition to DNA-polymer nanoobjects, there is a vast range of nanocarriers built from different 

platforms that emerged prominently in the area of biomedical applications. Supramolecular 

interactions allow for the formation of polymeric nanogels (5), coating of fluorescent nanodiamonds 

(6), and the assembly of protein complexes (7), among others. For thorough analysis of these 

nanoparticles, imaging techniques are essential to deepen the understanding of size distribution and 

homogeneity, as well as morphology. Here, I could provide further insights into the investigated 

systems by atomic force microscopy studies.   

In summary, the first presented reviews set the framework for our investigations on the 

photopolymerization of catecholamines on DNA origami templates. The obtained polymer–DNA 

hybrids benefit from the precisely defined DNA playground and the advanced features of the formed 

poly(catecholamines), e.g., in a biological context. Further nanocarriers systems are introduced to 

cover the current research in the field broadly.     
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Abstract 

While seminal advances have extensively refined polymer chemistry, the absolute control over sequence, 

monomer addition and directionality remain elusive. Among Nature’s macromolecular systems, the 

simplicity of DNA interactions has inspired and paved the way toward DNA nanotechnology and 

engineering. Herein, the complementary base pairing responsible for the famous double helix structure 

provides unique programmability, granting the capability to create complex geometric objects as DNA 

origami. As an engineering material with pinpoint accuracy in the range of nanometers, DNA origami can 

reliably assist in the molecular and functional organization of other molecules. Polymer chemistry, on the 

other hand, has seen large advances in directing polymerization processes, rheological features and phase 

separation. By merging the fields of DNA origami and polymer chemistry, their respective potential can be 

integrated into hybrid objects of advanced properties, to achieve complementarity and to break traditional 

boundaries that have limited their use.  

In the context of this thesis, representative DNA origami structures are combined with the formation of 

bioinspired polymers. By equipping the DNA origami within a photopolymerization system to direct polymer 

growth, we show that complex nano-objects can be synthesized with full 3-D customization of the surface 

contour and polymer patterning. Conventionally, densely packed DNA origami structures can only exist in 

the presence of divalent cations and are degraded through nucleases in biological settings. On the other 

hand, the formation of polydopamine, a prominent representative of poly(catecholamines), is typically a 

straightforward yet rather uncontrolled process used for coating of substrates. Within this work, DNA 

origami tubes in the 100 nm regime are built from the bottom-up so that reaction centers can be introduced 

at the designated positions. These reaction centers are composed of a specific DNA sequence that builds 

tertiary G-quadruplex structures to host catalytic macrocycles. Here, photosensitizers were chosen to be 

embedded that generate reactive oxygen species when exposed to light of a specific wavelength. In this 

oxidative environment, the multistep polymerization of the monomers, dopamine and norepinephrine, is 

triggered and due to their adhesiveness, polymeric layers are imprinted alongside the reaction centers. This 

process offers exclusive spatial-temporal control enabled through the synergy of DNA and polymer 

technologies: On/off switching of the light source directly starts/stops polymerization and in turn polymer 

layer dimensions, whereas nanopatterning is achieved through the positioning of reaction centers across 

the origami pegboard. Furthermore, by applying photosensitizers with different absorption profiles, 

multiwavelength responsiveness can be installed, and the versatility of DNA complementary binding allows 

for multistep reaction processes as well as post modifications. Importantly, polymer-decorated DNA 

origami tubes exhibit enhanced stability in challenging chemical environments like ion-depleted media. 

From a biological perspective, polymer modification could impact the DNA origami fate in vitro with 

polynorepinephrine coating in enabling and enhancing cellular uptake.   

Collectively, the presented approaches herein illustrate how the combination of DNA nanotechnology and 

polymer chemistry can not only alleviate intrinsic limitations but also complement each other. This paves 

the way for future endeavors 1) to create soft polymeric objects with full geometric versatility, 2) in 

rebuilding reaction vessels in cells similar to Nature’s compartmentalization strategy and 3) exploiting the 

DNA origami’s modularity to mimic and study viruses.  
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Zusammenfassung 

Das Feld der Polymerchemie ist geprägt durch kontinuierlichen Fortschritt und Weiterentwicklungen, doch 

die absolute Kontrolle über Sequenz, Monomerzugabe und Richtungsabhängigkeit bleibt schwer zu 

erreichen. Unter den biomakromolekularen System der Natur haben die Einfachheit der DNA-

Wechselwirkungen den Weg zur DNA-Nanotechnologie inspiriert und geebnet. Die komplementäre 

Basenpaarung, die zur berühmten Doppelhelixstruktur führt, bietet eine einzigartige Programmierbarkeit 

und ermöglicht die Herstellung komplexer geometrischer Objekte wie DNA-Origami. Als Baumaterial mit 

punktgenauer Adressierbarkeit im Nanometerbereich kann DNA-Origami zuverlässig die molekulare und 

funktionelle Organisation anderer Moleküle ermöglichen. Die Polymerchemie wiederum hat große 

Fortschritte bei der Steuerung von Polymerisationsprozessen und resultierender Polymere gemacht. Durch 

die Fusion der Bereiche DNA Origami und Polymerchemie kann ihr jeweiliges Potenzial in hybriden Objekten 

mit fortschrittlichen Eigenschaften integriert werden, die von einer Disziplin allein kaum erreicht werden.  

Im Rahmen dieser Arbeit werden repräsentative DNA-Origami-Strukturen mit der Bildung von 

bioinspirierten Polymeren kombiniert. Indem die DNA-Objekte mit einem Photopolymerisationssystem zur 

Steuern der Polymerbildung ausgestattet werden, soll das Verständnis der DNA-Polymer-Kombination 

vertieft werden. Üblicherweise erfordern die dicht gepackte DNA-Origami-Strukturen die Gegenwart 

zweiwertiger Kationen und werden in biologischen Umgebungen durch Nukleasen abgebaut. Andererseits 

ist die Bildung von Polydopamin, einem prominenten Vertreter der Poly(catecholamine), typischerweise 

ein unkomplizierter, jedoch eher unkontrollierter Prozess, der zur Beschichtung von Substraten verwendet 

wird. Im Rahmen dieser Arbeit werden DNA-Origami-Röhrchen mit einer Größe von etwa 100 nm aufgebaut 

und Reaktionszentren an gewünschten Positionen eingeführt. Diese Reaktionszentren bestehen aus einer 

spezifischen DNA-Sequenz, die tertiäre G-Quadruplex-Strukturen bildet. Hier können Photosensibilisatoren 

eingebettet werden, die reaktive Sauerstoffspezies erzeugen, wenn sie mit Licht einer bestimmten 

Wellenlänge bestrahlt werden. Die oxidative Umgebung leitet die mehrstufige Polymerisation der 

Monomere Dopamin und Noradrenalin ein, und aufgrund ihres Haftvermögens werden polymere Schichten 

entlang der Reaktionszentren abgelagert. Dieser Prozess bietet eine exklusive räumliche und zeitliche 

Kontrolle, ermöglicht durch die Synergie von DNA- und Polymertechnologien: Durch das Ein- und 

Ausschalten der Lichtquelle wird die Polymerbildung und damit die Höhe der Polymerschicht direkt 

ausgelöst bzw. gestoppt, während die Nanostrukturierung durch die Positionierung der Reaktionszentren 

auf dem Origami-Vorlage sichergestellt wird. Durch die Verwendung von Photosensibilisatoren mit 

unterschiedlichen Absorptionsprofilen kann außerdem eine Multiwellenlängenempfindlichkeit eingebaut 

werden, während die komplementäre DNA-Hybridisierung mehrstufige Reaktionsprozesse sowie 

nachfolgende Modifikationen ermöglicht. Es ist hervorzuheben, dass die mit Polymeren dekorierten DNA-

Origami-Röhrchen eine verbesserte Stabilität in herausfordernden chemischen Umgebungen wie etwa 

fehlende Ionenstärke, aufweisen. Aus biologischer Sicht zeigt sich, dass die Polymermodifikation das 

Schicksal der DNA-Origami in vitro beeinflusst, wobei die Polynorepinephrin-Beschichtung vielversprechend 

die Aufnahme in die Zellen ermöglicht beziehungsweise verbessert.  

Zusammenfassend zeigen die hier vorgestellten Methoden wie die Kombination von DNA-Nanotechnologie 

und Polymerchemie nicht nur den jeweiligen Limitierungen entgegenwirkt, sondern zusätzliche Vorteile 
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schaffen kann. Dies bildet die Grundlage für künftige Bestrebungen, 1) polymere Objekte von 

geometrischer Vielseitigkeit zu schaffen, 2) nanoskalige Reaktionsräume nach dem Vorbild von 

Zellkompartimenten nachzubauen und 3) die Modularität der DNA-Origami zur Nachahmung und 

Untersuchung von Viren zu nutzen. 
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1. Introduction 

The programmability of DNA and its structural fidelity render it the molecule of choice for the self-

assembly of exceptionally precise structures on the nanoscale. Polymer chemistry, on the other hand, 

provides synthetic as well as bioinspired or biomimetic macromolecules of broad chemical diversity 

and responsiveness. The merging of these fields leads to a novel class of hybrid materials that could 

advance our understanding of soft material engineering and chemistry at interfaces. In this respect, 

functional DNA-polymer conjugates, particularly DNA origami-polymers are highlighted.   

 

      

 

1.1 DNA nanotechnology 

1.1.1 DNA as a building material 

DNA is a precision polymer that functions as the main avenue of information storage in biology, 

coding the entire spectrum of components that represents life in the smallest unit.. DNA stores 

information within its sequence and thanks to next-generation sequencing techniques, it currently 

takes only mere hours to screen undiagnosed patients and provide analytical data on a genetic level.1, 

2 However, it was tumultuous times when Watson and Crick postulated a molecular structure for 

deoxyribonucleic acid in 1953.3, 4  An X-ray based fiber diffraction image taken by Rosalind Franklin’s 

student provided critical evidence in identifying the structure of DNA.5 Namely, DNA consists of two 

chains that wound helically round a common axis whilst running in opposite directions (Figure 1). The 

chains are built from only four monomers – nucleotides – that are in turn composed of nitrogen-

containing nucleobases cytosine (C), guanine (G), adenine (A) or thymine (T) together with a 

deoxyribose unit and a phosphate group. Two DNA chains coil around each other according to base 

pairing rules. Pyrimidines T and C pair with purines A and G through two or three hydrogen bonds, 

respectively. Remarkably, the double helical structure of DNA will always form as long as the chains 

are complementary in sequence. The hydrophobic bases point inward while the alternating sugar-

phosphate backbones form a negatively charged exterior.6  However, there are examples of 

extraordinary nucleotide sequences that lead to DNA superstructures different from the double helix.7 

Notably, base recognition and the formation of hydrogen bonds results in perfect binding of two 

complementary DNA strands but base-stacking interactions predominantly contribute to duplex 

stability in aqueous environment.8 Furthermore, double-stranded DNA (dsDNA) is considered as rather 
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stiff over a range of tens of nanometers, single-stranded DNA (ssDNA) in contrast acts like a flexible 

and elastic polymer adapting a coiled conformation.9   

 

Figure 1 Deoxyribonucleic acid (DNA) consists of two chains that wound helically around a common axis whilst running in 

opposite directions. (A) Double helix structure of two complementary nucleotide strands (orange and green) in solution. (B) 

Duplex stability is mainly driven by base pair stacking, as shown in top view. dsDNA images were created from PDB: 2M2C.10 

(C) Hydrogen bonding between base pairs adenine-thymine and cytosine-guanine further stabilizes the structure and ensures 

complementary recognition. 

 

Two remarkable features of DNA are accounted for its extraordinary impact on biology: its 

digital nature and its complementarity.11 Firstly, digital information is encompassed in genes that 

encode proteins as well as the gene regulatory network controlling the behavior of genes. Secondly, 

the complementarity of DNA is not only recognized as the basis of replication in living systems, but 

also gives rise for the field of DNA nanotechnology. Here, DNA is taken out of the biological context 

and is utilized as a non-biological engineering material for the manufacturing of 2D and 3D DNA 

structures of nanoscale dimensions.12 The predictable nature of DNA interactions enables the rational 

design and self-assembly of nanostructures and has truly transformed nanoscience.13 In this regard, 

what is it that makes nanoscale objects a cutting edge research area? For over a century, synthetic 

chemists have manipulated countless molecules on the angstrom level, which is an order of magnitude 

smaller than the scale exploited in nanoscience.14 However, as the length scale increases to the 

nanometer regime, the energy landscape become more complex as molecules need to overcome 

entropic effects where both molecular and long-range order becomes critical. Here, Nature sets 

superlative standards when it comes to matters like bottom-up synthesis and self-assembly processes. 

Self-assembly describes the autonomous and spontaneous organization of individual components into 

patterns or structures without external instruction.15, 16 Nature masters the design of chemically 

complementary and structurally compatible constituents to organize nonliving components into living, 

biological systems. The dynamic cell membrane is an exquisite example for the assembly of different 

molecules into a complex asymmetric pattern.17, 18 In order to guide the subsequent self-assembly of 

the molecules, they have to be coded with intrinsic information such as shape, surface properties, 

charge, polarizability, magnetic dipole, mass, among others.15 Molecular self-assembly relies on the 
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formation of numerous non-covalent or weak covalent bonds including hydrogen and coordination 

bonds as well as van der Waals, electrostatic, and hydrophobic interactions. While each of the bonds 

is rather weak on an individual level, collective interactions can result in a directionality that 

determines bulk behavior such as attraction and repulsion.16 While this programmed self-assembly 

process represents a bottom-up approach in creating functional structures, top-down techniques 

begin with larger structures and decrease their dimensions by means of external assembly tools. Yet, 

building from the bottom up enables larger chemical diversity and closer proximity between entities.14  

Four decades ago, Nadrian Seeman recognized the potential of self-assembling DNA for 

controlled bottom-up nanofabrication.19 He pursued the idea of arranging biomacromolecules such as 

proteins into well-ordered lattices for crystallography through DNA-based scaffolds, thus, laying the 

foundation for DNA nanotechnology. Structural DNA nanotechnology is based on several pillars of 

which the aforementioned hybridization is probably the most apparent. However, little biology would 

happen if DNA was permanently locked in its double helical structure.20 It is the branched 

manifestations that occur during semiconservative replication (triply branched replication forks4) and 

genetic recombination (four-arm branched Holliday junctions21) that significantly give biological 

meaning to DNA (Figure 2). With respect to controlled self-assembly of artificial DNA nanostructures, 

however, these branched junctions have two limitations: their geometric flexibility and instability 

resulting from branch migration due to sequence symmetry. By making DNA arms with unique 

sequences, Holliday junctions can be rendered immobile which marks the turning point in creating 

DNA nanostructures. Furthermore, predesigned ssDNA overhangs – so-called sticky ends – can be 

introduced to the DNA arms to potentially extend the structure into an infinite lattice. The symmetry-

lacking sequences required here cannot by readily obtained from natural sources, emphasizing the 

need for the synthesis of DNA strands of arbitrary sequences. This demand could be met through the 

advent of phosphoramidite chemistry and adaption of solid-phase oligonucleotide synthesis.22, 23 The 

availability of immobile junctions then led to the first 3D DNA nanoobject, a DNA cube, where the 

vertices are built from the branched junction points and the edges are formed by rigid dsDNA domains, 

resulting from hybridization of the sticky ends.24 Another milestone in the field was the introduction 

of a double-crossover molecule (DX) where two DNA double helices are linked together via two strand 

exchanges.25, 26 In detail, a strand exchange occurs when a DNA strand starts on one helix and switches 

to the next helix. In contrast to Holliday junctions, a DX motif cannot rotate freely and offers sufficient 

stability necessary for the formation of rigid periodic structures. This strategy was then employed to 

assemble the first crystalline 2D DNA array which was imaged by atomic force microscopy.27 Later on, 

triple crossover molecules (TX) were designed and besides these diverse lattice geometries, structural 

DNA nanotechnology has produced polyhedrons, nanotubes, nanowires, and walking devices, among 

others.28-32  
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Figure 2 (A) A Holliday junction contains four double-stranded arms. In case of symmetrical sequences, the branchpoint is 

mobile and can migrate. (B) Employing unique sequences, however, renders these junctions immobile and incorporation of 

single-stranded overhangs further enables creation of infinite latices. (C) A three-dimensional cube-like structure can be 

created by formation of interconnected rings from ligated DNA strands. (D) Double-crossover molecules can be programmed 

by controlling their sticks ends in such a way that they produce two-dimensional arrays. (E) Atomic force spectroscopy image 

of a crystalline 2D DNA array made from DX motifs. Reprinted and adapted with permission from 33, 34, 27.  

 

In brief, the success of DNA as the molecule of choice in nanotechnology attributes to the 

programmability of Watson–Crick base pairing, the predictability of the DNA double helix together 

with stably branched DNA motifs, automated synthesis of configurable oligonucleotides as well as the 

chemical stability and inertness of DNA that leaves little space for secondary interactions.   

 

1.1.2 DNA origami 

While DNA nanotechnology was continuously gaining attention in the late 1990s, the field experienced 

an impressively fast expansion starting in 2006. This development is to be credited to the emergence 

of a new technique called “DNA origami” by Paul Rothemund.35 Similar to the Japanese art of folding 

a flat sheet of paper into arbitrarily formed objects, a long ssDNA strand can be folded into predesigned 

shapes and patterns. The DNA origami methodology circumvents certain obstacles that previous 

strategies were facing and significantly increases the complexity and size of the assembled structures. 

Formerly described techniques rely on short DNA oligonucleotides only and are therefore sensitive to 

stoichiometric ratios. Furthermore, purification of individual strands is necessary to obtain reasonable 

yields and infinite periodic arrays only provide limited individual addressability.36, 37 In DNA origami, 

however, a long ssDNA (scaffold DNA) can be folded into a desired and fully predefined shape assisted 

by hundreds of short synthetic oligonucleotides. They are designed to bind to distinct positions along 

the scaffold DNA in crossover motifs, thus, bringing formerly distant parts into close proximity and 
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locking the scaffold in place (Figure 3). In accordance to their literal function, these oligonucleotides 

are referred to as staple strands.  

The most prominent scaffold strand in the field is a circular 7-kilobase phage genome whose folding 

creates a surface area of roughly 8000–10000 nm2 and an overall mass of approximately 5 mega 

Daltons.13 Likewise, the size of the corresponding origami structure depends on the length of the 

scaffold DNA and researchers have examined various ways to generate tailored scaffolds.37, 38 The fact 

that the sequence and consequential position of each staple strand is predefined and precisely known 

renders origami structures being portrayed as a programmable pegboard with a resolution of 4–6 nm. 

As a further benefit of the scaffold-based approach, stoichiometry considerations are negligible since 

staple strands can be applied in excess without the need for preceding purification steps. Noteworthy, 

each nanostructure demands for a unique set of several hundred ssDNA strands but the continuously 

decreasing costs of oligonucleotide synthesis have eased this concern.39, 40 In line with the original 

rectangle proposed by Rothemund, two-dimensional origami structures entail a single layer of helices 

that have interhelical crossovers every 180°, leading to a planar sheet. In order to generate three-

dimensional structures, multiple 2D-sheets can be assembled into higher-ordered objects by additional 

crossovers at the edges.41 The resulting 3D structures then encompass an internal cavity as 

demonstrated by Andersen and Coworkers in 2009. Their famous DNA box even exhibits a flexible lid, 

making the DNA object changing its topology in response to the addition of complementary DNA-

keys.42  

Multilayered 3D origami is an expedient extension since single-layer structures tend to deform and 

fluctuate in solution. To increase the resistance to mechanical stress, DNA helices are densely packed 

through a defined arrangement of crossovers at, for instance, every 270°.43 While the connection of 

one helix to three adjacent helices results in an hexagonal cross-section, rectangular structures with 

higher density can be made from layers of helices packed on a square lattice geometry.44 However, 

lattice-based designs are not suitable for the formation of material-efficient, hollow, or porous DNA 

nanoobjects. In contrast to multi-layered structures, wireframe approaches, i.e. DNA designs based on 

3D meshing, require less material per volume and produce DNA-economical constructs.45 Here, 

macroscopic engineering methods are applied to the nanoscale: In a top-down manner, the object of 

interest is transcribed into a mesh (vertices, edges, and faces), followed by rendering a wireframe 

model with a scaffold strand routing through the mesh and the generation of respective stapling 

sequences.46 This way, highly curved and complex 2D- and 3D-structures such as spheres, screws, 

various meshes, even up to bunny-shapes were fabricated.47-49 Further endeavors focus on scaffold-

free approaches to omit the need for a long scaffold DNA and the so derived objects are therefore not 

constrained in size and scale.50  
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Figure 3 (A) DNA-based architectures can be built in a multistranded (hierarchical assembly of oligonucleotides through 

cohesion of sticky ends) or scaffold-mediated approach (folding of a single-stranded scaffold by a set of designated 

oligonucleotides). (B) Mainly 32-mers are spanning three helices, thus, forming the scaffold strand into any desired origami 

design. (C) Examples of rectangular and triangular origami, imaged by atomic force microscopy. (D) Depending on the design 

of the crossover patterns, various 2D- and 3D-origami can be constructed. (E) Wireframe approaches, i.e. DNA designs based 

on 3D meshing, require less material per volume and produce DNA-economical constructs. Reprinted and adapted with 

permission from 35, 41, 46-48. 

 

 

 

Functionalization of origami structures 

While the chemical inertness of the DNA molecule is essential to impart high stability and high fidelity 

in DNA nanotechnology, it leaves the mere DNA nanostructures lacking in function. Except for 

functional DNA structures such as aptamers or DNAzymes, DNA is mainly considered as a molecular 

scaffold. In order to make functional DNA nanostructures, the integration of other molecules and 

materials is necessary which often requires chemical modification of the DNA strands. Automated 

phosphoramidite-based DNA synthesis is performed from the 3’- to the 5’-end and supports 

modification of oligonucleotides at the 3’-site (modified solid support), internally (either modified 

nucleobases or non-nucleobase phosphoramidites containing modifications), and at the 5’-site 

(modified phosphoramidites without the possibility for further chain elongation) (Figure 4).51 In many 

cases, required phosphoramidites are not commercially available, synthetically demanding, or that the 

functional moiety is not compatible with either DNA synthesis or succeeding workup. Here, milder 
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reactive handles are introduced to the DNA strand synthesis and the desired functionality is coupled 

to the handle in a post-synthesis fashion. Noteworthy, these conjugation reactions involve 

unprotected and charged oligonucleotides and are preferably performed in aqueous environments, 

further narrowing down the possible chemistries. Most prominent chemical handles are amino groups, 

thiols, and (cyclo-)alkynes that react with activated carboxylates (e.g., NHS esters), maleimides, and 

azides, respectively. Two basic methods are distinguished for subsequent incorporation of the 

modified oligonucleotides into DNA nanostructures. The functionalized DNA strands is either (A) 

directly integrated in the origami structure as a staple strand that contributes to the folding of the 

scaffold strand or (B) attached after origami annealing by hybridization to staple strand extensions 

protruding from the surface.12  

 

Figure 4 (A) Automated phosphoramidite-based DNA synthesis allows for modification of oligos and is performed from the 

3’- to the 5’-end. It supports internal and 5'-modifications through respective phosphoramidites as well as 3'-modifications 

through modified solid supports. (B) Modified oligos can be used to introduce functional moieties into DNA origami. Either 

through direct integration in the origami structure as a staple strand or attached after origami annealing by hybridization to 

staple strand extensions protruding from the surface. 

 

The first method offers high positional control and is facile since it only necessitates one hybridization 

step (i.e. folding of origami structure), however, the desired entity has to withstand high temperatures 

employed in the denaturation step prior to origami annealing. If several copies of the same 

modification are to be introduced at multiple position within the DNA framework, a unique DNA strand 

of the specific sequence is required for each modification site, potentially making it costly. The second 

method circumvents these drawbacks. Hybridization of the modified oligonucleotide to staple strand 

extensions occurs at much lower temperature (or even room temperature) and since these staple 

strand extensions can comprise the same sequence, only one kind of modified oligonucleotide is 

necessary to decorate several positions. Still, if orthogonal reactions are of interest, sequences of 
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protruding staple strands and complementary oligonucleotides can be easily adjusted. Although 

superior in the aspects described above, the second technique might have less position fidelity and 

lower functionalization density compared to the first approach.     

Once integrated into the DNA nanostructure, chemical functionalities can aid in performing chemical 

reactions with further control over distances, ranging from covalent reactions, polymerizations, cross-

linking, and metallization of the template. Furthermore, precise incorporation of macromolecular 

entities such as proteins or inorganic nanoparticles has received considerable attention. The efficiency 

of enzyme cascades, for instance, could be increased through controlled spacing between the 

enzymes.52-54 The most common modification in DNA nanotechnology, however, involves 

chromophores in Förster Resonance Energy Transfer (FRET) studies55, 56 and applying them within the 

development of sensors,57 photonic wires,58, 59 light-harvesting systems,60 among others. Since the 

decoration on DNA/DNA nanostructures with fluorophores is rather straightforward, Jungmann et al. 

took super-resolution microscopy on a next level by making use of transient binding events of short 

oligonucleotides in “DNA-PAINT” (i.e. points accumulation for imaging in nanoscale topography).61-63 

Here, the dynamic binding and unbinding of dye-labeled ssDNA (imager strands) to complementary 

targets (docking strands) fixed on DNA origami or cells creates stochastic fluorescence on/off-states 

necessary for imaging.  

 

 

DNA origami in a biological context  

In a cell-free setting, accompanied by continuous reduction in the cost of DNA synthesis, the increase 

in complexity of DNA nanostructures become more accessible. However, the full potential offered by 

DNA objects in terms of small sizes, biocompatibility, and programmability has yet to be exploited at 

the interface with biology. Prevailing hurdles entail stability of the structures after administration and 

reaching of target cells, uptake, endosomal escape and subcellular localization which have impeded 

adequate progress of the field. It is therefore necessary to bridge the gap from experiments in simple, 

isolated solutions to complex, heterogeneous cellular environments. In order to do so, two major 

factors that limit the stability of DNA nanostructures have to be taken into account: low level of 

magnesium ions and the presence of nucleases (Figure 5).64 Divalent magnesium ions are typically 

required to compensate electrostatic repulsion between neighboring helices in DNA origami whereas 

nucleases are found in virtually all kinds of body fluids and tissues, thus, putting a threat on the 

nanostructures’ integrity.   

In order to stepwise elucidate the origamis’ performance in a biological context, various 

approximations of the final target environment can be conducted first. Lysates as mixtures of cellular 

components after homogenization of cells can be used to evaluate the integrity of DNA nanostructures 
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in a medium that closely resembles intracellular environment. Serum stability studies can also mimic 

certain parts of cellular environment due to the lack of stabilizing cations and by exposing the 

structures to nucleases. In an early study, DNA origami nanostructures were found to be stable in cell 

lysate for up to 12 hours, whereas long single- and double-stranded nucleic acids could not be 

recovered after incubation.65 In addition, high-speed AFM studies revealed that degradation profiles 

of 2D shapes are structure-dependent.66 To date, numerous reports on enhancing the stability of 

origami have been published. The envelopment of DNA nanostructures in PEGylated bilayers, for 

instance, furnished protection against nuclease digestion, mimicking the morphology of enveloped 

viruses.67 Since DNA is negatively charged, electrostatic interactions with positively charged molecules 

can be exploited for origami coating to enhance stability. In that respect, cationic albumin could be 

either directly bound to origami structures or indirectly after modification of the native protein with a 

dendron part acting as a cationic binding domain.68, 69 Furthermore, decoration of DNA objects with 

DNA itself, e.g., oligonucleotide strands, also offers promising results: Functionalization of the outer 

surface with dendritic ssDNA reduces nuclease digestion due to putative steric hindrance.70 Through 

enzymatic polymerization, DNA origami nanostructures can site-specifically be modified with 

polynucleotide brushes of different heights and compositions, thus, contributing to their stability and 

also providing a route to smart, cleavable objects by asymmetric decoration.71 Very recently, minor-

groove binders were shown to control DNase-mediated degradation rates of wireframe origami 

structures in serum under in vitro conditions.72 As an alternative to the modification of DNA origami 

with external molecules, the structures themselves can be manipulated intrinsically. Whereas 

conventionally employed DX motifs connect two adjacent helices, a so-called paranemic crossover (PX) 

is a four-stranded DNA structure that connects strands of the same polarity at every possible point. 

Importantly, PX DNA demonstrates significantly enhanced resistance against nucleases that scales with 

the number of crossovers.73  

 

Figure 5 (A) In a biological context, DNA origami structures are susceptible towards the presence of nucleases and a lack of 

stabilizing ions, leading to denaturation or digestion processes, respectively. (B) Site-specific and enzyme-catalyzed 

modification of origami tubes with polynucleotide chains increases their nuclease resistance. (C) Contrary to DX motifs, 

paranemic crossovers connect strands of the same polarity at every possible point, thus, contributing to stability. Printed and 

adapted with permission from 71, 73. 

 

For cell targeting it is crucial that DNA origami structures maintain integrity for a sufficient 

period of time, i.e., surviving in the blood stream when delivering in vivo. Typically, DNA origami are 
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assembled in buffers with high Mg2+ concentrations (~10 mM) so that the counterions can stabilize the 

dense package of negatively charged DNA helices. However, once formed, the structures are able to 

withstand low levels of Mg2+ whilst this effect largely depends on the individual superstructure.74 

Alternatively, 3D origami can be formed in magnesium-free buffer containing low levels of the DNA-

condensing agent spermidine. In contrast to conventionally annealed origami, spermidine-stabilized 

structures could be delivered into mammalian cells via electroporation.75  

In addition to these strategies, polymer coating of DNA origami attracts considerable attention 

and chapters 1.3 and 1.4 highlight respective endeavors in greater detail. However, a prominent 

example in this regard is the electrostatic coating of DNA nanostructures with polylysine-polyethylene 

glycol block copolymers which is simple to manufacture yet effective in protecting the structures from 

nuclease degradation.76 Whereas the attained polymer–DNA hybrid structures were found to increase 

nuclease resistance by approx. 400-fold, glutaraldehyde mediated cross-linking of the polymer coating 

could extend survival of corresponding DNA origami by another 250-fold even with excess DNase I.77, 

78  

Once the stability issues are adequately addressed, one can finally make use of the 

unprecedented addressability of the platform. In order to target specific cells, ligands can be 

introduced that specifically recognize and bind to receptors on the relevant cell type. Here, aptamers, 

i.e., oligonucleotides whose 3D structures provide affinity for a given target and that resemble the 

selectivity and specificity of antibodies, are broadly explored.79-82 Notably, the size and shape of the 

pristine DNA origami structure without further modifications already affects the membrane 

translocation.83, 84 Moreover, DNA origami enables investigation of distance-dependent multivalent 

binding effect by deterministic positioning of multiple-affinity ligands when targeting thrombin 

molecules.79 In comparison to small molecule target binding, protein–aptamer complexes can be 

visualized in AFM imaging, allowing direct yet fairly labourious analysis. Similarly, DNA rectangles were 

equipped with 12 aptamers targeting a malaria biomarker in human blood plasma and binding was 

monitored by AFM.85 In a more dynamic approach, a cocaine aptamer-modified DNA nanocage was 

capable of sensing cocaine concentrations due to binding-induced conformational changes.86 Also 

based on dynamic binding, a DNA nanorobot was constructed to transport payloads specifically to 

tumors. Herein, a nucleolin-targeting aptamer is positioned on the outer surface which serves not only 

as a targeting domain but also as an opening mechanism of the nanorobot upon binding where the 

protease thrombin is loaded into the inner cavity. After intravenous injection in tumor-bearing mouse 

models, the inner cavity exposes thrombin, thus, inducing intravascular thrombosis and tumor 

necrosis.87 This example illustrates the capability of the DNA origami technology for orthogonal 

modifications in a highly precise fashion. 
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1.2 Polymers in a biological world 

1.2.1 Poly(catecholamines) 

With the advent of modern polymerization technologies, polymer chemists can synthesize a plethora 

of polymers with an unprecedented degree of homogeneity and tailorable features. The increasing 

global need for sustainable polymers to address environmental and climate challenges has fueled the 

community to relook into polymer chemistry and seek inspiration from biopolymers. Synthesized by 

living organisms, biopolymers perform purposeful tasks such as cellulose being an important 

component of green plants’ cell walls, chitosan stabilizing the outer skeleton of insects, among others.  

When human skin is exposed to UV irradiation, for instance, it darkens. This phenomenon is 

due to the evolution of melanin, a class of natural pigments that are responsible for the coloring of 

skin, hair, feathers, and eyes of organisms.88 Eumelanin, the most common type, is produced in an 

enzymatic multistage process, starting with the amino acid tyrosine that undergoes oxidation and 

subsequent polymerization to give brown and black pigments.89, 90 Melanocytes – melanin synthesizing 

cells – are found in the basal layer of the epidermis and once produced, melanin is packed into 

organelles – melanosomes – that are delivered to surrounding cells to protect them against UV 

radiation (Figure 6).  

The first oxidation product of tyrosine in melanin production, the non-proteinogenic amino 

acid L-DOPA (3,4-dihydroxy-L-phenylalanine), is further found in the marine world as a vital part in the 

byssal fibers of mussels.91 Mussels can adhere to virtually all types of inorganic and organic surfaces, a 

characteristic which is attributed to the special composition of their anchoring threads. Rich in both 

L-DOPA and amine containing residues (lysine and histidine), mussel foot proteins can form extremely 

strong covalent and non-covalent interactions with substrates. Moreover, similar to melanin 

production, oxidation of L-DOPA’s catechol moieties in alkaline seawater leads to bulk solidification of 

the mussel foot proteins, representing a robust glue. Inspired by the adjacent coexistence of catechol 

and amine units, dopamine was therefore considered as a small molecule representing a powerful 

building block for spontaneous polymerization processes.92 Together with other natural 

catecholamines such as norepinephrine, L-DOPA and dopamine are known for their role as 

neurotransmitters, hormones and pigments and are now repurposed in a chemical fashion and 

exploited for, e.g., the coating of surfaces.93, 94 This class of molecules is characterized by the 

aforementioned catechol group and ethylamine side chain whereas the individual compounds differ 

in their side chain modification on the carbon atoms of the ethyl side chain. 
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Figure 6 (A) In melanocytes, a multi-step enzymatic process converts the amino acid tyrosine into melanin when exposed to 

UV-irradiation. (B) The ability of mussels to adhere to virtually any surface is attributed to the predominance of both L-DOPA 

and amine containing residues in mussel threads. Reprinted and adapted with permission from 95. (C) Catecholamines are 

characterized by a catechol group and ethylamine side chain.   

 

In their seminal work in 2007, Lee and coworkers subjected dopamine to conditions similar to 

that of mussels in order to mimic and explore the formation of a super glue.92 Simple immersion of 

objects into a solution of dopamine buffered at pH 8.5, i.e., resembling the slightly alkaline marine 

environment, induced spontaneous deposition of thin polymeric films. Remarkably, this autooxidation 

of dopamine in the presence of dissolved oxygen demonstrated to be a universal strategy to coat a 

broad variety of surfaces such as metals, glass, polymers, and even PTFE.96-98 Although the mechanism 

of pDA formation is similar to melanin biosynthesis and despite huge efforts in the field, the full 

structure of pDA has yet not been fully elucidated (Figure 7).99, 100 As in melanin formation, the 

polymerization of dopamine starts with oxidation to a quinone molecule. Then, in alkaline 

environment, the nucleophilic attack of the free amine at the C6 position leads to cyclization and 

formation of leucodopaminechrome. Additional oxidation and isomerization results in 5,6-

dihydroxyindole (DHI) which is further oxidized into 5,6-indolquinon. These two intermediates are 

important for polymerization as they can undergo comproportionation to two semiquinone radial 

groups which can then couple covalently. Carbon-carbon bonds between adjacent aromatic nuclei can 

occur at any free positions on the rings which leads to dimers, trimers, higher order oligomers and 

their aggregates.101, 102 However, these pathways are complex and still remain ambiguous, which also 

applies for the ultimate chemical structure of pDA. Numerous studies were performed and suggest the 

presence of supramolecular aggregates based on charge transfer, π-π and cation-π interactions, non-

covalently self-assembly of dopamine and intermediates as well as covalent oligomers and polymers.92, 

99, 100 With respect to the latter category, even high molecular weight polymers up to 200 nm in length 

were recently found to be existent in pDA films.103  

In spite of its complex and unclear structure, the simplicity of pDA synthesis and its decent 

physical and chemical features have granted pDA much acclaim across a multitude of science and 

engineering disciplines. In a biology related context, pDA coatings could assist in building DNA 

microarrays and biosensors. In a single-step process, deposition of pDA from dopamine solutions on 
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thin gold microarray elements can be achieved and reacted with amine-modified ssDNA strands. 

Subsequent detection of biomolecules by surface plasmon resonance imaging benefits from the pDA 

layers that interestingly provide good resistance to nonspecific binding events.104 Likewise, the 

universal adhesiveness of pDA can be exploited to coat nanoparticles of diverse chemical nature, such 

that the intermediate polymer layer covalently bounds oligonucleotides via amine or thiol 

functionalities. The decorated nanoparticles exhibit high loading density of DNA while preserving its 

biological function which is crucial when aiming for successful cell targeting or subsequent 

hybridization steps.105 Evidently, not only oligonucleotides can be bound to pDA-coated NP, also H2N- 

and SH-containing BSA, poly-L-lysine, among others, can thereby be attached to modulate 

pharmacokinetics of the NP without the need for reactive linker chemistry or pH- and concentration-

sensitive electrostatic adsorption.106 In general, the uptake of nanoparticles into cells is a highly 

regulated mechanism and depends on several factors such as size, shape, net charge, among others. 

Cationic nanomaterials are conventionally preferred carriers due to their high ability to penetrate the 

negatively charged cell membrane. Yet, these nanoparticles are known to cause cytotoxicity and 

immune response, thus, limiting their clinical translation. Abandoning positive surface charges of 

particles often leads to rather poor cell uptake and numerous counterstrategies have been 

developed.107, 108 Notably, polydopamine coating as a non-cationic biomaterial can abundantly enter 

various cell types.109 While there is evidence for dopamine receptor-mediated binding of pDA-coated 

NP through monomeric DA units110 and also three specific pathways in HeLa cells111, other mechanisms 

involving cell-surface receptors are still under investigation. In an approach to reduce the chemical 

variety to only the most essential moieties in pDA while achieving similar properties, a random 

copolymer with catechol and amine side chains and a molecular weight of 160–210 kDa was generated. 

Incubation with various substrates analogously to classic pDA deposition protocols led to the desired 

polymer coating. Noteworthy, no further surface treatment was necessary to immobilize DNA, thus, 

presenting a robust and cost-effective method for microarray fabrication. Compared to conventional 

pDA coating, this strategy have led to more defined and more homogenous polymer films which can 

assist biosensor fabrication.112  

In spite of the attractive attributes, the extensive use of pDA coating is facing certain 

limitations. A lack in synthetic control and resulting surface morphology turned out to be a substantial 

concern, also prohibiting further translation to applications. During polymerization of DA, formation 

of nano-/ microparticulate aggregates of pDA and oligoDA is inevitable. These aggregates either form 

in solution and deposit through π- π and van der Waals forces or grow directly from the surface by 

polymerization. Surface roughness is therefore significantly higher.113 However, when a smoother 

surface is required, DA can be replaced by another catecholamine: norepinephrine.114, 115 

Polynorepinephrine (pNE) coating show similar simplicity in formation and ability to adhere to various 
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materials but can provide ultrasmooth surfaces. Although the molecular structure of both monomers, 

DA and NE, differs solely in the presence of an additional alkyl hydroxyl group, the respective 

intermediates in the polymerization process drastically impact surface morphology later on.116, 117 

Under oxidative conditions, NE can be transformed into 3,4-dihydroxymandelic acid, which is followed 

by an oxidative cleavage of the side chain. The resulting catechol aldehyde (3,4-

dihydroxybenzaldehyde, DHBA) subsequently reacts with another monomer’s amine moiety in a 

reversible Schiff-base formation reaction. The so-formed DHBA-NE product is pivotal in preventing 

intermolecular aggregation of NE intermediates and thus, reducing surface roughness. The role of 

DHBA is also supported by the observation that simple addition of DHBA to the pDA polymerization 

process leads to a smoother surface compared to conventional pDA coatings.113   

 

Figure 7 (A) The formation of polydopamine involves many oxidation, cyclization, and isomerization steps. The structure of 

the polymer is still under elucidation, however, the presence of monomers, oligomers, polymers and supramolecular 

aggregates are reported. (B) Polynorepinephrine surfaces are described as ultrasmooth, a feature which is mainly attributed 

to the occurrence of the intermediate 3,4-dihydroxybenzaldehyde. (C) SEM and TEM images show the reduced surface 

roughness of pNE-coated PS and silver particles compared to pDA-coating. Printed and adapted with permission from 113.   
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The presence of an aliphatic secondary amine of DBHA-NE can also be exploited for biomedical 

applications as a nitrite oxide (NO)-loading platform. Physical adsorption of NO-containing compounds 

as well as stability considerations can thereby be omitted.113 Furthermore, the additional hydroxyl 

group in pNE coatings can serve as a handle for post modification by initiating ring opening 

polymerization of lactone monomers and inducing a hydrophobic film on top of the pNE layer.114 

Similar to pDA, the features of pNE such as high biocompatibility and almost substrate-independent 

coating have been leveraged in biological applications. Although pNE shows equal or even superior 

performance, research on pDA is more established. One minor reason may be higher costs of the NE 

monomer. However, there are studies reporting higher suitability of pNE compared to other 

catecholamines: Especially with regards to the surface modification of cardiovascular materials, pNE 

coating demonstrated best histocompatibility and less adhesion of platelets.94 In another work, pNE 

nanoparticles were fabricated through autoxidation and loaded with doxorubicin. Here, particle size 

optimization was achieved by varying solvent and monomer dosage. The NP exhibited higher 

pharmaceutical cytotoxicity than the free drug and are thus regarded as promising drug delivery 

vehicles.118 Also when manufacturing nanoparticles from pNE in an oil-in-water process, the 

polymerization protocol can be adapted to influence the later shape of the particles. The concentration 

of copper ions, for instance, will impact the diameter of the derived microcapsules and shell 

thickness.119 Moreover, particles do not have to be built purely from pNE. The adhesiveness of pNE can 

be utilized to coat, e.g., FeOOH particles and to entrap an anticancer drug. Here, again, the authors 

favored pNE over pDA because of more uniform and thinner coating properties.120  

 

Figure 8 (A) The universal adhesiveness of pDA can be exploited to coat nanoparticles with oligonucleotides via amine or thiol 

functionalities, directing cancer cell targeting. Overlaid dark field and fluorescent image of aptamer-modified Au-PDA 

particles, scale bar is 20 µm. (B) Polynorepinephrine particles can be loaded with DOX for delivery into HeLa cells. 

Quantification of cell viability upon treatment with only pNE particles, free DOX, and DOX-loaded pNE particles illustrates the 

efficacy of the combined approach. Printed and adapted with permission from 105, 118.  
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Concluding, whenever a biocompatible and versatile coating in the nm Range is required, 

catecholamine monomers are promising candidates with almost 15 years of extensive research going 

on. 
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1.2.2 Photodynamic Therapy, Photosensitizer, and Photopolymerization 

Polymerization of monomers can be triggered by various stimuli such as by chemical, thermal, or 

electrochemical means to successfully overcome the energy barrier. Compared to these conventional 

processes, photoinduced polymerization systems can be fairly easily exploited for complex and 

selective macromolecular synthesis at ambient conditions. Chemically induced reactions, for instance, 

require the addition of a reactive agent, and – if no quenching reaction is applied – the reaction will 

continue until these triggers are fully exhausted. Thermal processes are enabled through an increase 

in heat, limiting in certain cases the use of temperature-sensitive substrates, e.g., biomolecules. The 

success of photopolymerization, however, is founded upon the rise of light emitting diode (LED) 

technology on the one hand, and the advent of controlled radical polymerization on the other.121 

Herein, a chromophore is excited through photons from the incident light, promoting an electron to 

higher energy orbitals and thus, generating more energetic species. The excited state chromophore 

will eventually undergo one of several processes to transfer the additional energy and thereby fall to 

an energetically stable state again. A photochemical reaction is only started when energy is transferred 

to another molecule, instead of deactivation through thermal radiation or luminescence. 

Photosensitizers (PS) represent a class of molecules that possess these particular features and are 

therefore exploited in photopolymerization. They absorb energy from light spanning the UV, visible or 

infrared-spectrum and transfer this energy either directly or by a chemical reaction to nearby 

molecules.122, 123 According to their mode of action, they can be classified as type I or type II PS (Figure 

9). Type I PS in their excited triplet state react directly with the substrate, forming the product and 

releasing the PS in its initial relaxed state. Excited type II PS, however, firstly excite ground state oxygen 

into the singlet state which in turn reacts with the substrate, leading to product formation.  

 

Figure 9 Photosensitized reactions can be classified into two pathways. Activated type I photosensitizer react with the 

acceptor, in a one-electron transfer reaction, to produce a radical ions and reactive oxygen species. In type II photosensitized 

reactions, the excited PS reacts with a ground state oxygen molecule into singlet oxygen which then react with the substrate 

to form product. Reprinted with permission from 122.  

 

A prominent example of the application of a PS in a biomedical context can be found in photodynamic 

therapy (PDT).124 PDT is a mainly minimally invasive method for the treatment of tumors or defective 

tissue and relies on three components: light, a photosensitizer, and tissue oxygen. The PS is either 

locally or systemically applied, whereas specific tumor characteristics such as excessive cell growth, 

increased metabolic activity or increased perfusion enforce the accumulation of PS at the required side 

of action. Strong absorption of the PS in red/near infrared spectrum is preferred as it allows for deeper 
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tissue penetration, referred to as the therapeutic window.125 Once brought into its excited triplet state, 

the PS can either directly interact with the substrate such as the cell membrane (type I) or forming 

highly cytotoxic singlet oxygen which in turn reacts with amino acid residues or unsaturated lipids (type 

II). The half-life of singlet oxygen in biological systems is approximately 40 ns, defining a radius of action 

in the range of 20 nm so that only proximal cells are directly affected in PDT. The so caused destruction 

of cellular membranes and deactivation of enzymes eventually lead to cell death, marking therapeutic 

success.126 Cell death can comprise apoptosis, necrosis, and autophagy events and the dominance of 

each pathway also is significantly influenced by the localization of the photosensitizer (Figure 10). As a 

consequence, the multifactorial photodamage thus depends on the type of photosensitizing agent, its 

concentration and localization, light exposure dose as well as oxygen availability.  

More than 100 years ago, Eosin Y was used in the first medical photosensitization reaction in which 

the interplay of the fluorescent compound and light was exploited to treat skin tumors.127 This was 

preceded by the observation that the oral application of Eosin Y provoked dermatitis in sun-exposed 

areas of the skin. Eosin Y is an anionic xanthene dye derived from fluorescein that exhibit intense 

absorption bands in the green wavelength range from 480–550 nm and its high singlet oxygen 

quantum yield is marking Eosin Y primarily as a type II PS.128, 129 This capability is for instance reflected 

in a study where excitation of incorporated Eosin Y causes lipid hydroperoxidation of unsaturated 

chains in Langmuir monolayers.130 Furthermore, by incorporating the PS into smart carrier systems it 

is even possible to elevate the level of spatiotemporal control in PDT. Conjugation of Eosin Y to pH-

responsive block copolymers results in inactive drug micelles in extracellular milieu but upon 

endosomal uptake, however, micellar breakdown release makes the PS responsive for PDT again.131  

Similar to other medical treatments, PDT also benefits from utilizing pharmacologically inactive 

prodrugs instead of readily available drug molecules to ensure selective targeting, increased 

biodistribution and minimize side effects. Aminolevulinic acid (ALA) combines extraordinary benefits 

for PDT in that respect: Being an endogenous key precursor in the bioformation of heme, its external 

administration outplays downstream enzyme activity, leading to accumulation of the prodrug in the 

cell. In particular, ALA, marketed as Levulan, is quickly converted into protoporphyrin IX (PPIX) – being 

the potent photosensitizer herein – but not further into heme due to insufficient enzyme rates in 

subsequent synthesis.132 PPIX is a planar, tetrapyrrolic molecule that exhibit the typical porphyrin 

absorption spectrum with a strong Soret band around 400 nm and weaker absorptions between 450–

700 nm, so-called Q bands. Several hours after ALA administration, PPIX accumulation enables for 

excitation at 635 nm and 375–400 nm and subsequent formation of singlet oxygen.126 Notably, 

excitation with artificial light sources can be rather painful, such that topical application on skin and 

exposure to daylight showed to have similar effects but with far milder symptoms.133, 134  
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While ALA localizes in mitochondria, another effective PS, methylene blue, is mainly localizing in 

lysosomes.127, 135 This target-specific knowledge could be leveraged to improve PDT: The efficiency of 

photoinduced cell death showed to primarily depend on the specific location of the generation of 

reactive species rather than the amount of oxidant species. Due to their relatively short lifetime, they 

cause damage with the nm-vicinity of the PS and can thereby equip PDT with spatial control. The 

phenothiazinium dye methylene blue is a promising candidate for PDT also because of its high 

absorbance in the red spectral region (550–700 nm), i.e., within the therapeutic window and its triplet 

state exhibits appropriate energies for the sensitization of oxygen.128 Once more, the involvement of 

nanomedicine demonstrated to increase the therapeutic effect. Compared to free MB, MB-modified 

gold nanoparticles significantly enhance PDT efficiency (2-fold) while reducing the PS’s dark toxicity.136 

Furthermore, simultaneous imaging and PDT could be achieved through the encapsulation of MB into 

silica nanoparticles, thus, providing in vivo image-guidance for site-specific therapy.137   

 

Figure 10 (A) In photodynamic therapy, the interplay of light, photosensitizer and tissue oxygen is critical for therapeutic 

success. (B) Eosin-conjugated pH-responsive polymeric nanoparticles enable spatiotemporal switching in PDT. At neutral pH 

in extracellular environment and cytosol, PS is trapped in micelles and only exposed under acidic conditions, restoring its 

photodynamic effect. (C) Cancer cells show a precedence in converting the prodrug ALA into protoporphyrin IX, a very potent 

PS whose accumulation in mitochondria enables PDT with reduced side effects. (D) When investigating the photodynamic 

effect of MB on cancer cells (Detroit 562), best results were achieved by irradiation of MB. Here, up to 95% reduction of the 

cell viability compared to the control was observed, whereas almost half of this cell loss is attributed to light specific effects. 

MB treatment alone accounts for only 67% reduction of cell viability and laster treatment alone rarely had an effect at all. 

Reprinted and adapted with permission from reference 126, 131, 138, 139. 

 

Similar to PDT but in a less biological setting, photo-responsive molecules such as chromophores can 

also be exploited to implement extrinsic control into polymerization reactions through light (Figure 

11). While the chromophore’s molecular structure determines its physical and chemical properties 

such as excited state lifetime or wavelength-responsiveness, the solvent environment and 

temperature impact quantum yields.121 Being an externally applied stimulus, both wavelength and 

intensity can be simply adjusted for any particular reaction, providing high degree of adaptability. The 

major benefit associated with photopolymerization is the facile temporal control of polymer growth 

by switching the light source between ON/OFF states. Thereby, the generation of reactive species can 
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be initiated and stopped on demand and the monomer conversion follows a step-like process. In an 

ideal scenario, no additional conversion occurs during the dark phase, however, in some reported 

systems, a minor polymer growth can be observed. In situ monitoring by NMR spectroscopy revealed 

that this particularly impacts Cu-mediated CRP where increased lifetimes of residual Cu(I) catalyst 

support chain growth after initial photoactivation.140 Although this observation is not applicable to the 

broad range of photopolymerization systems, it reveals the necessity to ensure careful investigation 

of off-cycle measurements in appropriate time periods. In contrast to the vast amount of oxygen 

tolerating polymerization techniques, advanced temporal control can be achieved through a dual-

gated polymerization system based on light and oxygen presence. Here, oxygen is not only tolerated 

but indispensably integrated into the RAFT process. Only upon illumination and under aerobic 

conditions, the photocatalyst together with a co-catalyst can activate the RAFT agent. Thus, purging of 

the reaction with an inert gas even during irradiation results in cessation of polymerization while 

reapplying oxygen has the reverse effect.141 

As an extension of aforementioned temporal control, spatial control can exclusively extend the 

application of photopolymerization. The precise activation of polymer growth only in certain areas can 

for instance be implemented through physical barriers, so-called photomasks, or laser technologies.142, 

143 Comparable to PDT, the creation of polymer brush patterns benefits from the rather short excited 

life state of the photocatalyst: Since reactive species cannot diffuse over distances greater than 20 nm, 

structural resolution does not suffer from significant losses. In particular, substrates are modified with 

a layer of initiators and through application of a photomask, brush growth can be spatially confined 

whereas non-exposed areas of initiators are still active for subsequent reactions steps.144  

 

Figure 11  (A) LEDs are a convenient light source for photochemistry thanks to low cost, precise emission wavelength, and 

simple equipment. (B) Temporal control, i.e., switching between ON and OFF states, is one of the major benefits of 

photopolymerization. (C) Photomask technologies can further provide spatial control and distinctly localize areas of chain 

growth. Figures adapted from 121. 
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1.3 Functional DNA–polymer conjugates: Noncovalent DNA–polymer interactions 

 

Publication: “Functional DNA—Polymer Conjugates” 

 

Colette J. Whitfield, Meizhou Zhang, Pia Winterwerber, 

Yuzhou Wu, David Y. W. Ng, Tanja Weil Chem. Rev. 2021, 

121, 11030-11084. 

 

The publication in this chapter is reprinted under creative commons (CC 

BY 4.0). 
 

 

The biological role and impact of DNA is fairly evident, however, its integration into the synthetic world 

of chemists and material scientists shed a different light. Here, solid phase synthesis paved the way for 

facile generation of short DNA strands of arbitrary sequences and incorporation of chemical 

functionalities and handles. Together with the near limitless capacity of polymer chemistry to yield 

macromolecules with complementary features, novel hybrid materials with unique characteristics can 

be created. Most prominent are amphiphilic DNA—polymer conjugates that give access to various 

morphologies such as spherical and rod-like micelles. These nanostructures can further be equipped 

with stimuli-responsiveness towards physical properties and competitive complementary DNA 

binding, giving rise to functional and dynamic systems. 

   

The review presented in this chapter discusses the progress of DNA—polymer conjugates, picking up 

synthetic routes and state-of-the-art applications. Of particular importance for this thesis is the review 

section on “Noncovalent DNA—polymer interactions” as it combines the two fields of “DNA 

nanotechnology” and “polymers” described in introduction chapters 1.1 and 1.2 and gives 

fundamental knowledge into the work discussed in the “Results and discussion” (3) part later on in this 

thesis. The review section “Noncovalent DNA—polymer interactions” also reflects my contribution to 

the Chem. Rev. article as the section’s conceptual structure, literature screening and discussion as well 

as writing was performed by me. In brief, the chapter reports how the rather inert structure of DNA 

can be exploited for touch points with polymer chemistry through its nucleobases, the negatively 

charged phosphate-deoxyribose backbone, the major/minor grooves of the double helix as well as the 

5’/3’ termini.  
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__________________________________________________________________________________ 

For reasons of clarity, only review chapter 3.2 on “Noncovalent DNA—Polymer Interactions” is 

displayed here. Pages before (11031—11047) and afterwards (11057—end) are listed 

comprehensively as part of the full article in the Appendix at the end of this thesis. 

__________________________________________________________________________________ 
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1.4 DNA origami meets polymers: A powerful tool for defined nanostructure design 

 

Publication: “DNA Origami Meets Polymers: A Powerful 

Tool for the Design of Defined Nanostructures” 

 

Nadine Hannewald§, Pia Winterwerber§, Stefan Zechel, 

David Y. W. Ng, Martin D. Hager, Tanja Weil, Ulrich S. 

Schubert Angew. Chem. Int. Ed. Engl. 2020, 60, 6218-6229. 

§The authors contributed equally to this work.  

The publication in this chapter is an open access article under the terms 

of the Creative Commons Attribution License (CC BY 4.0).  

 

DNA origami is an exceptional demonstration of DNA nanotechnology’s versatile toolkit and since its 

advent in 2006, the field has received great attention and proved to reliably produce highly precise 

nanostructures. As a natural consequence of its inherent programmability, DNA origami represents 

the ideal template for the routing and directing the assembly of polymers. It surpasses conventional 

top-down approaches such as lithography and bottom-up approaches such as self-assembly due to its 

flexibility and molecular engineering capacities on the nanometer scale.  Equally, DNA origami 

nanostructures benefit from polymer integration in various areas: increased stability, stimuli 

responsiveness, reversible actuation, among others.  

 

The review presented in this chapter concludes the introduction by focusing on the synergy of DNA 

origami and polymers in particular and embeds the work in the main part of this thesis. Various 

techniques to create DNA origami–polymer hybrid structures are exemplified, namely grafting from 

and grafting to approaches: The polymer is either grown from the initiator-equipped origami in situ or 

formed and modified prior to origami attachment. In addition, the different modes of interaction 

forces and anchor points of both building blocks are discussed. The emphasis is on the future 

perspectives as well as exploring the limitations in synthesis and analysis of the field which delay its 

progress.  

As a shared first author I was involved in the conceptual design of the article, the elaboration of 

discussion and focal points, and writing of the manuscript. Together, we aimed to give a realistic and 

rationale point of view on the current state of DNA origami–polymer nanostructure research.  
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2. Motivation 

Nature is considered the gold standard when it comes to the construction of precise and highly 

functional macromolecules such as proteins and DNA. Consequently, scientists feel stimulated to 

transcribe these into the synthesis of artificial systems with similar advanced properties and the study 

thereof. In line with that aim, this thesis seeks to contribute to the endeavor by merging the fields of 

DNA nanotechnology and bioinspired polymers.  

Despite continuous advancements in polymer chemistry, the spontaneous self-assembling processes 

of the polymer chains and the subsequent architectures can only be orchestrated to a limited extent. 

Thus, the design of highly defined surfaces and soft materials is a bottleneck for patterning on the 

nanoscale. To overcome these limitations, we envision the DNA origami platform to control polymer 

growth in a spatiotemporal manner. Herein, we intend to exploit the origami’s accuracy not only for 

precise arrangement of molecules but also for directing reactions in situ. This enables us to circumvent 

typical constraints faced in top-down approaches such as photolithography in which the patterning 

resolution is limited by the wavelength of light. To spatially direct photoinduced polymer formation 

only at designated areas, we therefore will build hybrid nanoobjects from the bottom, leveraging the 

pinpoint addressability of the DNA template. This way we can benefit from the outstanding temporal 

control of photoreactions while we do not have to compromise on the wavelength dependency of the 

light source and subsequent nanopatterns.  

Our first approach towards a sophisticated DNA-assisted polymerization system is based on tubular 

DNA origami structures. These can be derived from furling a 70 x 100 nm DNA rectangle alongside the 

long edges and have proven to be sufficiently robust whilst offering modification sides on both the 

outer and inner surface. Accordingly, the outer surface will be equipped with a photopolymerization 

system to guide formation of polydopamine layers. Even though its natural biocompatibility renders 

polydopamine a promising candidate for application in, e.g., nanomedicine, its fast and rather 

uncontrolled polymerization kinetics prohibits investigation with defined nanoscale architectures. 

Conventionally, polydopamine is synthesized by merely bringing dopamine into a slightly alkaline 

environment and due to its adhesiveness, coating of virtually any kind of substrate can be achieved. In 

contrast to that, we aim to control polydopamine formation with the combination of DNA origami and 

photochemistry. A photosensitizer, protoporphyrin IX, is anchored in G-quadruplex sequences in 

distinct patterns on the DNA surface and thus, reaction should be triggered at these catalytic centers 

only. Upon white light irradiation, the photosensitizer will locally produce reactive oxygen species 

which in turn oxidize the dopamine monomer. Dopamine then undergoes a multistep polymerization 

process and polydopamine will be imprinted alongside the initiation sites. Importantly, this photo-

promoted polydopamine formation does not require chemical triggers that could potentially harm 

biomolecules, and also provides temporal control by simple on-off switching of the light source. 
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Essentially, not only the dopamine polymerization will benefit from the DNA platform, but also vice 

versa, we aim to implement additional features to the origami such as increased stability. While DNA 

Origami is typically dependent on cation-supplemented media and the absence of nucleases, we will 

investigate how polydopamine rings can contribute to this drawback and potentially enable its broader 

application.  

In a follow-up study, we intend to build on the newly introduced approach to control polydopamine 

formation by means of light and to broaden the scope of photopolymerization. By implementing 

further photosensitizers, we can design the system responsive to different wavelengths, enabling a 

sequential order of reactions steps. Multicomponent substructures across 3D space are chemically 

challenging and we believe that the origami technique together with photopolymerization might be a 

powerful construction tool in this respect. We therefore introduce a second catecholamine, 

norepinephrine, that on the one hand possesses similar polymerization attributes as dopamine but on 

the other hand bears an additional hydroxy group. The additional side group is known to impact 

resulting surface morphologies and allows for post modification. Collectively, irradiation of 

protoporphyrin IX, eosin Y and methylene blue at their respective wavelengths will be pursued to 

induce coating of the DNA origami tubes with rings of polydopamine or polynorepinephrine at distinct 

positions. Having a pool of various photosensitizers and monomers will ideally allow for 2-step 

polymerizations that could yield heterogeneous polymer layers or rings of both polymers on one 

origami structure. Based on the surface modulation of the DNA origami structures, we intend to 

explore the fate of these nanoobjects at biological interfaces. Typically, the adhesiveness of 

poly(catecholamines) leads to aggregation and uncontrolled adsorption, preventing their application. 

Here, we envision to leverage the controlled polymer deposition on a nanometer scale to study 

interactions of the nanoparticular hybrid systems with cell membranes and subsequent uptake events. 

This is facilitated once more through the addressability of the DNA origami platform which can be 

equipped with single stranded DNA handles to allow orthogonal decoration of distinct fluorophores, 

enabling colocalization studies within the cells.  

By following these concepts, this thesis envisions combining the DNA origami technique and the 

photopolymerization of catecholamines in a synergistic fashion to enable spatiotemporal control over 

their polymer formation on the nanoscale that is hardly achieved by conventional techniques. 

Chemical and biological investigations are designed to contribute to the understanding of how both 

building blocks can benefit from each other.   
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Figure 12 Graphical abstract of the scope of this thesis: Combining the fields of DNA origami and photopolymerization of 

catecholamines to create advanced hybrid objects from the bottom up.  
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3. Results and Discussion 

3.1 Phtotocontrolled dopamine polymerization on DNA origami with nanometer 

resolution 

Publication: “Photocontrolled Dopamine Polymerization on DNA Origami with Nanometer 

Resolution” 

 

Pia Winterwerber, Sean Harvey, David Y. W. Ng, Tanja Weil Angew. Chem. Int. Ed. Engl. 2020, 59, 

6144-6149. 

The publication in this chapter is an open access article under the terms of the Creative Commons Attribution License (CC 

BY 4.0). 

 

DNA origami inherits the capability to arrange (macro)molecules such as dyes, proteins, nanoparticles, 

among others within a designated 3-D space. This enables investigation of structure-function 

relationships or spatial control over distances where required. However, the prospects of DNA origami 

technology go beyond the simple positioning of objects and can be further exploited for chemical 

reactions. By equipping DNA origami templates with irradiation-sensitive reaction centers, 

photopolymerization processes can be spatially and temporally controlled. The nanopatterned 

polymer-DNA objects exhibit higher stability compared to their bare counterparts. Thus, this chapter 

aims to emphasize how DNA nanotechnology and polymer chemistry may benefit from each other, 

resulting in hybrid devices with advanced features. 

 

The herein presented publication is based on DNA origami tubes whose chemically rather inert surface 

is turned into a patterned template with precisely distributed reaction centers. This is achieved 

through the incorporation of guanine-rich ssDNA handles at distinct positions that would form so-

called G-quadruplexes. These are used for the embedment of a photosensitizer, protoporphyrin IX, 

which generates actives species upon white light irradiation that in turn trigger oxidation and 

polymerization of dopamine in the vicinity. Polydopamine formation showed to follow the predefined 

pattern of reaction centers. Thereby, polymer rings can be formed on the origami tubes under spatial-

temporal control, following the on/off phases of the light source. Furthermore, this modification 

significantly alleviates the susceptibility of DNA objects in cation-depleted environment.  
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As the first author, I conducted all the experiments and analysis, assisted by Sean Harvey on the 

experimental design. The project was supervised by David Y. W. Ng and Tanja Weil. All authors 

contributed to writing the manuscript. 
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3.2 Multiple wavelength photopolymerization of stable poly(catecholamines)-

DNA origami nanostructures 

 

Publication: “Multiple Wavelength Photopolymerization 

of Stable Poly(Catecholamines)-DNA Origami 

Nanostructures” 

 

Pia Winterwerber, Colette J. Whitfield, David Y. W. Ng, 

Tanja Weil Angew. Chem. Int. Ed. Engl. 2021, 61, 

e20211122. 

The publication in this chapter is an open access article under the terms 

of the Creative Commons Attribution License (CC BY 4.0). 

 

 

The generation of multicomponent nanostructures is chemically challenging, and bottom-up routes 

often build on the self-assembly processes of amphiphilic molecules. Even though assembly can be 

directed through chemical and physical properties such as the ratio of hydrophilic and hydrophobic 

parts, control is limited. With the help of DNA nanotechnology, complex polymeric systems are 

accessible in a highly predictable manner, even on the molecular level, if desired. Building on the 

knowledge from the previous chapter, the potential from the combination of DNA origami and 

photopolymerization can be further exploited. Implementing not only one but two photosensitizer of 

discrete absorption profiles renders the system responsive to different light sources, enabling a 

stepwise exposure and likewise polymer growth. Together with the expansion of the monomer pool, 

multicomponent hybrid structures with nanometer resolution can be designed. The advancements 

originating from polymer decoration of DNA objects become apparent in a biological context where 

cellular uptake can be fostered.   

This chapter is envisioned to highlight the potential of merging DNA origami and multistep 

photopolymerization for the construction of multicomponent nanostructures. In that respect, eosin y 

and methylene blue represent photosensitizers that respond to green and red light, respectively. 

Taking advantage of DNA base pairing, preassembled reaction centers can be introduced to the origami 

structure to complementary ssDNA overhangs at any time point. This allows distinct patterning of 

more than one photosensitizer and stepwise polymer growth responding to the applied light source. 

Norepinephrine is a catecholamine similar to dopamine and could be polymerized likewise through 

both photosensitizers. Noteworthy, surface roughness of the resulting polymer film is known to be 

smoother and indeed, poly(norepinephrine) coating induced less aggregation. This is also reflected in 

biological settings where cellular uptake was most successful for this kind of polymer decoration.  
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All DNA origami experiments, monitoring and characterization were performed by me. Colette J. 

Whitfield and David Y. W. Ng conducted cell experiments and analysis. The project was supervised by 

David Y. W. Ng and Tanja Weil. All authors contributed to writing the manuscript.  
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3.3 Excursus: Further nanoparticular systems based on supramolecular 

assemblies 

 

• Publication: “Squaric Ester-Based, pH-Degradable 

Nanogels: Modular Nanocarriers for Safe, Systemic 

Administration of Toll-like Receptor 7/8 Agonistic 

Immune Modulators” 

Anne Huppertsberg, Leonard Kaps, Zifu Zhong, Sascha 

Schmitt, Judith Stickdorn, Kim Deswarte, Francis Combes, 

Christian Czysch, Jana De Vrieze, Sabah Kasmi, Niklas 

Choteschovsky, Adrian Klefenz, Carolina Medina-Montano, 

Pia Winterwerber, Chaojian Chen, Matthias Bros, Stefan 

Lienenklaus, Niek N. Sanders, Kaloian Koynov, Detlef 

Schuppan, Bart N. Lambrecht, Sunil A. David, Bruno G. De 

Geest, and Lutz Nuhn J. Am. Chem. Soc. 2021, 143, 9872-

9883. 

 

 

 

 

• Publication: “Fluorescent Nanodiamond–Nanogels for 

Nanoscale Sensing and Photodynamic Applications” 

Yingke Wu, Md Noor A Alam, Priyadharshini 

Balasubramanian, Pia Winterwerber, Anna Ermakova, 

Michael Müller, Manfred Wagner, Fedor Jelezko, Marco 

Raabe, Tanja Weil Adv. NanoBiomed. Res. 2021, 1, 

2000101. 

  

• Publication: “Supramolecular Toxin Complexes for 

Targeted Pharmacological Modulation of 

Polymorphonuclear Leukocyte Functions” 

Astrid Johanna Heck, Theresa Ostertag, Leonie Schnell, 

Stephan Fischer, Bikram Keshari Agrawalla, Pia 

Winterwerber, Eva Wirsching, Michael Fauler, Manfred 

Frick, Seah Ling Kuan, Tanja Weil, Holger Barth Adv. 

Healthcare Mater. 2019, 8, 1900665. 
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Steadily progressing as commodities, the advancement of nanomaterials in medicine is essentially 

based on the factor that their size matches those of most biological molecules and structures. Many 

endeavors in the field seek to create vehicles in the respective size regime that can be customized 

towards the designated application whilst gaining thorough understanding thereof.  

While DNA origami technology was excessively discussed in previous chapters, this section intends to 

expand the breadth by exploring other platforms based on supramolecular interactions. In that 

respect, polymeric nanogels, fluorescent nanodiamonds and enzyme-based approaches are 

introduced. Though originating from different chemical scaffolds, they are unified in their objective to 

provide targeted therapy and diagnosis with low side effects.   

Drug-functionalized nanogels for immunotherapeutic application represent a class of nanomaterials 

that exploits the self-assembly tendency of amphiphilic block copolymers. Methacrylamide monomers 

with squaric ester moieties are polymerized from a PEG-macroinitiator in a controlled RAFT process, 

forming micelles. Crosslinking of the core with the Toll-like receptor agonist imidazoquinoline and 

hydrophilization yields pH-responsive nanogels that – contrary to free agonist administration – 

demonstrated spatially controlled immunostimulatory activity in vivo.   

Nanodiamonds (ND) present unique magneto-optical properties for nanomedicine and bioimaging due 

to atomic defects in their lattice, providing non-photobleaching fluorescence. However, colloidal 

stability of unmodified ND is extremely poor. Making use of noncovalent adsorption and subsequent 

covalent crosslinking, ND can be coated with polyethyleneimine in the presence of 

polyvinylpyrrolidone and reactive 4-arm PEG, thus, enabling modification of ND-cell interactions. 

Postmodification with photoactive Ru-complexes makes the coated ND attractive candidates for 

photodynamic therapy.  

Avidin is a biotin-binding protein of a tetrameric structure, possessing one of the strongest non-

covalent interactions between a protein and a ligand found in Nature. By attaching the molecules of 

interest to biotin one can make use of the four binding pockets of avidin. Stoichiometric-controlled 

assembly of various molecules is particularly challenging. In a “mix and match” assembly, an enzyme-

inhibitor and various targeting peptides could be attached at spatially distinct locations. Cell type-

selectivity could be demonstrated ex vivo, thus providing a proof-of-concept for therapeutic 

applications in post-traumatic injury. Here, hyperactivity of the innate immune system can be 

downregulated through the targeted delivery of the respective enzyme inhibitor.     

 

In all of the nanoparticular systems discussed above, it is crucial to have narrowly dispersed and 

homogenous systems as they are envisioned to be administrated to the human body for targeted 

therapy. The sample’s size distribution profile can be accessed by spectroscopy techniques such as DLS 

or FCS. However, AFM can further grant visual insights into the homogeneity and morphology of the 
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particles as well as their aggregation behavior. Thus, I could deepen the understanding of the 

nanoparticular systems presented in this excursus chapter by providing AFM imaging and analysis, 

helping to gain a solid understanding of the nanoparticle systems.      

 

A comprehensive overview of the full articles is listed in the Appendix of this thesis. 
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4. Conclusion and Outlook 

This thesis strives to contribute to the field of DNA nanotechnology through the implementation of 

polymer chemistry into DNA origami, ultimately yielding hybrid objects with advanced properties. 

Briefly, the unique programmability of DNA origami along with a photopolymerization system could 

be exploited to achieve spatiotemporal control over the formation of two poly(catecholamine)s on 3D 

DNA templates which can be hardly achieved by conventional techniques. The herein presented 

concepts not only offer an additional prospect to constrain the polymerization of dopamine and 

norepinephrine with nanometer resolution but also tackle the intrinsic susceptibility of DNA in certain 

contexts.   

The first project laid the foundation for a novel photoinduced polymerization of dopamine on 3D DNA 

nanotubes without the need for chemical triggers. Typically, dopamine, a neurotransmitter, undergoes 

auto-oxidation in alkaline aqueous media leading to spontaneous formation of polydopamine in an 

uncontrolled fashion. However, its simplicity in formation and ability to adhere to virtually any surface 

renders it a promising candidate for the modification of DNA objects. Herein, self-polymerization of 

dopamine was suppressed by keeping the environment slightly acidic (pH 6.5) whereas an irradiation-

sensitive polymerization system ensured controlled initiation of dopamine oxidation through visible 

light. The photosensitizer protoporphyrin IX was embedded in designated patterns on DNA origami 

tubes and upon white light irradiation, locally produced reactive oxygen species which induced 

oxidation and eventually, polymerization of dopamine. Polymeric layers of up to 10–15 nm height were 

imprinted alongside the catalytic centers with lateral dimensions far below 100 nm and thus, much 

smaller than the wavelength of light. This bottom-up approach can therefore be considered as an 

attractive alternative to conventional top-down lithographic approaches in creating precise 

nanopatterns. In the presented studies, photopolymerization further proved to be advantageous in 

tailoring polymer density and height by simply switching the light source on and off. As anticipated, 

not only the polymer side could benefit from the DNA technology but also the DNA object itself could 

profit from polymer decoration. In contrast to bare origami DNA tubes, polymer-ringed tubes 

demonstrated to withstand pure water conditions. In ion-depleted environment, polymer-DNA hybrid 

objects could sustain their integrity.  

As a continuation of this initial research on the photopolymerization of dopamine, the toolbox of 

photosensitizers and monomers could be successfully broadened: By embedding eosin Y and 

methylene blue into the catalytic centers on DNA origami nanotubes, the responsiveness of the 

polymerization system was shifted towards activation wavelengths of 525 nm and 625 nm, 

respectively. Similar to dopamine, norepinephrine could be deposited in designated patterns on the 

origami objects, potentially opening new avenues due to a slightly different surface chemistry arising 

from the additional hydroxyl group. In each case, polymer-ringed DNA nanotubes of comparable 
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shapes and dimensions were obtained. Thereby, the adaptability of the platform could be 

demonstrated as the change of catalytic centers, excitation wavelengths and monomer did not affect 

the control over the polymerization reaction. All parameters together paved the way for multistep 

polymerizations on DNA origami towards advanced surface patterning on the nanoscale. This way, a 

polymer ring spanning around the DNA tube could be produced that comprises layers of 

polynorepinephrine and polydopamine. It was further possible to stepwise generate DNA objects with 

two polymer rings whereas the rings were activated through different wavelengths and different 

monomers. In addition to the chemically driven investigations of the system, the study aimed for a 

biological impact of the polymer decoration on the interaction of DNA origami with cells. Indeed, the 

polymer patterns altered the intrinsic polyanionic character of DNA origami while preserving their 

integrity in A549 uptake studies. Whereas polydopamine mainly led to aggregation, colocalization 

studies in combination with DNase treatment revealed successful uptake of polynorepinephrine-

coated origami tubes.     

Throughout the above described projects, the well-known challenges in DNA nanotechnology research 

were also encountered which, in part, have hindered their progress. Besides the advancements of the 

DNA origami methodology, the bottom-up synthesis of polymer-DNA origami objects as well as their 

characterization is limited through various aspects. Typically, the grafting of polymers from the origami 

surface is difficult due to the extremely low concentration of DNA objects and the consequently small 

number of initiators. The amount of DNA objects in the picomole range also prevents classical polymer 

analysis tools such as NMR or SEC. Controlled radical polymerization techniques are further impeded 

by an increased sensitivity to oxygen because of ultralow reaction volumes. On the other hand, when 

grafting preformed polymers onto DNA origami, incompatible solubility effects and the shielding of 

reactive centers result in reduced grafting densities and yields. However, the light-induced and 

origami-mediated polymerization of poly(catecholamines) – that has parallels to melanin production 

in the human body – can circumvent some of these drawbacks. The reaction can not only be carried 

out under ambient conditions even in the smallest volumes but can also be monitored by UV-VIS 

spectroscopy in real-time. Furthermore, the bulky structure of the formed polymers allows excellent 

visualization by atomic force microscopy under liquid conditions that resembles the natural occurrence 

of DNA in aqueous solution. Here, topographic images help in drawing conclusions about location and 

progress of the polymerization process. Agarose gel electrophoresis can be employed to investigate 

the impact of polymers as well as their integrity when exposed to, e.g., physiological fluids. To further 

confirm the presence of polymers on DNA origami, dynamic light scattering additionally provides 

qualitative information 

Since its advent in 2006 and the subsequent progress in fundamental understanding, DNA origami has 

established a stronghold in the fields of molecular and cellular biophysics, biomimetic systems, energy 
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transfer photonics as well as diagnostics and therapeutics for human health. We hope that our 

investigations can especially contribute to the latter topic: In this respect, it could be demonstrated 

that modification of the origami platform in a post polymerization fashion could boost their stability 

and interaction with cells. Cells in turn can host a variety of chemical reactions which is largely enabled 

through compartmentalization and creating demarcated reaction vesicles. Likewise, tubular DNA 

origami structures could mimic such a confined space making use of both the outer (polymer shielding, 

active targeting) and inner (enzymatic reactions, drug loading) space. By choosing a suitable 

photosensitizer that responds to tissue-penetrating wavelengths, even in situ oxidative polymerization 

is conceivable. Not only artificial organelles are of interest but also the vision of creating an artificial 

virus might be realized through the origami platform. Viruses are naturally evolved nanostructures that 

form spontaneously by molecular self-assembly of their two main building blocks, namely nucleic acids 

and proteins. Despite their apparent simplicity, they are Nature’s most efficient agents for gene 

transfer and reveal a well-defined geometry and precise composition. An outstanding feature of 

viruses is their capability of self-reproducing by hijacking the host cell’s replication machinery. Even 

though the latter challenge seems incredibly grand, the unique addressability of DNA origami together 

with shielding and cell-penetrating polymers could provide sufficient modularity and tunability to 

artificially rebuild viruses that could, e.g., carry a genetic code.   
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Figure 13 Graphical overview of how photopolymerization on DNA origami can create advanced hybrid objects under 

spatiotemporal control and how these can be leveraged for paving the way of biological applications.   
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