
 

 

 

DNA-POLYMER CONJUGATES   

TOWARD SELF-ASSEMBLED POLYMER-
ORIGAMI ARCHITECTURES 

 
 

Dissertation 
zur Erlangung des Grades “Doktor der Naturwissenschaften” 

im Promotionsfach Chemie 

 

am Fachbereich 09  

Chemie, Pharmazie, Geographie und Geowissenschaften 

der Johannes-Gutenberg-Universität Mainz 

 

vorgelegt von 

Nico Alleva 

 
Geboren in 

Itzehoe 

 

Mainz, 2024 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dekan   Prof. Dr. Eva Rentschler  

 

1. Betreuer  Prof. Dr. Tanja Weil 

2. Gutachter  Prof. Dr. Pol Besenius  

 

Datum der mündlichen Prüfung: 18.12.2024 

 



 

 

DANKSAGUNG 
 

An dieser Stelle möchte ich mich bei Prof. Dr. Tanja Weil und Dr. David Y. W. Ng für die Möglichkeit 

bedanken, bei Ihnen meine Promotion durchführen zu können und mir stets bei Projekten mit 

Visionen und wertvollen Vorschlägen zur Projektentwicklung zur Seite standen. Hervorheben 

möchte ich hier die großartigen Führungsqualitäten beider und die herzliche, schöne 

Atmosphäre. 

 

Ein großes Dankeschön möchte ich Dr. Pia Winterwerber und Dr. Colette J. Whitfield für die 

detaillierte und großartiger Anleitung in dieses spannende Fachgebiet aussprechen. Dadurch 

konnte die Arbeit erst zu dem werden, was sie geworden ist. 

 

Insbesondere bedanke ich mich bei der gesamten Arbeitsgruppe für die herzliche und spaßige 

Zeit im Arbeitskreis und in den Kaffeepausen, und die sehr angenehme Arbeitsatmosphäre. 

 

Von ganzem Herzen möchte ich mich bei meiner Familie und vor allem bei meinen Freunden 

bedanken. Ihr wart immer dar, wenn mal was nicht lief, aber auch wenns lief. Unsere Truppe ist 

einfach nur der Hammer und ich genieße jeden Augenblick mit euch! Auf viele weitere Jahre des 

Feierns und der guten Laune!  #Elefantenhorde 

 

Mein größter Dank geht an meine Freundin Verena Freya Gaßel, welche mich stets unterstützt hat 

und für mich da war. Sie gab mir Mut und Kraft auch nach Rückschlägen während der Thesis 

weiterzumachen. Danke mein Kuschel ♥ 



ABSTRACT 

 
1 

 

ABSTRACT 
 

The advent of DNA nanotechnology inaugurated a new era of defined, highly controllable 

nanostructures, equipping scientists with the tools to design nanoscale objects at the molecular 

level. The precise nature of DNA sequences to build architectures unlocked new possibilities and 

new material classes, particularly suited for demanding applications such as biosensors, 

nanocarriers, and templates for reaction cascades. The precise assembly of DNA-origami 

nanostructures offers a unique opportunity to combine them with other materials, such as 

polymers, in order to create distinct two- and three-dimensional hybrid materials with nanometer 

precision. Therefore, DNA strands can be modified with polymers, integrating the functionality 

and stimulus-responsive characteristics of the polymer world with the programmability of DNA, 

allowing the creation of conjugates with distinctive attributes, including pH and temperature 

responsiveness, superstructure formation, fluorescence or cell-surface binding. 

The main goal of this thesis was the design, preparation and characterization of DNA-polymer 

conjugates with special focus on their synthesis and purification in order to achieve DNA-origami 

objects with nanoscale patterned surfaces. Therefore, reversible addition-fragmentation chain-

transfer (RAFT) polymerization was performed to create a wide repertoire of water-soluble 

polymers of three different polymer classes (acrylates, methacrylates and acrylamides) with 

defined molecular weight. The advantage of RAFT polymerization is the usage of already pre-

functionalized chain transfer agents (CTAs) to obtain end-functionalized polymers. Subsequently, 

a grafting to approach was adopted to conjugate DNA with the synthesized polymers, requiring 

careful solvent selection and reaction optimization to achieve successful coupling and high yields 

(Chapter III.I). Following the coupling reaction, the reaction mixtures were purified using a newly 

developed protocol for anion exchange chromatography. This method allows for the purification 

of larger reaction scales than other purification methods, such as reverse phase HPLC. 

Additionally, it is suitable for the purification of various DNA-polymer conjugates and those 

containing different sized blocks copolymers consisting of DNA or polymer segments 

(Chapter III.II). Notably, this purification method permits the recovery of unreacted DNA 

sequences for reuse and therefore is resource saving. Furthermore, the obtained DNA-polymer 

conjugates were employed to create polymer patterns with nanometer resolution on DNA-origami 

through annealing with complementary DNA strands protruding from the origami surface. This 

versatile strategy allows the design of functional, diverse surface modifications on a single DNA 

nanostructure, allowing precise 3-D engineering of complex nanoscale objects (Chapter III.I). 
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In summary, this study paves the way for obtaining a wide range of DNA-polymer conjugates 

formed with high yields and excellent accessibility, including an easy-to-use, widely applicable 

method for purification. This lays the groundwork for future applications. Additionally, the 

synthesized DNA-polymer conjugates have been demonstrated to be effective in serving as 

versatile surface coatings of DNA-origami nanostructures, yielding dense and well-defined 

surface patterns. Furthermore, they offer the capability for multipatterning of different polymer 

species on a single architecture, thereby expanding their utility and versatility. 
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ZUSAMMENFASSUNG 
 

Mit der Entwicklung der DNA-Nanotechnologie begann ein neues Zeitalter definierter, hochgradig 

kontrollierbarer Nanostrukturen, welche der Wissenschaft die Möglichkeit gab, Objekte im 

Nanomaßstab bis hinunter auf die molekulare Ebene zu konstruieren. Die Präzision der 

verwendeten DNA-Sequenzen beim Aufbau von Architekturen eröffnete neue Möglichkeiten zur 

Herstellung hoch definierter Nanomaterialien, die sich besonders für anspruchsvolle 

Anwendungen wie Biosensoren, Nanotransporter und als Plattform für Reaktionskaskaden 

eignen. Der präzise Aufbau von DNA-Origami ermöglicht die Herstellung hochdefinierter 

Architekturen und bietet einzigartige Möglichkeiten der Kombination mit anderen Molekülklassen, 

wie den Polymeren. Auf diese Weise lassen sich neuartige, definierte DNA-Polymer 

Hybridmaterialien mit einer einzigartigen Nanostrukturierung herstellen. So können DNA-Stränge 

mit Polymeren ausgestattet werden, wobei die Funktionalität und die physiko-chemischen 

Eigenschaften der „Polymerwelt“ mit der Programmierbarkeit der DNA Sequenzen kombiniert 

werden. Hierdurch lassen sich Funktionsmaterialien herstellen, die interessante Eigenschaften 

wie eine einstellbare pH- und Temperaturresponsivität, Selbstassemblierung, Fluoreszenz oder 

präzise Wechselwirkungen z.B. mit Zellmembranen aufweisen.  

Im Rahmen dieser Arbeit wurde die Herstellung von DNA-Polymer-Konjugaten eingehend 

untersucht und im Hinblick auf ihre Synthese und Reinigung optimiert, um ihre Anwendung als 

nanoskalige Oberflächenfunktionalisierungen auf DNA-Origami zu ermöglichen. Dazu wurde die 

Reversible Additions-Fragmentierungs-Kettentransfer (RAFT)-Polymerisation verwendet, um ein 

breites Repertoire an wasserlöslichen Polymeren aus drei verschiedenen Polymerklassen 

(Acrylate, Methacrylate und Acrylamide) mit definiertem Molekulargewicht zu synthetisieren. Der 

Vorteil der RAFT-Polymerisation besteht in der Verwendung bereits funktionalisierter 

Kettenüberträger („chain transfer agents“, CTAs), um endfunktionalisierte Polymere zu erhalten. 

Anschließend wurde ein grafting to Strategie angewandt, um DNA mit den synthetisierten 

Polymeren zu konjugieren. Um eine erfolgreiche Kopplung und hohe Ausbeuten zu erzielen, war 

eine breites testen gängiger Lösungsmittel und eine Optimierung der Reaktionsparameter 

erforderlich, (Kapitel III.I). Nach der Kopplung wurden die Reaktionsgemische mit einem neu 

entwickelten Protokoll für die Anionenaustauschchromatographie gereinigt, welche nicht nur die 

Reinigung größerer Mengen an Material im Vergleich zu anderen Reinigungsmethoden wie der 

Umkehrphasen-HPLC ermöglicht, sondern auch für verschiedene DNA-Polymer-Konjugate sowie 

für Konjugate mit DNA- oder Polymerblöcken unterschiedlicher Größe geeignet ist (Kapitel III.II). 
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Insbesondere ermöglicht diese Reinigungsmethode die Rückgewinnung nicht umgesetzter DNA-

Sequenzen zur Wiederverwendung und Einsparung von Ressourcen. Darüber hinaus wurden die 

erhaltenen DNA-Polymer-Konjugate zur Herstellung von Polymermustern mit 

Nanometerauflösung auf DNA-Origami durch „Annealing“ mit komplementären DNA-Strängen, 

welche aus der Origami-Oberfläche herausragen, verwendet. Mit dieser vielseitigen Strategie 

lassen sich funktionelle, vielfältige Oberflächenmodifikationen auf DNA-Architekturen erzeugen, 

was eine präzise 3-D-Konstruktion von Objekten im Nanometermaßstab ermöglicht (Kapitel III.I) 

Zusammenfassend eröffnen diese Studien einen Zugang zu einer breiten Palette von DNA-

Polymer-Konjugaten, welche mit hohen Ausbeuten und in größeren Maßstäben synthetisiert 

werden können. Die nötige Reinheit dieser Konjugate wurde über eine einfach zu handhabende 

Methode zur Aufreinigung von Reaktionsgemischen gewährleistet, was eine wichtige Grundlage 

für potenzielle zukünftige Anwendungen schafft. Darüber hinaus zeigen die synthetisierten DNA-

Polymer-Konjugate, dass sie als präzise Oberflächenmodifizierungen für DNA-Origami-

Strukturen verwendet werden können und dichte, gut definierte Oberflächenstrukturen ergeben. 

Darüber hinaus bieten sie die Möglichkeit, verschiedene Polymerspezies auf einer einzigen 

Nanostrukturoberfläche präzise anzuordnen, wodurch sich ihr Anwendungspotential und ihre 

Vielseitigkeit erweitert. 
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I. INTRODUCTION AND BASIC CONCEPTS 
 

DNA-polymer nanotechnology is an emerging and rapidly advancing field at the intersection of 

synthetic biology, polymer chemistry, and nanotechnology. It leverages DNA’s unique structural 

and functional properties, along with the tunable versatility of synthetic polymers. This thesis 

presents a robust, versatile, and resource-efficient approach for synthesizing and purifying DNA-

polymer conjugates with minimal material loss. 

To introduce the topic, I begin with the fundamental principles of polymerization, establishing 

polymers as an essential class of materials for both research and industry. This is followed by a 

discussion on DNA as a functional material, emphasizing its programmability for constructing 

complex DNA architectures. The thesis then explores strategies for synthesizing DNA-polymer 

hybrid materials, highlighting the benefits and limitations associated with different polymer 

components and synthesis methods. Additionally, I include a comprehensive review (currently 

under submission) that provides a detailed overview of various purification strategies, assessing 

their advantages, limitations, and novel opportunities for enhancing the purification process. 

 

RADICAL POLYMERIZATION TECHNIQUES 
 

With the development and understanding of polymers, beginning with Hermann Staudinger in 

1920, the then revolutionary polymer chemistry was introduced, playing a decisive role in the 

development of today’s world. Today, polymers, commonly known as plastics, have become an 

integral part in each aspect of everyday life and their unique properties rendering them 

irreplaceable. Global plastic production currently exceeds 400 million tons annually, with a rising 

proportion constituted by bio-based polymers.1 Among the various techniques employed for 

polymer synthesis, radical polymerization emerges as a widely utilized approach for the 

fabrication of common plastics like polyethylene, as well as a diverse array of monomers. This 

technique requires only a C=C double bond instigating the formation of propagational radicals via 

initiation with an initiator compound.2 The polymerization mechanism encompasses initiation, 

propagation occurring in the growth of the polymer chain and termination of the reaction. 

However, owing to the high reactivity of radicals they have short lifetimes and can undergo side 

reactions and terminations. Those side or termination reactions like disproportionation or 

recombination occur in different polymerization times and therefore a broader molecule weight 
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dispersity (MWD). Consequently, this variability can influence material properties, presenting 

challenges in achieving precise architectural configurations and specific material applications 

within research context. Despite these limitations, radical polymerization exhibits remarkable 

versatility, accommodating a wide array of solvents, including protic solvents like water, and 

boasting a broad monomer scope, thereby facilitating extensive polymer formation.3 In contrast 

to free radical polymerization, living polymerization offers superior control over molecular weight 

dispersity, resulting in narrow dispersity and precise polymerization control. An example of these 

characteristics is the anionic polymerization, wherein highly reactive initiators generate anions to 

initiate polymerization as simultaneously as possible.4 However, anionic polymerization is highly 

susceptible to termination caused by impurities. Contaminants such as oxygen, water, or carbon 

dioxide can trigger side reactions and premature termination. Consequently, polymerization must 

be carried out under inert gas and chemicals must be dried and cleaned beforehand. Given its 

high sensitivity, anionic polymerization is rarely used and is associated with very high costs.5,6 In 

response to these challenges, an alternative methodology was sought that could offer robustness 

while maintaining ease of control. Radical polymerization exhibits excellent properties in terms of 

monomer versatility and contamination tolerance. Leveraging these attributes, a novel strategy 

with living characteristics was developed in the mid-1980s.7 The strategy aimed to undergo fast 

termination or recombination events by introducing a dynamic equilibrium sufficiently fast to 

minimize these processes. Thus, Reversible Deactivation Radical Polymerization (RDRP) 

emerged, revolutionizing polymer chemistry. Through RDRP, radical polymerization was 

controlled in a highly defined manner, exhibiting typical features of living polymerization without 

the high sensitivity of the respective methods.8 This groundbreaking advancement facilitated the 

synthesis of intricately structured polymers, including cyclic architectures and precisely 

controlled compositions such as block copolymers, thereby expanding the horizons of polymer 

science.9  

To achieve the dynamic equilibrium essential for the controlled radical polymerization, two 

approaches have been devised: reversible activation/deactivation or the reversible degenerative 

chain transfer techniques. In the reversible deactivation/activation mechanism, the equilibrium 

lies on the dormant species side reducing radical concentration and thus termination and 

recombination. This method is exemplified by reversible-addition-fragmentation chain-transfer 

(RAFT) and nitroxide mediated polymerization (NMP), both of which employ specialized functional 

groups to establish dormant species. Conversely, reversible degenerative chain transfer relies on 

the rapid equilibrium between active and dormant species occurring concurrently with chain 

growth, without significant reduction in radical concentrations. Atom transfer radical 
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polymerization (ATRP) represents the strategy and is widely employed in practice. Due to the 

exceptional controllability, broad monomer scope and modification possibilities, RDRPs are 

essential for modern polymer research. Moreover, they offer remarkable capabilities for bottom-

up architecture construction, thereby advancing the horizon of polymer science.10 

 

ATOM TRANSFER RADICAL POLYMERIZATION 
 

The atom transfer radical polymerization technique stands out as one of the most prevalent 

reversible-deactivation polymerization techniques and emerged as a very interesting technique 

for research to create nanoparticles as well as hybrid materials. Developed in 1995 by 

Sawamoto11 and Matyaszewski12, this approach demonstrates exceptional controllability and 

efficacy in polymer synthesis via radical polymerization. In ATRP, an alkyl halide serves as the 

initiator, while a redox-active metal catalyst, stabilized by a ligand, facilitates the polymerization 

process. The polymerization mechanism (Figure 1) is based on the cleavage of the carbon-halide 

bond which is interfered by the metal-ligand complex acting as an activator. The metal-ligand 

complex is in the lower oxidation state, drawing the halogenide to form the higher oxidative state. 

This process generates an active radical species capable of initiating monomer polymerization. 

Notably, this active species can reversibly interact with the halogen-bearing metal complex, 

leading to the lower oxidative state. The equilibrium between dormant and active species is 

pivotal in determining polymerization kinetics, with the activation and deactivation rates (kact and 

kdeact) playing key roles for the polymerization speed and can be influenced by the metal complex 

ligands and the reaction parameters.13,14 The ratio between active and dormant species as well as 

the activation and deactivation rates adjuvate the controllability and living character of the ATRP. 

In pursuit of achieving precise control over polymerization while minimizing termination 

reactions, it is essential for the equilibrium to favor deactivation, thereby ensuring low radical 

concentrations. This equilibrium needs to be optimized by the usage of suitable metal-ligand 

complexes whereby the ligand adjusts the redox potential of the metal complex (Figure 2). The 

primary role of the ligand is to enhance the solubility of both the metal complex itself and the 

formation of metal-halide species. Suboptimal solubility may impede metal-halide formation, 

resulting in less control over polymerization dynamics. The selection of ligands capable of forming 

more active metal complexes can elevate the concentration of active species, potentially leading 

to a broader dispersity in the resulting polymer. Typically, the metal center incorporates the 

copper(I)/copper(II) redox pair, owing to the wide array of nitrogen ligands available for catalysts.15  
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Additionally, alternative metals such as ruthenium16,17, molybdenum18,19 or iron20,21 seems 

promising for ATRP application. 

Additionally, several modifications were developed in the last decade, optimizing or introducing 

new applications for the ATRP technique (Figure 1). To avoid side reactions caused by oxygen, the 

active transition metal can be formed in situ by using for example ascorbic acid together with the 

inactive copper(II) complex. Ascorbic acid activates the metal complex by electron transfer and 

thereby starts the ATRP.22,23 Other possible reagents are hydrazine24, phenols or sugars.25 This 

Figure 1: Mechanism of ATRP including initiation, propagation and termination, whereby M represent the monomer, 
polymer chain length is n and m, X is a halogen atom, L represents the respective ligand. Furthermore, for catalyst 
regeneration, several options are represented. 



I. INTRODUCTION AND BASIC CONCEPTS 

 
15 

 

technique is called activators regenerated by electron transfer (ARGET) and is one of various 

methods of activator regeneration ATRP techniques. Other approaches try to reduce the amount 

of metal catalyst needed for an optimal polymerization. Here, residual metals are toxic and 

removal after polymerization is challenging, which sometimes limits its usage for biological 

applications. Nevertheless, by regenerating the deactivated catalyst, occurring from side 

reactions for example with radical initiators the amount of catalyst can be reduced to ppm range. 

These so-called initiators for continuous activator regeneration (ICAR) make ATRP interesting for 

industrial applications.26,27 Newer developments like electrochemically mediated (eATRP) as well 

as photoinduced ATRP (photoATRP) can also decrease the amount of catalyst by regenerating the 

catalyst.28,29 The advantage is that the regeneration can be performed in situ without external 

force, occurring in a better reaction control. Furthermore, photo ATRP reveals the potential of 

performing the ATRP without the usage of metals, leading to a highly interesting approach for 

applications in or for biological systems. In this technique organic-based photo redox catalysts 

are used to initiate and control the polymerization.30,31  

Nowadays, ATRP is an indispensable polymerization method giving access to various polymers 

and bock copolymer formations with toolbox character. Furthermore, this technique utilizes the 

formation of a broad range of hybrid materials, like conjugates of polymers with biomolecules or 

other biomaterials. The ATRP has been very well researched and makes it easy to use due to 

various standard protocols and guidelines.  

 

 

 

 

 

 

 

 

 Figure 2: Suitable ligands for the metal complex to perform ATRP; from left to right: Pentamethyldiethylenetriamine 
(PMDETA), Tris[2-(dimethylamino)ethyl]amin (Me6TREN), 1,4,8,11-Tetramethyl-1,4,8,11-tetraazacyclotetradecan 
(Me4Cyclam), 2,2'-Bipyridine (bpy), 1,10-Phenanthroline (1,10-Phen), Tris(2-pyridylmethyl)amine (TPMA), 
tetrakis(pyridine-2-ylmethyl)ethane-1,2-diamine (TPEDA). 
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NITROXIDE-MEDIATED RADICAL POLYMERIZATION 
 

The nitroxide-mediated radical polymerization (NMP) is a reversible deactivation chain transfer 

technique where alkoxyamines are utilized to control the polymerization by a reversible 

recombination of propagating species with the nitroxide group (Figure 3). Thereby, the radical 

concentration is held low decreasing irreversible termination reactions. Furthermore, due to the 

fast formation of the dormant species, the chain growth is equal, forming homologous chain 

length and polymerization will take place till the monomer is fully consumed. Here, the key 

molecule is the alkoxyamine, forming the dormant species. The structure of the molecule is 

usually an N-O group wearing two alkane groups.32 Those alkane groups are commonly tertiary 

due to the stabilization effect in the radical state. The alkane groups need to be optimized to allow 

polymerization for the respective monomer, by forming more reactive or less reactive radicals, 

thus influencing the equilibrium of the dormant to the active species. In general, a greater steric 

bulk in the alpha position of the nitroxide group leads to a higher strain, occurring in a more 

unstable C-O bond of the dormant species. For cyclic nitroxides, due to strain within the ring 

system including the nitroxide group, the pentagonal rings seem faster at the cleavage.33,34 A 

commonly used example is (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl (TEMPO), which wears tertiary 

alkanes in alpha position and is commonly used for the polymerization of styrene. If less reactive 

monomers like butyl acrylate are targeted for polymerization, the alpha position of the nitroxide 

group can be modified, introducing more steric demanding groups. Those groups favor the 

Figure 3: Mechanism of NMP including initiation, propagation and termination, whereby I is the initiator, M represent 
the monomer, P is polymer, polymer chain  length is n and m, ONR2 represents the nitroxide molecule and kx are the 
representative rate constants of propagation (x = p), termination (x = t), deactivation (x = deact.) and activation (x = act.). 
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homolysis and form the active species faster.35 Another factor influencing the homolysis is the 

solvent. To perform the C-O homolysis, polar solvents which cannot bind to the active nitroxide 

species are the favored polymerization media. The advantage of the NMP is the metal free 

procedure, which makes the usage for biological applications attractive. Also, NMP is not colored, 

favored for material forming in an industrial aspect. Limitation of this procedure seems to bethe 

choice of polymerizable monomers, whereby the nitroxide group needs to be tuned in terms of 

reactivity to obtain optimal results and controllability.36 However, the NMP technique is ideal to 

form block copolymers due to the stability of the dormant species. The polymer can first be 

purified post polymerization and then reused to create the second block at the polymer end.37 In 

current studies NMP is used to modify surfaces of nanoparticles by using initiators protruding 

from the surface. This can be done, for example on silica surfaces where block copolymers are 

created at the surface due to NMP.38,39 

 

REVERSIBLE ADDITION-FRAGMENTATION CHAIN-TRANSFER 

POLYMERIZATION 
 

The reversible addition-fragmentation chain-transfer polymerization (RAFT) was developed in 

1998 by Rizzardo and since then it has become very important for research in several fields due to 

the excellent controllability, robustness towards impurities and broad range of monomers. The 

RAFT polymerization relies on an equilibrium of active and dormant species where the balance 

lies on the dormant species. As a consequence, the concentration of radicals during 

polymerization is reduced, resulting in less termination reactions and therefore better dispersity. 

This can be realized with functional groups like dithio or trithio groups forming the dormant 

species by introducing an active radical. These molecules can switch from the dormant to the 

active species, forming a radical and continue the polymerization. Due to this key function, those 

molecules are called chain transfer agents (CTAs).40,41 The mechanism of the RAFT polymerization 

contains initiation, reversible chain transfer, reinitiation, chain equilibrium and termination 

(Figure 4). For initiation, the initiator forms a radical by decomposing with heat or photo-induced 

electron transfer (PER) process. The active initiator (I·) starts polymerizing monomer (M) forming 

a polymer chain with an active end (Pn·). The active polymer end stands in equilibrium with the 

CTA forming a dormant species which can decompose into either Pn· or a new radical species R·, 

which can polymerize forming Pm·. Due to the polymerization equilibrium, the polymerization is 
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continued, while the radical concentration is kept low. Combination and disproportionation are 

the termination steps of the polymerization.42  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The key molecule to perform the RAFT polymerization is the CTA. The reactivity of this molecule 

must be tailored to the specific monomer being utilized (Figure 5). The reactivity of the CTA occurs 

from the C=S double bond, the Z and the R group. To form the C=S functionality, the dithiol group 

and the trithio group are commonly used, whereby the trithio group shows higher activity. The Z 

group controls the reactivity of the C=S double bond and therefore affects the lifetime of the 

intermediate radical, while the R group serves as the leaving group, triggering polymerization 

reinitiation in the pre-equilibrium phase. Moreover, the R group contributes to the solubility of the 

CTA for both polar and nonpolar solvents. For different activities of the monomers, the CTA group 

is often optimized for the polymerization of interest. The general terms are that the higher the 

activity of the monomer, the more suitable the dithio CTA is whereas monomers of lesser activity 

favor the trithio CTA.43,44  

Figure 4: Representative mechanism for RAFT polymerization showing initiation, reversible chain transfer, reinitiation, 
chain equilibrium and termination, whereby I is the initiator, M represent the monomer, P is polymer, polymer chain 
length is n and m and the CTA contains X for sulfur and Z and R group. 
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RAFT polymerization stands out as a highly adaptable technique applicable to a diverse array of 

monomers. The monomer scope varies from vinylic benzenes to (meth) acrylates to (meth) 

acrylamides and can also contain sterically demanding sidechains without a loss of  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

polymerization performance. It can also perform at higher or lower temperatures without losing 

controllability or worsen the molecular weight dispersity. Moreover, as it operates without toxic 

metals like copper, RAFT polymers are less toxic towards biological systems compared to metal 

mediated polymerization.45 The RAFT group can be easily eliminated or modified, further 

mitigating potential toxicity concerns. A recent approach explored RAFT polymerization within 

living biological systems, enabling the in-situ construction of networks or architectures, paving 

the way of new dynamic systems in biological behavior.46 

 

 

Figure 5: CTA structure with possible R and Z groups which influence the polymerizable monomers, shown with 
arrows, whereby MMA stands for methyl methacrylate, S for styrene, MA for methacrylate, AM for acrylamide, AN for 
acrylonitrile, Vac for vinyl acetate and NVP for vinylpyrrolidone.  
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FUNCTIONALIZATION OF RAFT POLYMERS 
 

The RAFT polymerization methodology offers a broad spectrum for precisely controlled polymer 

synthesis. Moreover, it facilitates polymer functionalization either prior or following 

polymerization, thereby enabling the incorporation of reactive groups and modifications suitable 

for coupling with other molecules such as DNA or for imparting new properties such as 

fluorescence. Two strategies of introducing functionality can be performed by using a functional 

CTA intrinsically possessing a target group or by chemically transforming the CTA group (Figure 6). 

Former functional CTA can contain biomolecules like DNA or peptides or functional groups like 

NHS or DBCO groups allowing coupling post polymerization. It is crucial that the functionality of 

the CTA does not impede polymerization. For post-polymerization functionalization, the CTA 

group can be converted into the desired end functionality, such as thiols. Various strategies have 

emerged, including cycloaddition or thermolysis methods to introduce new double bonds. 

Alternatively, some strategies necessitate initial conversion of the CTA group into thiol end groups 

before subsequent modification with epoxides or Michael acceptors.47–51  

 

 

Figure 6: Functionalization options for RAFT polymers post polymerization. 
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DNA AS A UNIQUE BIOPOLYMER  
 

 In biological systems, DNA serves several functions, primarily acting as the repository of genetic 

information. Nature has evolved the programmability and precision of this molecule over millions 

of years, making it one of the most exquisitely engineered structures available in the natural world. 

The architecture of DNA resembles a code, composed of a backbone and four nucleobases—

cytosine (C), guanine (G), adenine (A), and thymine (T)—bound to a deoxyribose-phosphate unit, 

forming a sequence for information storage. These macromolecular nucleic acids assemble into 

complementary strands, facilitated by hydrogen bonding between specific base pairs (Figure 7). 

Those so-called base pairing rules gives the DNA a unique structure in a highly controlled way. 

The pyrimidines T and C pair with purines A and G through two or three hydrogen bonds. The 

resulting double-stranded DNA molecule adopts a helical structure due to the slight strain 

imposed by these hydrogen bonds, with the strands winding around each other in opposite 

directions. This helical configuration was first discovered by Watson and Crick in 1953 using the 

X-ray based fiber diffraction of DNA provided by Rosalind Franklin and represents one of the most 

important breakthroughs in medical and biological research.52 The double helix formation 

positions the more hydrophobic bases inward, while the sugar-phosphate backbone forms a 

highly hydrophilic exterior. This arrangement energetically favors water solubility, contributing to 

the stability of the double-stranded DNA molecule. The interaction of the nucleobases causes the 
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Figure 7: Schematic presentation of the DNA double helical structure, showing the complementary nucleic bases and 
their hydrogen bonding to stabilize the structure. Owing to the nucleic acid interactions the double helix forms a minor 
and a major grove with different gap sizes. 
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double stranded DNA to be less flexible than single stranded DNA.53,54 However, it is primarily the 

formation of these interactions that makes DNA very interesting as a material in today’s research. 

Copied from RNA, which exhibits the ability to form complex structures such as t-RNA, DNA 

nanotechnology aims to leverage these properties to engineer precise material structures. The 

underlying concept is the formation of architectures due to the interaction of a single strand with 

the complementary strands and drive the formation into a defined shape, facilitated by 

interactions such as hydrogen bonds between the strands. This approach has given rise to a novel 

class of DNA materials characterized by self-assembly and self-organization driven by kinetic 

processes. The pioneering work of Nadrian Seeman in 1982 marked the initial step into utilizing 

DNA as a structural material for crafting nanoscale shapes.55 Seeman proposed employing DNA 

strands to construct nanoscale objects based on the selective interaction of sequence-based 

DNA strands. Subsequently, in collaboration with Sung Ha Park in 1998, Seeman demonstrated 

the fabrication of DNA nanotubes using self-assembling tiles capable of forming tubular 

structures in solution. Another attempt was to use the already in 1964-predicted Holliday and 

three-way junctions (Figure 8) to form DNA lattices and architectures.56 This approach involved 

a) b) c) 

d) 

Figure 8: a) Holiday junction with representative nucleic acid sequence. b) Bent Holliday junction with representative 
nucleic acid sequence. c) schematic representation of the G4-quadruplex DNA structure. d) schematic 
representation of the Three-way DNA junction. Adapted and reprinted with permission of the authors.110,111 
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designing DNA sequences that fostered interaction crossovers, thereby enabling the formation of 

secondary and tertiary structures. These interaction points can be used to form new DNA lattices 

or architectures, with the base sequence programmed precisely to facilitate their formation.57–60  

 

DNA-ORIGAMI 
 

DNA-origami offer precise control over the assembly of nanoscale structures with unprecedented 

accuracy and versatility. Building upon the pioneering work of Nadrian Seeman, Paul Rothemund 

introduced a method in 2006 utilizing a long single-stranded DNA scaffold and short 

oligonucleotides, termed staple strands, to enable programmable folding and create DNA 

architectures.61 In this technique, staple strands selectively bind to predetermined regions of the 

scaffold DNA, utilizing crossover motifs to induce folding and shape the structure (Figure 9 a). 

Using the Watson-Crick base pairing interactions, the staple strands fold and therefore wind 

around the scaffold DNA, with a rotation of 240 degrees occurring every 7 base pairs. This 

rotational property enables the creation of interhelical crossovers every 180 degrees, reinforcing 

the framework and yielding 2D sheets.62,63 By adjusting the length of the scaffold DNA and the 

quantity of staple strands, the size of the resulting architecture can be finely controlled.64 These 

controlled interactions between scaffold DNA and staple strands allows the computational 

design of DNA architectures by determining the location of the staple strands to guide the folding 

into the target structure. This breakthrough has facilitated the creation of a diverse array of shapes 

ranging from tubes to stars to smileys (Figure 9 c).65 However, 2D DNA-origami structures, due to 

their single-layered construction, may exhibit conformational flexibility, which can limit their 

utility as self-assembling platforms. This flexibility arises from the wireframe design, wherein DNA 

helices feature vacancies at the vertices.66  

To address this issue, 3D DNA-origami structures offer a viable solution. By stacking single-

layered DNA architectures, it becomes possible to construct multi-layered DNA architectures by 

using for example honeycomb-shaped lattices in the cross section. Here, every 7 bp the DNA helix 

is connected to another helix in approximately 120° forming a multidimensional lattice. Each helix 

is perpendicular to two other helices, enhancing the structural rigidity. Alternatively, a four-helix 

bundle arrangement can be utilized to achieve a square alignment of each helix, resulting in 

denser packaging. In this arrangement, the strand transfers every 8 bp, (270°) to the neighbor 
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strand stabilizing the architecture.67–70 These multilayer structures exhibit increased rigidity and 

typically require higher concentrations of magnesium ions (Mg2+) for stabilization.67,71 

DNA-origami structures produced using these strategies are characterized by dense, solid 

architectures devoid of pores or gaps. To create hollow DNA-origami structures, a wireframe 

single-layered design has been developed.72,73 One method involves employing knot points 

constructed from four 4-arm junctions that connect the strands, forming a square frame.  Multiple 

units of these structures can assemble into a 2D lattice, capable of forming spheres due to the 

tension.74 These spheres can be functionalized with enzymes to facilitate cascade reactions75 and 

utilized as capsules76 for various applications. 

 

a) 

b) 

c) 

Figure 9: a) Schematic representation of the DNA-origami creation by annealing staple strands to the scaffold DNA to 
form the architecture. b) Helix to helix neighbor connection to stabilize the architecture. c) Examples for DNA-origami 
shapes. Adapted and reprinted with permission of the authors.112–114 
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DNA-ORIGAMI AS FUNCTIONAL TEMPLATES 
 

DNA origami provides excellent template properties, thanks to their precise construction, 

rendering them ideal for creating functional architectures. Each staple strand within the DNA 

scaffold possesses a specific sequence and position. By extending specific staple strands with 

additional bases, known as sticky sequences, the extended portion protrudes from the surface, 

creating new sites for functionalization on the DNA-origami surface.77 This distinct elongation 

enables the introduction of functionality with nanometer precision, facilitated by the precise 

positioning of the staple strands. Subsequently, the protruding sequence can be targeted post-

origami creation by complementary strands, facilitating the noncovalent attachment of 

molecules such as polymers10, fluorophores78, photo initiators79 or proteins80,81. This 

functionalization offers a wide variety of applications of DNA-origami for analytical82 or cell uptake 

studies 83. One notable application involves utilizing highly defined DNA-origami structures 

equipped with fluorophores to conduct Förster Resonance Energy Transfer (FRET). In this 

technique, photoactive molecules are strategically positioned at defined distances from each 

other, enabling the observation of FRET occurrence within specific distance ranges.84,85 This 

methodology can also be employed to assess the structural integrity of the architecture post-

application (Figure 10 a).86 Additionally, introducing sequences that form secondary structures, 

such as G4 sequences, allows for the intercalation of functional molecules onto the origami 

surface. G4 quadruplex sequences create flat areas comprised of four guanines through π-π 

stacking interactions. These regions serve as anchoring sites for molecules containing π systems, 

such as photoactive molecules, enabling their immobilization onto the surface (Figure 10 c). 

Those photo active molecules can be utilized to create polymer formation on the origami surface 

promoted by visible light. Recently, Winterwerber and colleagues achieved successful local 

polydopamine and norepinephrine formation using this strategy on DNA-origami surfaces. These 

coatings serve to stabilize the DNA-origami structures and induce cell uptake.79,86 Other strategies 

require the formation of conjugates containing the complementary strand. Here several molecule 

classes like proteins, peptides, synthetic polymers, lipids or saccharides can be combined with 

the DNA strand open the possibility to have multi functionality within one architecture. This 

functionality was demonstrated by the Dietz group to immobilize viruses on DNA-origami 

architectures to function as virus catchers. The strategy to combine several DNA-origami units to 

one macro structure expand the array of possibility for new applications. In this approach, several 

DNA-origami units were combined into a single macrostructure, which was functionalized with 

antibodies to bind surface proteins of the immobilized virus (Figure 10 d).87 Additionally, the 
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negatively charged surface of DNA-origami can be exploited to immobilize positively charged 

molecules like polylysine onto the architecture. These noncovalent coatings enhance the stability 

of the origami structures and facilitate cell uptake owing to the interaction with the charged cell 

membrane.88,89 

In short, DNA-origami offer due to their unique construction, several functionalization strategies 

and are ideal scaffolds template various other (macro)molecules. Furthermore, the precise 

positioning of the functionalization lead to a highly controlled and fully customizable 3-D space 

at the nanoscale. 

 
a) b) 

c) 

d) 

Figure 10: a) DNA-origami architecture as nano capsule equipped with a hinge region to perform FRET. This signal is 
used to visualize that the architecture is closed. b) DNA-origami surface protected with cationic polymer to protect 
DNase degradation. c) DNA-origami tubes, equipped with G4 quadruplex structures to intercalate photo initiators on 
the surface. These can be used to initiate dopamine polymerization. d) DNA-origami triangles can be hybridized to 
capsules. These capsules can act as virus catchers when equipped with virus binder. Adapted and reprinted with 
permission of the authors. 79,87,89,115 
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FORMATION OF DNA-POLYMER CONJUGATES 
 

Polymers represent a versatile class of materials that can be precisely tailored in terms of size, 

composition, and dispersity. They give access to diverse properties like thermo90 or pH 

responsiveness91,92 as well as morphologies and architectures like branches93 or worm-like94,95 

structures resulting from phase separation. By combining different monomers or blocks with 

distinct properties within a single molecule, a wide range of properties and applications can be 

achieved. Integration of these polymers with highly defined, polar DNA strands or architectures 

gives rise to a new class of hybrid materials with applications spanning biosensors96,97, responsive 

hydrogels97–99 or nanocarriers100,101. Various strategies are employed to form these hybrid 

materials, including direct polymerization from DNA architectures10 or annealing of DNA-polymer 

conjugates onto the DNA nanostructure77,102. Direct polymerization from DNA architectures 

necessitates initiator or polymerization propagating molecules that are either attached or 

intercalated onto the DNA scaffold. The former can be done by the usage of DNA strands 

equipped with polymerization propagating molecules annealed to the DNA architecture 

protruding from the surface.10 Subsequently, polymerization can be performed by introducing 

initiator and monomer to the functionalized DNA architecture, forming the hybrid structure in situ. 

In the case of intercalating initiators, primarily photo initiators, sequences capable of forming 

small morphologies on the architecture surface are required. G4 quadruplex sequences are 

commonly employed for this purpose, creating π-π stacking regions where initiators preferentially 

intercalate. Through precise positioning of G4 structures, spatially defined polymerization can be 

achieved, leading to the formation of DNA-polymer architectures.79,86 Another strategy involves 

utilizing the annealing process to position polymer-conjugates onto DNA architectures, 

necessitating the synthesis of DNA-polymer conjugates beforehand. Two strategies are available 

for this purpose (Figure 11). For the grafting from procedure a DNA sequence is equipped with an 

alkyl halogenide103 or a chain transfer agent at the end. The functionalized DNA strand is mixed 

with monomer and initiator to conduct controlled radical polymerization in situ. It is crucial that 

the reaction mixture is oxygen free to perform the radical polymerization. Oxygen removal can be 

achieved through methods such as freeze-pump-thaw cycles or enzymatic treatment using 

glycose oxidase, which converts oxygen into hydrogen peroxide in the presence of glucose. For 

the enzymatic removal, only few solvents like water or DMF are compatible to ensure that the 

enzyme stays active, limiting the monomer choice.104,105 The simplicity of purification, mainly 

achieved through spin filtration, is a notable advantage of the grafting from method. However, 

limitations arise from solvent restrictions, consequently restricting monomer choices due to the 



I. INTRODUCTION AND BASIC CONCEPTS 

 
28 

 

requirement for more protic solvents. Additionally, polymer characteristics such as dispersity and 

exact polymer length are less controllable due to polymer formation in situ.103,106 In contrast, the 

grafting to strategy involves synthesizing the polymer prior to conjugate synthesis using 

conventional polymerization methods. Both the polymer as well as the DNA sequence need to be 

equipped with a functional group which can be coupled to the respective molecule. Those groups 

are typically NHS/amine or DBCO/azide. Successful coupling requires close proximity of the 

functional groups, making solvent selection crucial due to steric hindrance and chain collapse. 

Poor solubility of the polymer or DNA may lead to increased molecular density in solution, 

hindering the coupling reaction. Therefore, the solvent optimization plays an important role for 

the successful reaction to achieve high yield. Unlike the grafting from technique, the grafting to 

strategy allows the use of cheaper materials in excess to obtain higher yields. Additionally, 

synthesizing the polymer prior to coupling allows precise control over polymer properties, 

optimizing them for the desired conjugate. However, the disadvantage of this approach lies in the 

need for purification of the reaction mixture due to the larger amount of unreacted materials 

typically used in excess.107–109 

Figure 11: DNA-polymer formation strategies showing the grafting to and the grafting from strategy. For the grafting to 
strategy the polymer and the DNA block are coupled through reactive groups to each other. Examples for coupling 
partners are shown below. For the grafting from technique the DNA block is equipped with a functional molecule 
performing polymerization to form the conjugate.  
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This underscores the ongoing need for improvement in DNA-polymer conjugate formation. While 

initial steps have been taken to develop strategies with their respective advantages and 

disadvantages, further optimization is necessary to broaden their applications and enhance their 

suitability for simplified production of hybrid nano architectures. 
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DNA-POLYMER CONJUGATE PURIFICATION 
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Graphical Abstract: 

 

Summary: 

DNA-polymer conjugates represent hybrid entities formed by linking DNA molecules with 

synthetic polymers. These conjugates combine the unique properties of DNA, such as sequence-

specific recognition and molecular self-assembly, with the versatility and functionality of 

polymers. This enables a broad spectrum of applications across diverse fields including 

biotechnology, materials science, nanotechnology, and medicine. The creation of DNA-polymer 

conjugates involves various strategies, like grafting to, grafting from or the solid supported 

synthesis, each presenting unique challenges in purification. Due to the different properties 

within the molecule, purification is usually problematic and requires extensive experimentation 

and optimization. Moreover, the choice of synthesis strategy dictates the purification approach, 

tailored to address specific side products. In this review, we aim to provide a comprehensive 

overview of purification methodologies and offer illustrative examples of successful purification 

strategies employed for various types of DNA-polymer conjugates. 
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II. MOTIVATION AND OBJECTIVES 
 

Motivated by Nature’s precision, DNA nanotechnology sets new standards for highly defined 

nanomaterials. By combining with other material classes like polymers or proteins to create 

precise hybrid materials, the applications of DNA nanotechnology is tremendously expanded. For 

the material formation, different approaches like grafting from, grafting to or grafting onto 

strategies pave the way for a better accessibility. However, creating such DNA materials and 

architectures is usually very complex and only possible in small batches. The yields are low, and 

the assemblies are usually susceptible to decomposition. Within this thesis, the focus is on the 

DNA-polymer hybrid class to implement a robust strategy for a reliable architecture construction 

and functionalization. Therefore, the formation and purification of functional DNA-polymer 

materials should be optimized in view of a simple, applicability and resource-saving manner. 

The first attempt was to optimize the DNA-polymer conjugate formation in terms of robustness 

towards different polymers as well as obtaining high yields. Choosing between the grafting to and 

the grafting from technique, the grafting to method seems the more adjustable with the potential 

to upscale the formation of conjugates. Moreover, the grafting from method is limited by its lack 

of robustness against impurities and variability in different monomers, restricting its potential as 

a universal technique. Via reversible addition-fragmentation chain-transfer polymerization (RAFT) 

a water-soluble polymer, containing an NHS group, was synthesized, acting as a model polymer. 

We aimed for poly N,N-Dimethylacrylamide (P(DMA)) with a molecular weight of 20 kDa to 

optimize reaction conditions and solvent mixtures. P(DMA) is highly water soluble without any 

phase separation, facilitate the reaction between the DNA and polymer. For reaction optimization, 

the solvent seems to be a promising parameter, due to the importance of solubility for the 

reaction. For a successful reaction of the polymer with the DNA in general, both functional ends 

need to be accessible to react. If the solubility would be insufficient, the molecules can collapse 

in solution shielding the reactive ends. These obtained results for optimization would then be 

applied to other polymers of three different polymer families (acrylates, methacrylates, 

acrylamides) with different behaviors like phase separation or higher hydrophobicity to explore 

the versatility of the previously applied reaction conditions. Furthermore, testing the variability of 

the reaction towards different sized polymers, the system would be applied to lower and higher 

molecular weight polymers underline the universality of the chosen method. 

In the next step, we intend to optimize the processing of the purification to obtain pure DNA-

polymer conjugates. In general, the grafting to strategy uses an excess of the cheaper components 
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in order to drive higher yields during the reaction. Here, the excess of polymer leads often to 

problems during purification due to the similar chemical properties of polymer and conjugate as 

well as an overlay of retention times during purification. This usually limits the resolution as well 

as the possible amount that can be purified. Therefore, a method and protocol was developed 

where the peak resolution is independent of the aforementioned properties, even with larger 

quantities. Furthermore, we aimed to make a separation of the conjugate and the unreacted DNA 

possible, interesting for scaling up the conjugate formation due to the recovery of the expensive, 

unreacted DNA strands. By testing different purification strategies such as spin filtration, reverse 

phase HPLC and size exclusion chromatography and anion exchange chromatography, the most 

promising purification method was established and optimized to implement a robust, versatile 

method and increase the accessibility of DNA-polymer conjugates to the community.  

As a proof of concept, the synthesized DNA-polymer conjugates would be utilized to introduce 

functional patterns on DNA-origami. DNA-origami facilitate the creation of highly defined nano 

architectures and thus expanding the engineering of nanoobjects to a new level. Combining these 

architectures with the controllability and functionality of DNA-polymer conjugates give rise a new 

class of functional hybrid structures and grant, due to the customizable functionalization patterns 

and properties, new application possibilities. Accordingly, DNA-origami structures in tube and 

rectangle shapes, featuring protruding sticky sequences on their surfaces, were selected as 

targets. The strategy entails the conjugation of polymers to the complementary DNA strands, 

followed by annealing to the DNA architecture, thereby enabling the creation of various 

multifunctional surfaces and polymer contours on a single architecture.  

This thesis endeavors to develop a straightforward and widely applicable approach to 

synthesizing DNA-polymer conjugates, while addressing the challenges associated with 

purification through the implementation of a reliable method to achieve high purity and the ability 

to recover utilized reactants. Moreover, the project envisions the decoration of DNA-origami 

architectures by annealing with DNA-polymer conjugates, aiming for high controllability and 

definition in nanometer resolution and thus introducing a toolbox of possible functional patterns 

for DNA-origami. 
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Figure 12: Schematic presentation of the thesis approach to create DNA-polymer conjugates and use them to create 
polymer patterns on DNA-origami surface with nanometer resolution. 
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Graphical Abstract: 

Summary: 

DNA-polymer architectures have garnered increased interest in recent years owing to their 

programmability and unique properties for special applications such biosensors One approach 

to fabricating these hybrid nanostructures involves annealing single-stranded DNA-polymer 

conjugates onto the surface of DNA architectures. This method necessitates complementary 

strands protruding from the surface, as well as well-defined conjugates to achieve patterning. 

Various strategies, including the grafting to and grafting from method, can be employed to obtain 

DNA-polymer conjugates. While the grafting from approach requires an oxygen-free environment 

and is typically conducted on a small scale, the grafting to method is generally considered more 

robust in terms of reaction control and accessibility.  

The publication presented herein describes a versatile and robust method for the synthesis of 

DNA-polymer conjugates comprising polymers from different polymer families such as acrylates, 

methacrylates, and acrylamides. Through optimization of reaction conditions, high yields were 

achieved even for polymers prone to phase separation or exhibiting brush-like structures. Notably, 

the method demonstrated success in synthesizing DNA-polymer conjugates with high molecular 

weight polymers, overcoming previous limitations in yield for larger polymers. Subsequently, the 

synthesized conjugates were applied to DNA-origami structures of various shapes, resulting in 
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excellent surface patterning with nanometer scale precision. Moreover, a step-by-step annealing 

process employing different conjugates on a single DNA-origami architecture showcased the 

method's potential for creating multifunctional DNA-polymer hybrid materials. 
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Graphical Abstract: 

Summary: 

DNA-polymer conjugates form a hybrid class of interesting properties by combining the definition 

of DNA with the attributes of polymers like responsiveness or phase separation. These conjugates 

develop increasing potential as materials for niche applications like biosensors or self-healing, 

responsive hydrogels. To create these conjugates, the grafting to strategy is commonly used as an 

upscale method to couple functionalized DNA to functionalized polymer chains. Here the 

advantage towards the grafting from method, is the pre-synthesis and analysis of the polymer 

leading to higher defined conjugates as well as bring more robust towards impurities during 

conjugate formations. The downside of this method is the difficult purification post conjugation 

due to the unreacted educts, which have normally similar chemical properties and molecular size 

hindering the separation. 

This publication addresses the purification challenges by testing different purification methods 

and optimizing the protocol for broad applicability across different types of conjugates. After 

testing several purification methods like size exclusion chromatography (SEC), spin filtration, 

reverse phase HPLC (RP-HPLC), anion exchange chromatography emerged as the most promising 

method. Anion exchange chromatography allows the interaction of the negative charged 

molecules with the positive charged resin, whereby uncharged molecules can be removed. Initial 

experiments with a model conjugate demonstrated successful removal of polymers and efficient 

separation of conjugates from unreacted DNA during the elution step. By fine-tuning the sodium 

chloride solution gradient in the elution step, reliable separation was achieved, allowing for the 

potential reuse of unreacted DNA. Furthermore, the purification protocol was applied successful 

to several conjugates containing different sized polymer- as well as DNA-blocks. 
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Graphical Abstract: 

 

 

Summary and contribution: 

Apart from DNA nanotechnology, alternative approaches are being explored to engineer 

controllable, self-assembling systems for biochemical reactions. Peptides, in particular, are 

frequently utilized for the assembly and construction of supramolecular systems capable of 

specific interactions with targets such as viruses. Therefore, various peptide chains can be 

combined forming a multivalent system with multifunctionality. Herein, streptavidin as a 

nanoplatform to assemble different peptide sidechains containing biotin as an affinity group. 

After assembling, the functional peptide sidechains protrude from the surface and interacts with 

the respective target. In this study, the targeted interaction demonstrates inhibitory activity 

against HIV-1 variants. This approach underscores the potential of assembling peptides with 

diverse modes of action onto a nanoplatform, resulting in multifunctionality and broadening the 

scope of target interactions.  

To visualize and confirm the assembly and connection of peptides, atomic force microscopy 

(AFM) can be employed. In this study, I conducted AFM measurements to monitor the assembly 

process and estimate size distribution by analyzing average height.  

Given the more distant relationship between peptide assembly and DNA nanotechnology, the 

article and supporting information have been included in the appendix. 
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IV. CONCLUSION AND FUTURE PERSPECTIVES 
 

The objective of this thesis was to develop a straightforward method for creating DNA-polymer 

conjugates, thereby increasing their accessibility and enabling new applications for these 

promising hybrid materials. The principal achievements of this research are (1) the accessibility 

of DNA-polymer conjugates through the implementation of a straightforward and reliable grafting 

technique and (2) a novel purification method utilizing anion exchange chromatography, which is 

capable of purifying a diverse range of conjugates possessing varying properties and block sizes. 

In this way, polymers were patterned onto DNA-origami architectures using an annealing strategy, 

enabling the creation of precisely defined nanostructures that even allowed the generation of 

multiple polymer patterns assembled on a single DNA nanostructure. Despite the challenges 

associated with the formation of DNA-polymer conjugates via the grafting strategy, including low 

yields due to steric hindrance from the polymer chain and DNA sequence, the advantages of this 

approach, including high controllability and definition of the resulting conjugates, outweigh these 

limitations. Consequently, a universal optimization strategy of this process was devised, resulting 

in the ability to generate amphiphilic and sterically demanding conjugates with high yields, which 

can be purified based on the newly established purification protocol using anion exchange 

chromatography. These functional DNA-polymer conjugates offer the opportunity to functionalize 

DNA origami in a precise manner, thereby introducing novel properties to these hybrid 

nanoobjects.  

The first project sought to identify the optimal reaction parameters for the grafting strategy, which 

involves the coupling of DNA sequences to polymers. The selected model reaction involved the 

coupling of an amino- to an NHS-group, whereby the polymer was modified with an NHS group 

and the DNA sequence was amino functionalized. The NHS functionalization is a well-

established, commercially available method that is readily accessible and highly reliable. 

Following the synthesis of a model polymer (P(DMA); MW: 20 kDa) via RAFT polymerization, with 

the NHS group appended, the reaction was tested in a number of conditions. The grafting 

technique typically yields low levels of success, largely due to the steric hindrance of the chains 

towards the functional groups. Furthermore, the disparity in polarity between DNA and the 

polymer necessitated careful consideration to address solubility issues. Evaluation of different 

reaction solvents revealed that DMF:water (3:1) yielded the most promising results, with high 

yields observed. These conditions were then applied to polymers from three distinct monomer 

families (methacrylates, acrylates, and acrylamides) with highly successful results. Following 
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these findings, the purification process was optimized with the objective of enhancing existing 

isolation methods through the implementation of high-throughput techniques. A DNA-P(DMA) 

conjugate was employed as a representative model to evaluate the efficacy of various purification 

techniques, including SEC, RP-HPLC, and spin filtration. The results demonstrated that these 

techniques were not optimal. Anion exchange chromatography was identified as a potentially 

viable alternative, offering a straightforward method for the removal of uncharged polymers 

following their loading into the column. Further refinement, incorporating a sodium chloride 

solution gradient, facilitated the successful separation of unreacted DNA and conjugates, thereby 

enabling the reuse of unreacted DNA. The developed purification protocol was successfully 

employed to effectively purify a diverse array of DNA-polymer conjugates, encompassing both 

phase-separating and thermo-responsive variants, with high yields. Furthermore, the 

methodology was readily applicable to conjugates comprising diverse DNA and polymer block 

sizes, with gradient modifications tailored to enhance outcomes corresponding to varying DNA 

lengths. 

In the next part, the functionalized DNA-polymer conjugates were used to functionalize the 

surface of diverse DNA-origami nanostructures through annealing, resulting in highly defined 

patterns with nanometer resolution. This demonstrated the programmability of these hybrid 

materials. A variety of origami architectures, including rectangles and tubes, were successfully 

modified with multiple polymer patterns. In order to expand the library of patterns, DNA-origami 

were modified with patterns in ring and rectangle shape, thereby confirming the generality of this 

new strategy. AFM studies revealed a distinct, dense polymer pattern with nanometer resolution, 

even for high molecular weight DNA-polymer conjugates. Furthermore, the conjugates were used 

to create multiple patterning of different polymers on one DNA architecture, which was utilized by 

different complementary DNA sequences to introduce programmable multifunctionality.  

The expertise gained in the characterization of self-assembling biohybrid nanostructures is also 

relevant to the characterization of other self-assembling nanostructures. For example, in a 

collaborative effort, the protein streptavidin formed a precise supramolecular complex with HIV-

1 inhibitory peptides. This nanostructure was characterized by atomic force microscopy (AFM) 

both before and after assembly, providing essential insights into structural features, size 

parameters and dispersity after assembly. 

In light of prospective applications, DNA-polymer nanostructures present a number of promising 

avenues, particularly in the context of biomedical applications. The emergence of the SARS-CoV-

2 virus and the subsequent development of novel RNA vaccines have elevated the profile of 
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DNA/RNA-based materials within the field of modern pharmaceuticals. Nonetheless, challenges 

emerged in vaccine applications, such as instability, which had to be addressed through extensive 

RNA modifications or encapsulation within liposomes. Consequently, DNA-polymer materials 

may present an attractive alternative due to their enhanced stability and their capacity to form 

morphologies that stabilize DNA through steric shielding effects. Nevertheless, the successful 

realization of these applications is contingent upon the reliability and precision of the material 

formation process. Our research indicates that an effective approach to the assembly of DNA-

polymer hybrid materials is the optimization of reaction conditions in order to facilitate scalability 

and the production of highly pure materials. This is of particular importance in the context of 

medical applications, given the necessity for rigorous purity standards. By combining the 

aforementioned synthesis method with the recently developed purification protocol, it is possible 

to obtain these bioconjugates in a very high degree of purity. A significant advantage of this 

purification protocol is its scalability, which permits the purification of larger batches without 

compromising resolution or peak separation. 

The findings presented in this thesis pave the way for the synthesis of a diverse range of DNA-

polymer conjugates through a single formation strategy. The use of DNA-polymer conjugates as 

functional materials or for the surface functionalization of diverse DNA architectures is a 

promising avenue of research. By leveraging the precision of DNA annealing, these conjugates 

enable the creation of 3D DNA-polymer architectures with nanometer resolution, which may be 

of interest for diverse applications in nanotechnology and medicine. This work introduces the 

integration of DNA-polymer conjugates into applications requiring access to large-scale, very 

pure materials, thereby expanding the potential for DNA nanotechnology. 
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Figure 13: Schematic presentation about the applied strategies and obtained results to create DNA-polymer conjugates 
and the usage to create polymer patterns on DNA-origami surface with nanometer resolution. 
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