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Abstract 

 

This dissertation explores a novel concept and new methodologies for the fabrication of 

precision (bio)synthetic polymer architectures in nanoscale resolution by merging DNA 

nanotechnology and polymer chemistry. Polymeric materials are versatile and play 

important roles in modern nanotechnologies including nano-optics / electronics, 

nanofluidics, nanosensors, nanomedicine, and so on. To further develop these 

applications in the future, the rational design of polymeric materials with a high structural 

precision in the low nanoscale dimensions is highly attractive. I have particularly focused 

on DNA nanotechnology, more precisely, represented as “DNA origami”, and utilized this 

technique as a template for synthesizing novel polymeric nanostructures. The high 

programmability of DNA origami was employed for the first time to design and create a 

suitable chemical reactor to control polymerization reactions in nanoscale environments 

with great structural precision.  

  The integration of controlled radical polymerization (CRP) and DNA origami was 

established for the first time, which could create desired polymer nanopatterned surfaces 

in a controlled fashion. Through these investigations, unique features were found such as 

altered surface properties of DNA origami by grown polymers that inspired the next step. 

Further developments were achieved by making use of an established in-situ 

polymerization system for creating defined DNA / polymer hybrid nanomaterials. The 

step-wise design to convert the common two-dimensional rectangular DNA origami to a 

three-dimensional tube-shape structure with an outer polymer coating could potentially 

protect DNA origami from external stimuli (in particularly, against nuclease digestion), 

which is one of the current issues limiting various applications of DNA origami-based 

materials / systems. Additionally, the remaining interior space of the tube was available for 

further reactive environment, which was demonstrated by incorporation of multiple 

DNA-based enzyme moieties. 

  In addition, polydopamine, a bio-inspired polymer whose polymerization is more 

challenging to control, was also successfully fabricated in a defined manner on DNA 

origami for the first time. Properly designing the catalytic domain on DNA origami could 

allow us to fabricate various shapes and sizes of polydopamine nanoarchitectures in high 

precision. The adhesive property of polydopamine was successfully expressed on DNA 

origami to dynamically control its conformation as a supramolecular glue. On the other 

hand, the rigidly crosslinked polymer structure of polydopamine allowed us to rapidly 

liberate the grown polydopamine with programmed geometry from DNA origami template 

by a facile acid treatment.  

To summarize, the integration of polymer chemistry and DNA nanotechnology was 

studied in the thesis, which emerged as a unique and promising approach to fabricate 
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various polymeric nanoarchitectures in a defined manner. Versatility and uniqueness of 

the reported methods could cause a stir in the design concepts of polymeric 

nanomaterials and pave the way for the further development of nanotechnology in future. 
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1. Introduction 

 

The scientific results included in this thesis originated from an inspiration from both 

polymer chemistry and DNA nanotechnology to create unique DNA-polymer hybrid 

architectures of greatest structural precision. First, an excursion into polymer 

nanotechnology will be discussed, focusing on the design and synthesis of single 

precision polymers, their assembled states, characterization methods also emphasizing 

their advances in the last decades and currently faced problems and demands. The 

second part of the introduction will emphasize the unique opportunities of DNA 

nanotechnology, which is a key technique for structuring with greatest precision. Here, the 

structure of DNA and its functions, design principles of DNA nanotechnology with its 

applications in the nanotechnology fields are discussed in detail. Not all of the writing 

might be directly found within the work conducted in the thesis, however the author 

believes that the future developments of the project can potentially reach to integrate with 

and contribute to broad subjects in the nanotechnology field, therefore several promising 

techniques, applications and directions are also described herein. 

 

 

1-1. Nanotechnology 

   

The intensive advances of the various nanotechnology fields in the past decades has 

enlightened new visions and future possibilities of science and technology. 

Nanotechnology is the discipline for manipulating materials of nanometer (10-9 m = 1 nm) 

sizes, which basically is the world of atoms, molecules, and their assembled states. Due 

to the wide range of materials nanotechnology benefits, the applications of 

nanotechnology can cover a wide variety of science and technology fields involving 

information technology (IT), life science, energy science, and so on. Among 

nanomaterials, polymers or polymeric nanomaterials are not the exception. Recent 

advances in polymer chemistry have made synthetic polymers no longer just simple 

plastics but a man-made soft matter that can be tuned and functionalized to give desired 

properties. Manipulation of polymer nanotechnology can start from the design and the 

synthesis of single polymers to control the size, polydispersity, and compositions, which 

decide both the functionality of polymers and the final architecture (nanoparticle, micelle, 

fiber, and micro/nanofilm) by self-assembly or self-folding. Each step will be 

comprehensively described in the following sections. 
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1-2. Design and synthesis of precision polymers 

 

  In the past decades, new design and synthesis strategies have emerged to create 

synthetic polymers with controlled shapes, sizes, and functionalities. Especially, the 

controlled radical polymerization (atom transfer radical polymerization (ATRP) first 

reported in 19951,2 and reversible addition-fragmentation chain transfer (RAFT) 

polymerization first reported in 19983) have developed rapidly since they were found to be 

versatile methods to achieve polymers with different sections (di / tri block copolymer) 

with very low polydispersity. This is feasible because there are only initiation and 

propagation reactions present while transfer or stop reactions in the polymerization are 

minimized (Figure 1). Therefore, the size of the resulting polymers (molecular weight) 

mainly depends on the ratio between monomers and initiators. In addition, the initiator 

also provides the terminating group of the growing polymers, so additional functional 

groups can be easily introduced. It should also be noted that ATRP and RAFT are quite 

robust in the presence of a wide variety of functional groups and tolerate various solvents 

to tailor the desired properties. The versatility of these methods are crucial since the final 

architecture of the polymers is a result of their self-folding, self-assembly, and 

self-organization features, which are influenced by their length, solvophobicity, charge, 

hydrogen bonding capability, and bulkiness of synthesized polymers. 

 

Figure 1. The basic scheme of ATRP. Alkyl halide (R-X) serve as the initiator. In typical 

cases, a transition metal complex is employed as the catalyst. The initiator or the dormant 

species is activated by the catalyst to generate radicals. Simultaneously, the catalyst is 
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oxidized while capturing the halide. Since the equilibrium is predominantly shifted to the 

dormant species, it assures very low radical concentrations, resulting in the same 

probability of the polymers to propagate with monomers. (RAFT: Z and R group must be 

chosen according to the monomer and the temperature.) 

 

 

1-3. Defined polymer assembly 

 

Recent advances in controlling precision polymer synthesis has provided new avenues 

for achieving single polymer chains with well-defined lengths and compositions to control 

their self-assembly and organized states of multiple polymers in the micro/nanoscale. It 

has been demonstrated that amphiphilic AB-block copolymers could form nanostructures 

such as spherical/wormlike micelles and vesicles (polymersome) (Figure 2a)4,5. These 

polymer self-assemblies have been investigated as drug carriers, as artificial cell systems, 

and so on. In addition, it has been demonstrated that the geometry and the sizes of these 

nano-objects have a considerable influence on their optical6, electronic7 and biomedical 

functions8,9. These studies clearly indicated that the precise control of polymeric 

nanostructures is a key-factor to conceive advanced polymeric nanomaterials. To design 

such nanostructured polymer assemblies, the bottom-up approach based on the design 

of monomers, the block length/ratio, and the geometry of the block polymers would 

essentially allow atomic control over the structure and high production yields. D. J. 

Pochan and co-workers have demonstrated a multi geometry polymer assembly in a 

systematic fashion by blending the designed block copolymers10. Further rational 

guidelines for the self-assembly of liner ABC triblock terpolymers into a variety of 

polymeric nanostructures with different hydrophilic or hydrophobic patches were reported 

by Axel H.E. Müller and co-workers (Figure 2b)11. In their work, each block length of 

polystyreneblock-polybutadiene-block-poly(tert-butyl methacrylate) (PS-PB-PT) was 

fine-tuned, from which the geometry and the microphase separation could be predicated. 
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Figure 2. Design of polymer assembly. (a) General scheme of polymer self-assembly 

into micro/nanostructured architectures. (b) Rational design of ABC triblock terpolymer 

with controlled geometry and patch morphology. (b) was adapted with permission from 

“Lobling, T. I. et al. Rational design of ABC triblock terpolymer solution nanostructures 

with controlled patch morphology. Nat. Commun. 7, doi:Artn 12097 

10.1038/Ncomms12097 (2016).” Copyright (2016) Nature Publishing Group and Creative 

Commons Attribution 4.0 International License 

(http://creativecommons.org/licenses/by/4.0/.). 

 

Polymer brushes – ensembles of densely packed polymer chains tethered on various 

surfaces - are another class of polymeric micro/nano architecture (Figure 3)12-14. 

Depending on the density and size of surface-anchored polymer chains, polymer brushes 

can adopt various conformations such as so-called “mushroom”, “pancake”, and “brush” 

architectures. Due to the fact that various chemical and physical properties of synthetic 

polymers can be incorporated onto the surface of interest, polymer brush formation has 
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been investigated as versatile method for surface functionalization and tailoring the 

surface morphology. Additionally, more sophisticated systems such as block copolymer 

brushes and mixed polymer brushes with different chemical components or 

stimuli/environment responsiveness can impart smart functionalities on to the surface, 

like switchable wetting behaviors15,16. 

In general, there are two major strategies for the design and the construction of 

polymer brushes; namely the “grafting to” and “grafting from”12 strategies. In the former 

approach, end-functionalized polymers prepared by “in-solution-based synthesis” are 

directly transferred to the surface by reacting with the respective functional groups on the 

surface. Although the chemical/physical information of the grafted polymers can be 

analyzed before grafting, the steric hindrance of polymers with large molecular weights or 

bulky building blocks can make it difficult to graft these polymers in high densities. On the 

other hand, in the “grafting from” approach, polymers are grown directly from the initiator 

moieties immobilized on the surface (in other words, surface-initiated polymerization).  

 

 

Figure 3. General scheme of polymer brush fabrication. Polymer brush surfaces can be 

prepared by either the “grafting to” method (direct immobilization of end-functional 

polymers to the corresponding functional groups on the surface) or the “grafting from” 

method (surface-initiated polymerization from the initiator-immobilized surface). The 

tethered polymer surface can show different morphologies (pancake, mushroom, and 

brush) relying on the density and the length of grown polymers. Step-wise growth of 

polymers or a combination of different polymerization reactions allows fabrication of more 

complicated architectures such as mixed polymer brush surfaces and block 

copolymer-brush surfaces. 

 

 

A number of surface initiated controlled radical polymerizations such as 
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surface-initiated atom transfer radical polymerization (SI-ATRP), surface-initiated 

reversible-addition fragmentation chain transfer (SI-RAFT) polymerization, and 

surface-initiated nitroxide-mediated polymerization (SI-NMP) represent very versatile 

methods due to their unique advantages such as compatibility to a wide variety of 

monomers and solvents17. Particularly among all the CRP methods, SI-ATRP has been 

most extensively investigated due to the easy anchoring of the alkyl bromide initiator 

molecules, tenability, versatility, and robust chemistry. During the development of SI-ATRP, 

there are several key findings. First, to achieve a controlled polymerization from the 

initiator immobilized on the surface, the addition of free initiator as sacrificial initiators was 

sometimes necessary to maintain the adequate initiator and deactivating Cu2+ 

concentrations18. Secondly, the concentration of the metal catalyst could be reduced to a 

few ppm at the same time retaining the tolerance toward oxygen or other radical traps by 

using reducing agents such as ascorbic acid. This ATRP variant is denoted especially as 

activators (re)generated by electron transfer ATRP (A(R)GET ATRP). These 

improvements could solve mainly the concerns of the presence of residual amounts of 

metal catalysts in the grown polymers that may cause unwanted toxicities in (bio)medical 

application. Last but not least, the development of ATRP chemistry has broadened its 

versatility by proposing a variety of photo-induced ATRP (photoATRP), and so on. 

 

 

1-4. Fabrication of micro/nano patterned polymer brush surfaces 

 

The patterning of polymer brushes with micro/nanoscale spatial resolution is not only of 

fundamental interest to study, for instance, swelling and friction properties, but also for 

practical applications from micro/nano electronics to bionanotechnology fields19,20. For 

example, micropatterned thermoresponsive polymer brush surface prepared by a 

combination of RAFT and photolithography exhibits tunable and spatial bioadhesion 

properties that are especially applicable for the orientation and alignment of fibroblast 

cells which can be cleaved off as a “cell sheet” just by lowering the temperature under the 

lower critical solution temperature21. G. P. López and co-workers have reported a 

dual-nanopatterned polymer brush/bioactive molecules surface to demonstrate the 

controlled attachment, killing and release of bacteria (Figure 4a)22.  

Preparation of micro- or nanopatterned polymer brushes with desired spatial 

resolutions, polymer lengths, and chemical compositions, using the combination of 

surface-initiated polymerization and a variety of lithographical techniques has been 

shown as a promising strategy (Figure 4b). Basically, the patterning strategy can be 

categorized to two areas; “top-down” approach and “bottom-up” approach. In the 

top-down approach, electron beam lithography can be used to directly pattern polymer 
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brushes in a single step from non-patterned polymer brush surface23. Although the spatial 

resolution can be down to about 10 nm, there are several limitations including high 

instrumental costs, long operation time, and low production yield. Alternatively, in the 

“bottom-up” approach, the initiator moieties are immobilized/self-assembled onto the 

surface of the interest by using the proper chemistry (alkyl thiol/gold surface, silane/oxide 

surface) and pre-patterning by lithographical techniques, followed by the surface-initiated 

polymerization. Depending on the area size and the material of the surface used, different 

lithographical techniques such as micro-contact printing, photo lithography, electron beam 

lithography, scanning probe lithography, nanoimprint lithography, and so on can be 

options.  

 

 

Figure 4. Fabrication of a micro/nano patterned polymer brush surface. (a) Schematic 

depiction of nanopatterned thermoreponsive poly(N-isopropylacrylamide) (PNIPAAm) / 

Lysozyme surface (AFM image in the middle). After attaching bacteria with the collapsed 

dehydrated PNIPAAm chains at 37 degree, lysozyme proteins kill the bacteria, followed 

by the release of killed bacteria by hydrated PNIPAAm chains at 25 degree. (b) The 

overview of various approaches for preparing micro/nano patterned polymer brushes. 

SIP: surface-initiated polymerization. (a) was adapted with permission from “Yu, Q. et al. 
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Nanopatterned Smart Polymer Surfaces for Controlled Attachment, Killing, and Release 

of Bacteria. ACS Appl. Mater. Interfaces 5, 9295-9304, doi:10.1021/am4022279 (2013).” 

Copyright (2017) American Chemical Society. 

 

 

1-5. The characterization of polymer brushes 

 

  In general, the characterization methods for polymer brushes can be classified into two 

categories, investigating chemical properties (molecular weight, chemical compositions, 

and dispersity) and physical properties (thickness, grafting density). Although the 

conventional, well-established analytical techniques for characterizing polymers created 

in solution are also useful to obtain the information of polymers on the surface especially 

for those prepared by the grafting-to methods, there are some challenges for 

characterizing polymers on surface in general. For example, in the bottom-up approach, 

molecular weights of grown polymers are often determined by GPC analysis of polymers 

grown in solution from free or sacrificial initiators during surface initiated polymerization. 

Although there is an assumption and experimental proof that molecular weights of free 

polymers have a relatively good agreement with that of polymers on surface, this is not 

always the case. To precisely determine the molecular weight information, the cleavage of 

the polymers from the surface followed by GPC analysis is required. 

  Here, some of the most common and useful characterization techniques that are also 

employed in the thesis are introduced.  

 

AFM / AFM-IR: AFM has been a powerful characterization tool for acquiring information 

on the topology, thickness, roughness of the polymer surface. Although other microscopy 

techniques like SEM and TEM are also essential tools for imaging the polymer surface, 

AFM can provide specially the mechanical properties of the surface such as elasticity, 

deformation and adhesion in nanometer spatial resolution. The basic AFM setup is shown 

in Figure 5. The tip attached on the cantilever moves across the sample surface for 

imaging. The forces between the tip and the surface are measured as the deflection of the 

cantilever that information was reflected to the change of the laser reflection by the photo 

detector. There are currently several modes for imaging such as contact, noncontact, and 

tapping. Tapping mode eliminates the major drawbacks of contact mode (sample 

destruction) and noncontact mode (low resolution in lateral and z-axis). Nowadays, 

tapping mode is the most frequently used mode in measurement in air and in solution. In 

this mode, the cantilever oscillates up and down at its resonance frequency. When the 

oscillating cantilever gets close to the surface, the interactions between the tip and the 

sample (Van der Waals force, dipole-dipole interaction, electrostatic interaction and so on) 
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cause a change of the oscillation amplitude. This amplitude change is used as the 

parameter and a feedback loop adjusts the height of the cantilever to maintain the 

oscillation amplitude.  For obtaining mechanical information of the surface, the force 

measurement is used. In the measurement, the cantilever moves towards the sample 

surface, contacts the sample, then the tip experiences a force due to the deflection of the 

cantilever. By recording the force versus distance of the cantilever from the sample 

surface, a force curve is obtained, from which the information on the mechanical 

properties of the sample such as elastic modulus, adhesion, deformation, and dissipation 

can be determined. 

 

Figure 5. General AFM scheme. (a) General setup of AFM instrument. (b) Force curve. 

 

 

Recent developments of AFM technology have proposed combinations of the AFM 

instrument with confocal laser microscopy, photo conductivity, and especially, infrared 

spectroscopy (AFM-IR)24,25. AFM-IR provides a nanoscale infrared spectrum to map the 

different chemical components on the surface. Wavelengths in which the sample absorbs 

the light of corresponding wavelength will cause greater heating and thus the rapid 

expansions. This causes the modulation of the oscillating cantilever at the characteristic 

resonant frequencies of the cantilever. The induced resonance amplitude in the cantilever 

is proportional to the absorption of the IR illumination in the sample. Although early 

AFM-IR instruments had a limited spatial resolution down to micrometer scale due to the 

thermal diffusion, significant improvement was achieved by using pulsed infrared laser 

sources to reduce consequently the thermal diffusion26, achieving the spatial resolutions 

down to around 20 - 30 nm27. Chemical compositional mapping is usually conducted by 

imaging the sample with a single wavelength corresponding to a specific molecular 

resonance and can be made at different absorption bands to reveal the distribution of 

different chemical species. The IR band range of AFM-IR is typically mid-IR, between 

1000 cm-1 to 3600 cm-1 covering the polymer backbone conformation region. Applications 

of AFM-IR spans from characterizing blended polymer films28, nanofabricated polymer 
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patterns29 to elucidating the nanostructure of polymer networks30, and also other 

nanotechnology fields.  

 

Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS): Nowadays, ToF-SIMS has 

become one of the most important tools to analyze polymeric materials in solids owing to 

the high surface sensitivity, molecular specificity, and sub-micrometer imaging 

resolution31,32. ToF-SIMS can be used to acquire the chemical information of the polymer 

nanostructures on surfaces. During a ToF-SIMS measurement, the sample surface is 

bombarded with primary ions, which dislodge chemical species on the uppermost surface 

as the secondary ions (Figure 6). Usually, the irradiation dose of ions is very low (<1013 

ions per cm2) so that the same surface spot is not bombarded again and the information 

obtained should reflect the surface of nanometer depth. The generated secondary ions 

are accelerated in the flight path towards the mass detector measuring time of flight. The 

secondary ions are usually series of multiple monomer units (oligomers) or characteristic 

fragmentation ions that provides the “fingerprint” spectrum to determine the chemical 

structure of polymers.  

  Recent developments in ToF-SIMS has enlarged its usage to determine the 

end-functional group distribution of polymer semi-crystalline surface33, the morphology of 

polymer blends34, 3D mapping of multilayer polymer films35 and so on.  

 

 

Figure 6. General schematic depiction of ToF-SIMS.  

 

 

1-6. Use of biomacromolecule as template for directing polymerization 

reactions or biomolecule-templated polymer synthesis 

 

  Peptides, proteins, and DNA are biopolymers that evolved over billions of years. They 

have a sequence precision, wide variety of monomers (amino acids and nucleotides), 

intermolecular interactions for self-folding into unique 3D structures for performing 

biochemical reactions, and intramolecular interactions to self-assemble into nano/meso 

architectures with high order. The structural and functional perfection of 

bio-macromolecules and their assembled states like peptide fibers and virus capsid 
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proteins, cage proteins provide unique interior cavities or amino acid-patterned surfaces 

with nanoscale precision. For this reason, biomacromolecules have been exploited as 

promising nano-sized templates or nanoreactors to realize novel chemical reactions36, to 

build inorganic nanomaterials (particles37, wires38) and also to synthesize new polymeric 

materials39. These reactions in confined nanoscale environments have shown the 

allowance for enhanced reaction kinetics, decreasing side reactions, and shape / size 

control. Encapsulation of metal catalysts inside ferritin has offered a bionanoreactor that 

could successfully polymerize phenyl acetylene with a narrower polydispersity compared 

to the same reaction conducted without the ferritin (Figure 7a)40. Bruns and co-workers 

covalently bound the metal catalyst for ATRP to the cavity surface of chaperonins to 

polymerize NIPAM and oligo(ethylene glycol)ethyl ether acrylate (OEGA)41. Both products 

after the reaction showed lower molecular weights and a narrower molecular weight 

distribution than the products synthesized in bulk solution  

As shown above, protein assemblies offer a unique confined space, on the other hand, 

DNA templates have been used to program the sequence information of polymers. 

Sequence-defined polymer synthesis represents a challenge in polymer chemistry. 

Inspired by DNA transcription and replication systems in nature, DNA templates have 

been investigated as promising scaffolds for controlling the sequence of the polymers 

(Figure 7b)42. Strand-displacement systems43 and the DNA machinery44 have been 

employed to synthesize oligomers and peptides with desired sequences in a stepwise 

manner. Although these methods had the limitation that only relatively small polymers or 

oligomers could be synthesized in low yields, the major advance was achieved by Liu’s 

group (Figure 7c). They mimicked the ribosomal translation system by designing 

macrocyclic monomer units composed of a polymer block and peptide nucleic acid (PNA) 

connected with cleavable linker, emulating transfer- ribonucleic acid (tRNA). PNA is an 

artificial derivative of DNA or RNA and has N-(2-aminoethyl)-glycine units linked by 

peptide bonding as backbone45. Due to the lack of electrostatic repulsion between 

backbones, PNA can show a stronger binding affinity to its complementary sequence 

compared to DNA and RNA. The specific alignment of each monomer unit composed of 

PNA adapter with 5 nucleobases onto the DNA template and conjugation by oxime 

formation, hydrazone formation, and copper(I)-catalyzed azide alkyne cycloaddition 

(CuAAC) click chemistry gave the sequence-defined polymers that could be cleaved from 

the DNA template. This method allowed usage of peptides as building block to synthesize 

sequence-defined biopolymers with a molecular weight of about 26 kDA (90 amino acids) 

with high efficiency (~70 %)46 based on the precise self-assembling features of DNA.  
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Figure 7. Biomacromolecular templated polymer synthesis. (a) The scheme of protein 

cage-templated polymer synthesis. The interior cavity of ferritin was modified with metal 

catalysts followed by supplying the monomer and the polymerization40. (b) DNA templated 

sequence-controlled polymer synthesis by strand-displacement method43. The ds DNA 

was used to bring the monomer and the last group of the growing polymer in close 

proximity. Repetitive coupling and replacement of the hybridized DNA strand with the 

longer complementary DNA strand produce the sequence defined polymer. (c) DNA 

templated sequence-controlled polymer synthesis by using macrocyclic monomer unit46. 

The aligned substrate on DNA template allows the one-pot synthesis of sequence-defined 

polymer that can be cleaved from the template afterwards. 
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1-7. Bio/polymer hybrid 

 

In addition to using biomacromolecules as templates to synthesize polymers as 

described in the last paragraph, merging the functionalities and properties of polymers 

with biomacromolecules would be interesting to create advanced bio/polymer hybrid 

nanomaterials47. PEGylation of protein has been known to reduce the immunogenicity of 

proteins and increases their circulation time48. PEGylated DNA has been found to show 

solubility in organic solvent while preserving its 3D structure49. Polymers loaded or 

synthesized within protein cages offer the possibility of increasing the loading density of 

cargos such as drug molecules, nucleic acids, and agents for magnetic resonance 

imaging contrast, and increased stabilities against mechanical stress50. In addition, block 

polymers composed of hydrophobic synthetic polymer units and hydrophilic biopolymer 

moieties have been demonstrated to form unique micelle or other self-assembled 

structures. Stimuli responsive polymers could introduce new functionalities to 

biomacromolecules51. 

For designing and creating polymer biohybrid nanomaterials, several approaches have 

been exploited. “Grafting to” is a facile synthesis method that allows introduction of fully 

characterized synthesized polymers to biomacromoleules. The main limitations of the 

“grafting to” approaches are 1) the purification of the polymer biohybrids from unreacted 

polymers or biopolymers can be laborious, and 2) the conjugation of the polymers with 

high molecular weight may result in low loading yield due to the steric repulsion. To 

address these issues, the “grafting from” approach has been studied intensively39. Again, 

controlled radical polymerization (ATRP, RAFT) is preferably suited due to its compatibility 

to aqueous solvent and very small amounts (ppm) of catalyst is necessary or even 

without transition metals (Metal-free ATRP52,53). The attachment of initiator molecules 

could be conducted by using the reactive amino acid residues (thiol, amine, carboxylic 

acid) on the surface of macromolecules. The site directed mutation of amino acids made 

it possible to precisely tune the position and the number of the initiator molecules on the 

surface of biomacromolecules. 

Compared to the protein assemblies that mostly offer symmetric structures and defined 

dimensions, which makes the modulation of shape (asymmetric structures) or the size of 

cavities quite challenging and laborious, the development of DNA nanotechnology has 

made it possible to design 2D/3D nanostructures with high programmability of size, shape 

and functionalities from which arises the possibility of using DNA as a template not only 

for synthesizing single precision polymers but polymer nanoarchitectures with a high 

order of control.  
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1-8. The programmability of DNA 

 

  In nature, DNA is carried by all known living organisms and many viruses as a carrier of 

genetic information to sustain their life through the processes of cell replication and 

protein syntheses. This essential role of DNA is attributed to its high programmability, in 

other words, high specific recognition ability and diversity (uniqueness). As shown in 

Figure 8, the 3D structure of DNA is a right-handed double helix composed of an 

anti-parallel pair of single-stranded DNA (ssDNA) strands which are complementary with 

each other54. The ssDNA is a biopolymer consisting of repeating units of its monomers, 

called nucleotides. Nucleotides are composed of deoxyribose, phosphate groups, and 

one of four different bases; adenine (A), cytosine (C), guanine (G), and thymine (T). Each 

nucleotide is connected by a phosphodiester linkage between the 3’ hydroxyl group of 

one deoxyribose unit and the 5’ hydroxyl group of a neighboring deoxyribose, which gives 

a ssDNA strand the directionality which is typically presented from 5’ to 3’. In the double 

helical structure of DNA, each base is specifically paired with just one type of base out of 

four; A-T and C-G (Watson-Crick base pair), via hydrogen bonding. There are two 

hydrogen bonding between A and T, and three between C-G which give stronger 

interactions. DNA double helix is also stabilized by π-π stacking of the aromatic bases. 

Totally, the highly specific base pairing and hybridization to double helical structure allow 

DNA strands to be unique with programmable features. 

 

Figure 8. 3D Structure of dsDNA. Double helical structure and base pairings are shown 

on left. On the right, the molecular structure of each base pairing is drawn with 

sugar-phosphate backbones. dsDNA images were created from PDB: 2M2C55 by PyMOL 

(The PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC).  
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1-9. DNA synthesis 

 

  Recent developments in the chemical synthesis of DNA has turned DNA from an 

expensive and laborious compound to a designable material with desired sequence and 

functionality. Nowadays, the most common setup for DNA synthesis is implemented with 

nucleotide loaded solid-supports by coupling desired phosphoramidites with protected 

bases one by one in an automated instrument (Figure 9). The chemical DNA synthesis 

goes from 3’ to 5’ which is different from enzymatic DNA synthesis done in nature (5’ to 3’). 

The following paragraph introduced the general steps conducted in one cycle of chain 

elongation of DNA. 

  The 3’ nucleotide of the desired DNA strand is immobilized on a solid-support, usually 

controlled pore glass (CPG). The 5’ of the immobilized nucleotide and phosphoramidites 

are protected by 4,4'-dimethoxytrityl (DMT) group which is labile to acid. The first step is 

to remove the DMT group by acid solution, usually trichloroacetic acid (TCA). The cleaved 

DMT cation is orange colored which is monitored by a UV-Vis detector to evaluate the 

yield of this step (and later the yield of phosphoramidite coupling). The second step is to 

couple deprotected 5’ hydroxyl group of the nucleotide with the next phosphoramidite 

activated by acidic azole catalyst like 1H-tetrazole and 5-ethylthio-1H-tetrazole. It should 

be noted that to ensure the high yield of coupling (otherwise, 90 % yield of each coupling 

can result in only total yield of 12 % after 20 couplings), usually 1.5-20-fold excess of 

phorphoramidite is used for the coupling. The third step is capping, which is to treat the 

remaining unreacted 5’ hydroxyl group with a mixture of acetic anhydride and 

1-methylimidazole so that it won’t react again during the next coupling cycle which will 

result in a shorter DNA sequences than designed. The last step is the oxidation of the 

phosphite triester linkage with iodine to a phosphate triester. These four steps fulfill one 

cycle to introduce new nucleotide onto the 5’ of existing DNA sequence on a 

solid-support. 

  After DNA synthesis, the synthesized DNA sequences are eluted from the solid-support 

by ammonium hydroxide solution treatment which also cleaves the protecting group on 

the bases. By leaving the DMT group on the last introduced phosphoramidite (5’ of DNA 

sequence), the DMT-bearing correct DNA sequence (product) can be separated from 

other DMT-missing shorter DNA sequences (byproduct) by reverse phase high 

performance liquid chromatography (RP-HPLC), followed by manual detritylation with 

acetic acid treatment. 
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Figure 9. The general scheme on one cycle of DNA synthesis.  

 

 

  It should be noted that automated DNA synthesis still has a drawback that only 

relatively short DNA sequences, i. e. until around 50 nucleotides can be synthesized due 

to increasing steric hindrance and less than 100 % coupling yield. On the other hand, it 

allows employment of not only phosphoramidites with normal bases (A, C, G, and T) but 

also non-nucleoside monomers to prepare tailor-made DNA sequences with desired 

functionalities at desired positions. Phosphoramidites modified with functional groups 

(amine, thiol, alkyne, azide, and so on) or fluorescent molecules are able to be 

incorporated into the DNA sequences by automated DNA synthesis (Figure 10a). 

Obtained DNA with functional groups are able to be post-modified with the corresponding 

molecules (amine / N-hydroxysuccinimide (NHS) ester, thiol / maleimide, alkyne / azide, 

azide / dibenzocyclooctyl and so on) to incorporate further functionalities (Figure 10b).  
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 Figure 10. Modification of DNA. (a) The example of direct incorporation of an amine 

group to 5’ of DNA. Amine containing phosphoramidite is protected with 

monomethoxytrityl (MMT) group. MMT group is used to separate the final product (amine 

DNA) from byproducts which don’t have MMT groups by RP-HPLC. MMT group is able to 

be deprotected by acid treatment. (b) Examples of post modification of modified DNA. 

Amine / NHS ester, thiol / maleimide, alkyne / azide (copper-catalyzed click chemistry), 

and azide / dibenzocyclooctyl (copper-free click chemistry).  

 

 

On the other hand, if the functional molecules can be directly incorporated into the DNA, 

it is expected that time and effort for the purification steps and relevant loss of materials 

can be minimized. Therefore, the successful synthesis of modified phosphoramidites 

made it possible to directly incorporate functional molecules to DNA. K. Matyjaszewski 

has demonstrated the straightforward method to synthesize atom transfer radical 

polymerization (ATRP) initiator modified phosphoramidite that is compatible with 

automated DNA synthesis (Figure 11)56. ATRP-initiator phosphoramidite was synthesized 

by a two-step synthesis and used for automated DNA synthesis. It should be noted that 

there was a modification in synthesis condition to use A, T, C, and G phosphroamidites 

with ultra-mild protecting groups, a milder capping reagent, and shortened ammonium 

hydroxide treatment time (4h) to prevent the decomposition of initiator moiety during the 

synthesis. The obtained ATRP Initiator modified DNA was able to achieve  polymer / 

DNA hybrid with controlled molecular weights and narrow dispersity through activators 
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generated by electron transfer (AGET) ATRP56 or photochemically mediated ATRP (photo 

ATRP) 57. 

Figure 11. The synthesis and the direct incorporation of ATRP initiator to a DNA strand via 

automated DNA synthesis. The obtained ATRP-initiator was able to be used for AGET 

ATRP and photoATRP to create polymer / DNA hybrids. 

 

 

1-10. Programming DNA assembly 

 

  The high programmability of DNA has been used by researchers in nanotechnology 

fields as a building block to construct atomically defined nanostructures with designed 

shapes and sizes58. Nature also employs a distinct DNA architecture to control biological 

functions, i. e. Holliday junction (Figure 12 left). The basic concept of DNA 

nanotechnology is also to employ multiple DNA strands which recognize the correct 

partner and bind together with multiple DNA strands to control its self-assembly in a 

controlled fashion. The early idea was proposed in the early 1980s by Nadrian C. 

Seeman, the pioneer of DNA nanotechnology to design a DNA nanocube59 and other 

DNA nanostructure aiming for these periodic structure to serve as a “molecular pegboard” 

to organize functional units as nanoarrays, e.g. aligning proteins onto DNA-nanogrid for 

structural biology.  
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Figure 12. The basic concept of DNA nanotechnology. The larger the number of DNA 

strands for designing their self-assembly the larger the size of the object with high 

precision. Holliday junction image was created from PDB: 3CRX60 by PyMOL (The 

PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC). The DNA cube was 

adapted with permission from “Seeman, N. C. DNA in a material world. Nature 421, 

427-431, doi:10.1038/nature01406 (2003).” Copyright (2003) Nature Publishing Group. 

DNA origami was adapted with permission from "Jonathan, P. K. D. et al. Phys. Chem. 

Phys. 15, 20395-20414, doi:10.1039/c3cp53545b (2013).” Copyright (2017) Royal 

Society of Chemistry. 

 

A critical advance in DNA nanotechnology was demonstrated in 2006 by Paul 

Rothemund60, which was denoted as the scaffold “DNA origami” method. Despite the idea 

of early DNA nanotechnology to use multiple short DNA strands for design principle, he 

introduced a long-single stranded DNA (scaffold DNA) of more than 7000 nt derived from 

a bacterial phage, which was folded into designed distinct shapes by aiding more than a 

few hundred synthesized short single-stranded DNA (staple DNA) (Figure 13). This 

design principle offers mainly a chance to design relatively bigger objects (-100 nm) with 

nanoscale precision without misfolding compared to previous trials using only multiple 

short DNA strands, which results in about 10 nm at maximum. Also, the recent progress 

of the computer-aided DNA origami design allows scientists to design one-, two, and 

three-dimensional DNA origami structure in literally any shape (Figure 13b and 13c), in 

addition, combining several 2D / 3D DNA origami objects together give a chance to create 

larger objects of more than 100 nm in size (Figure 13d and 13e)61-66. 
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Figure 13. Design of DNA origami. (a) Schematic illustration of DNA origami design (left) 

and the example (right)60. (b) 3D DNA origami cylinder with square knit62. (c) 3D DNA 

origami with curvature (vase)63. (d) DNA origami gear from 4 components61. (e) DNA 

origami 2D assembly64. Scale bar: 20 nm (a, d), 50 nm (c), and 100 nm (e). DNA origami 

in (a) was adapted with permission from “Rothemund, P. W. Folding DNA to create 

nanoscale shapes and patterns. Nature 440, 297-302, doi:10.1038/nature04586 (2006)” 

Copyright (2006) Nature Publishing Group. DNA cylinder was adapted with permission 

from “Shih, W. M. et al. Self-assembly of DNA into Nanoscale Three-Dimensional Shapes. 

J. Biomol Struct. Dyn. 26, 799-799 (2009)” Copyright (2009) Nature Publishing Group. 

DNA base was adapted with permission from “Han, D. R. et al. DNA Origami with 

Complex Curvatures in Three-Dimensional Space. Science 332, 342-346, 

doi:10.1126/science.1202998 (2011)” Copyright (2011) The American Association for the 

Advancement of Science. DNA gear was adapted with permission from “Dietz, H. et al. 

Folding DNA into Twisted and Curved Nanoscale Shapes. Science 325, 725-730, 
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doi:10.1126/science.1174251 (2009).” Copyright (2009) The American Association for the 

Advancement of Science. 2D-assembled DNA origami was adapted with permission from 

“Rajendran, A. et al. Programmed Two-Dimensional Self-Assembly of Multiple DNA 

Origami Jigsaw Pieces. ACS Nano 5, 665-671, doi:10.1021/nn1031627 (2011)” Copyright 

(2011) American Chemical Society. 

 

 

1-11. Incorporation of functionalities into DNA origami 

 

  The unique advantage of scaffold DNA origami is that each of 200 staple DNA strands 

has its own positon on DNA origami. This “known address” of staple DNA gives a chance 

to locate individual functionalities at desired positions at the nanoscale. As shown in 

Figure 14a, Rothemund’s 2D rectangular DNA origami of 70 nm x 100 nm x 2 nm 

dimension uses 216 staple DNA strands60. According to the fundamental rule of DNA 

double helix, 1 turn of double helical structure is formed with 10.67 nt, which gives the 

basic idea that every 8th nucleotide is at 270 degree position (3/4 turn) and every 16th nt 

will show up on the other side of double helix (1.5 turn) (Figure 14b) 67. Since most of the 

staple DNA strands have 8 nt – 16 nt – 8 nt  = 32 nt sequence to hybridize with three 

different parts of scaffold DNA to fix three DNA double helixes neighboring with each 

other, both 5’ and 3’ are positioned on one surface of DNA origami structure (Figure 14c). 

Therefore, by modifying the 3’ and 5’ of staple DNA strands, the modified moieties will 

show up on the DNA origami surface (in other words, if the modification is not at 

appropriate site like somewhere between the staple DNA strands, the modified groups 

are buried between double helix and not accessible from the surface, or it will inhibit the 

formation of DNA origami in the worst case). In addition, it is also possible to separate 

one staple DNA strand to two at the middle, which is exposed on the other surface of DNA 

origami, and introduce the functional groups onto the other side of DNA origami. 

  Figure 15 summarizes in whole the available modification sites on the rectangular DNA 

origami. There are 216 positions that are available for modification on one side of the 

DNA origami surface and the same numbers existing on the other surface. Each 

modification site is located with a distance of 5.8 - 6 nm from the next. In the next 

paragraph, the various modification techniques will be described in detail.  
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Figure 14. Principle of DNA origami. (a) Schematic illustration of Rothemund’s 

rectangular DNA origami (70 nm x 100 nm, thickness: 2 nm) (b) Schematic view of DNA 

double helix and the fundamental rule of helicity. (c) Basic design concept of staple DNA 

strands.  
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Figure 15. The modification sites of rectangular DNA origami. (a) The possible 

modification sites on both surface of the DNA origami are shown. The black circles and 

white circles represents the positions on one surface respectively. (b) The close view of 

neighboring modification sites and the distances between.  
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1-12. The modification of staple DNA strand 

 

For the modification of staple DNA strands, a wide variety of DNA chemistry techniques 

are available (Figure 16); 1) small functional groups including amine, thiol, alkyne, azide, 

maleimide and fluorophores so on are able to be modified to DNA by automated 

solid-support DNA synthesis and further modifications are also options like amine / NHS 

ester, thiol / maleimide, and click chemistry to load additional functional groups (biotin, 

fluorophore, lipids and so on). 2) Extension by ssDNA which serves as a DNA handle so 

that other nanomaterials with the complementary DNA sequences can be captured by 

DNA hybridization. 3) Extension by DNA aptamer that is a specific DNA sequence and 

can capture its target molecule like thrombin68 and trypsin69. 4) Extension by 

Deoxyribozyme (DNAzyme), which are oligonucleotides capable of performing specific 

catalytic reactions. For example, G-rich DNA sequence forms a secondary structure, 

called G-quadruplex (G4, Figure 17) 70. G4 is the stacked layers of a guanine tetrad which 

are composed of four guanine bases associated together by Hoogsteen hydrogen 

bonding and stabilized by cations like K+ and Na+ sitting in the middle of the layer. It was 

found that G4 could associate with hemin (chloro(protoporphyrinato)iron(III)) to form 

G4/hemin DNAzyme, which manifests the catalytic activity of hydrogen 

peroxide-mediated oxidation reaction mimicking hydrogen peroxidase71. 

 

Figure 16. Functionalization of DNA origami by introducing modified staple DNA. 
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Figure 17. G4/hemin based DNA enzyme. G-rich DNA sequence (orange) forms 

G-quadruplex structure in the presence of metal ions like Na+ or K+ as stabilizer. Hemin 

binding onto the G-quadruplex activates its catalytic property of hydrogen 

peroxide-mediated oxidization reaction. 

 

 

1-13. DNA origami as template for assembling nanomaterials 

 

Due to the atomic addressability of each staple DNA strand in a designed DNA origami 

structure and its mesoscale size which cannot be usually accessed by other materials like 

protein, metal particles, DNA origami has been employed as powerful scaffolds to align, 

organize, assemble other nanomaterials. Figure 18 shows the immobilization of proteins, 

metal nanoparticles, and fluorophores onto specific positions on DNA origami. As a linker 

between DNA origami and the nanomaterial of interest, different options has been 

demonstrated; DNA hybridization72,73, direct replacement of staple DNA strands74, affinity 

tag (biotin75-77, aptamer78,79) and supramolecular interactions80. The well-organized 

nanomaterials on DNA origami is beneficial to investigate the crosstalk between 

neighboring particles and distance-dependent activities of cascade reactions or yield of 

energy transfers, which span the applications of DNA origami over a number of different 

fields from fundamental study for nanoelectronics, nanoplasmonics, nanooptics, and 

biophysics to applied sciences like nanomedicines, nanorobotics, nanochips and so on. 
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Figure 18. DNA origami templated nanomaterial assembly. (a) Enzyme cascade system 

with a controlled distance on DNA origami72. (b) plasmonic chiral platforms on gold 

nanoparticles immobilized on DNA origami73. (c) Fluorescent nanodiamond assembly on 

DNA origami via biotin / avidin interaction77. Scale bar: 100 nm (d) DNA origami directed 

artificial light harvesting antenna74. (a) was adapted with permission from “Wilner, O. I. et 

al. Enzyme cascades activated on topologically programmed DNA scaffolds. Nat. 

Nanotechnol. 4, 249-254, doi:10.1038/Nnano.2009.50 (2009)” Copyright (2009) Nature 

Publishing Group. (b) was adapted with permission from “Urban, M. J. et al. Plasmonic 

Toroidal Metamolecules Assembled by DNA Origami. J. Am. Chem. Soc. 138, 5495-5498, 

doi:10.1021/jacs.6b00958 (2016).” Copyright (2016) American Chemical Society. (c) was 

adapted with permission from “Zhang, T. et al. DNA-Based Self-Assembly of Fluorescent 

Nanodiamonds. J. Am. Chem. Soc. 137, 9776-9779, doi:10.1021/jacs.5b04857 (2015)” 

Copyright (2015) N American Chemical Society. (d) was adapted with permission from 

“Dutta, P. K. et al. DNA-Directed Artificial Light-Harvesting Antenna. J. Am. Chem. Soc. 

133, 11985-11993, doi:10.1021/Ja1115138 (2011).” Copyright (2011) American Chemical 

Society. 
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1-14. DNA origami-templated synthesis of nanomaterials 

 

  As described in the last paragraph, DNA origami was employed as powerful scaffolds to 

organize other nanomaterials. As a next step, it is quite interesting if one can use DNA 

origami as a template for not aligning but also synthesizing nanomaterials in a defined 

fashion. In nanomaterials, their size, shape, composition of elements, number and 

positions of introduced functionalities play an essential role to decide their properties. For 

example, it was demonstrated that different sizes of gold nanoparticles showed different 

cell entry behaviors, or shape parameters such ad aspect ratio and curvature also 

influence how the material interact with the cellular surface81. On the other hand, the 

shape-controlled synthesis of inorganic nanostructures is also important for 

nanocomputing and nanoplasmonics since the size and shape of the metal nanoparticles 

give influences to the optical and catalytic properties82. To address these issues, the 

template-based bottom-up synthesis has been investigated by using programmable 

scaffolds which can serve as a mold or template to fabricate functional nanomaterials 

which possess the structural information transferred from the scaffolds. For example, the 

interior cavity of virus capsid particles has been utilized to synthesize polymers or metal 

nanoparticles in defined sizes83. For this purpose, DNA origami is no exception and has 

been employed as a promising candidate. The control of chemical reactions in single 

molecular level on DNA origami was also demonstrated by Kurt Vesterager Gothelf in 

2010 (Figure 19a)84. These achievements in positioning the appropriate functions at 

desired positions on DNA origami raised the chance of DNA origami to synthesize 

functional materials in a bottom-up fashion with the same programmability as DNA 

origami. In 2014, Ralf Seidel and Peng Yin synthesized a variety of gold and silver 

nanoparticles with different shapes by metal seed-incorporated 3D DNA origami 

structures as a nanomold (Figure 19b)85,86. In these works, the position of metal growing 

is located at interior space of DNA origami and the shape was determined by the shape of 

molds. The demonstrated method here in principle allows synthesis of gold or silver 

nanoparticles in any arbitrary shape and dimension, which is demanded in the fields such 

as nanocomputing, nanooptics, and nanoelectronics. Not only inorganic materials, but 

also soft materials have been approached in the last few years. DNA origami structures 

decorated with lipid molecules at specific positions can serve as scaffold to construct 

enzyme-contained lipid nanomembrane or exoskeleton to fabricate liposomes with 

complicated shapes to mimic spiral bacteria and golgi complexes (Figure 19c))87,88.  
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Figure 19. DNA origami-templated synthesis of nanomaterials. (a) Control over the 

single-molecular chemical reactions on DNA origami. Biotin was incorporated to three 

different functional groups (alkyne, amine, and azide) on DNA origami by the 

corresponding chemical reactions84. The subsequent immobilization of avidin clearly 

demonstrated the correct chemical reaction occurred at the designed positions. (b) 

(Upper) DNA origami-templated synthesis of gold nanoparticles was conducted by a 

two-step procedure; firstly seeding of small gold nanoparticle in the 3D DNA origami 

template by DNA hybridization, and then supplying gold salt and reducing reagent for 

growing the gold nanostructure85,86. On bottom, the inner surface of 3D DNA origami was 
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decorated by lipid molecules which serve as an anchor group to grow liposomes with a 

defined diameter when the lipid was supplied to the system. The high freedom of DNA 

origami design made it possible to create complex lipophilic materials87,88. (a) was 

adapted with permission from “Voigt, N. V. et al. Single-molecule chemical reactions on 

DNA origami. Nat. Nanotechnol. 5, 200-203, doi:10.1038/Nnano.2010.5 (2010).” 

Copyright (2010) Nature Publishing Group. (b, upper) was adapted with permission from 

“Helmi, S. et al. Shape-Controlled Synthesis of Gold Nanostructures Using DNA Origami 

Molds. Nano Lett. 14, 6693-6698, doi:10.1021/nl503441v (2014)” Copyright (2014) 

American Chemical Society and “Sun, W. et al. Casting inorganic structures with DNA 

molds. Science 346, 717, doi:Artn 125836110.1126/Science.1258361 (2014)” Copyright 

(2014) The American Association for the Advancement of Science. (b, bottom) was 

adapted with permission from “Yang, Y. et al. Self-assembly of size-controlled liposomes 

on DNA nanotemplates. Nat. Chem. 8, 476-483, doi:10.1038/Nchem.2472 (2016)” 

Copyright (2016) Nature Publishing Group and “Zhang, Z. et al. Placing and shaping 

liposomes with reconfigurable DNA nanocages. Nat. Chem. 9, 653-659, 

doi:10.1038/Nchem.2802 (2017).”Copyright (2017) Nature Publishing Group. 

 

 

 

  In addition to transferring structural information, the nanoscale addressability of DNA 

origami is able to be exploited for transferring functionalities, which was demonstrated as 

“DNA origami-based nanoimprinting lithography” by Chunhai Fan’s group (Figure 20)89. In 

their work, the surface of DNA origami was decorated by multiple ss DNA which worked 

both as handles to capture gold nanoparticle decorated with complementary ssDNA 

strands and as transferable units by the toehold-mediated strand displacement reaction. 

After the gold nanoparticle was released into the solution by adding detachment strands, 

patterning of oligonucleotides on DNA origami was transferred onto the surface of gold 

nanoparticles which was further used to attach differently sized gold nanoparticles to 

create unique gold nanoclusters which were extremely difficult to obtain by other 

methods.  
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Figure 20. DNA origami-based nanoimprinting lithography89. (a) The Au NP (30 nm 

diameter) modified with “Coat strands” were immobilized on DNA origami decorated with 

“Set-hold strands” by DNA hybridization between coat strands and set strands. Set 

strands were transferred to Au NP by replacement with “Detachment strands” which have 

completely complementary sequences to hold strands. (b) Au NP possessing multiple 

ssDNA sequences at specific positions can capture 10 nm Au NP and 5 nm Au NP 

modified with corresponding complementary sequences to set strands. Scale bar: 10 nm. 

Adapted with permission from “Zhang, Y. N. et al. Transfer of Two-Dimensional 

Oligonucleotide Patterns onto Stereocontrolled Plasmonic Nanostructures through 

DNA-Origami-Based Nanoimprinting Lithography. Angew. Chem. Int. Ed. 55, 8036-8040, 

doi:10.1002/anie.201512022 (2016).” Copyright (2016) John Wiley and Sons. 
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1-15. The stability of DNA origami 

 

  Although it has been demonstrated that DNA origami can serve as a powerful template 

in nanoscale, there are also some drawbacks which can hinder the development of DNA 

origami. For example, the stability of DNA origami is a critical issue since DNA is a soft 

and labile material. Usually, the melting temperature depends on the length and 

composition of base pairs (C-G base pairing is generally stronger than A-T base pairing) 

and typical DNA origami structures has shown its melting temperature between 50 and 65 

degree90. Once the DNA origami was thrown into an environment above this temperature 

range, scaffold DNA and a set of staple DNA strands start to dissociate and they can’t 

hybridize completely to reform the original structure without supplying excess of staple 

DNA strands. Sugiyama’s group found that photo-crosslinking of DNA origami by 

8-methoxypsoralen could increase the heat resistance of DNA origami up to 30 degree in 

solution (Figure 21a)91.  

  For biomedical applications, high salt concentrations and nucleases are the main 

challenges. Most DNA origami structures requires between 5-20 mM divalent cations 

(Mg2+ and Ca2+) to overcome the electrostatic repulsion forces between the negatively 

charged phosphodiester backbones. In biological environment, the concentration of both 

ions are ~2 mM in blood and less than 1 mM in cytosol (Mg2+: ~0.8 mM, Ca2+: < 0.0002 

mM), under these conditions DNA origami cannot maintain structural integrity. Secondly, 

nuclease proteins, an enzyme capable of cleaving DNA phosphodiester bonds between 

nucleotides, can also rapidly degrade DNA origami92. The main function of nucleases in 

biological systems is DNA repair and they are contained in fetal bovine serum (FBS) 

which is a blood product often added to cell culture media. Usually the cell culture 

medium is supplemented with 10-20% of FBS that possess approximately 200-1000 u/L 

equivalent of nuclease activity which is enough to decompose the DNA origami in 12 h92. 

There are several approaches to address the instability of DNA origami to nuclease 

digestion by encapsulating DNA origami in a lipid bilayer (Figure 21b)93, block copolymers 

(Figure 21c)94, or oligolysine-based polymers95. Also, it has been demonstrated that 

coating the DNA origami structures with virus capsid proteins96 and cationic polymers97 

could enhance their entry into cells compared to the native DNA origami. However, using 

electrostatic interaction between negative DNA origami surface and positive polymers or 

proteins can induce aggregation behavior of encapsulated DNA origami structures and 

more importantly, the highly programmable property of DNA origami with functional 

materials can be lost because these coating methods don’t have spatial addressability but 

simply coat the whole DNA origami surface.  
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Figure 21. The approaches to improve the stability of DNA origami. (a) Improved thermal 

stability of DNA origami by photocrossking thymine bases by 8-methoxypsoralen. (b) Lipid 

bilayer coating of DNA origami octahedron structure and TEM image. Scale bar: 50 nm. 

(c) Complexing DNA origami with PEG-polylysine based block polymers via electrostatic 

interactions can improve its stability against nuclease and FBS addition. Scale bar: 100 

nm. (a) was adapted with permission from “Rajendran, A. et al. 

Photo-Cross-Linking-Assisted Thermal Stability of DNA Origami Structures and Its 

Application for Higher-Temperature Self-Assembly. J. Am. Chem. Soc. 133, 14488-14491, 

doi:10.1021/ja204546h (2011).” Copyright (2011) American Chemical Society. (b) was 

adapted with permission from “Perrault, S. D. et al. Virus-Inspired Membrane 

Encapsulation of DNA Nanostructures To Achieve In Vivo Stability. ACS Nano 8, 

5132-5140, doi:10.1021/nn5011914 (2014).” Copyright (2014) American Chemical 

Society. (c) was adapted with permission from “Agarwal, N. P. et al. Block Copolymer 

Micellization as a Protection Strategy for DNA Origami. Angew. Chem. Int. Ed. 56, 

5460-5464, doi:10.1002/anie.201608873 (2017).” Copyright (2017) John Wiley and Sons. 
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1-16. DNA origami and polymer synthesis 

 

  In the previous section, polymers that electrostatically interacted with the DNA origami 

surface were described as a promising protection tool for overcoming the stability issues 

of DNA origami. Turberfield’s group has incorporated a temperature responsive property 

to a DNA tetrahedron structure by conjugating pNIPAM to the corner of the tetrahedron98. 

These previous works clearly indicate the emerging interests in DNA origami / polymer 

hybrid materials. Aside from utilizing the synthetic polymers to alter or control the 

functionalities of DNA origami, the high programmability of DNA origami should also be 

employed to design polymeric structures with high precision. Gothelf’s group has shown 

the routing of single conductive polymers in desired patterns on 2D/3D DNA origami99. 

They modified conductive (2,5-dialkoxy)paraphenylene vinylene (APPV) polymers with 

ssDNA strands to immobilize onto designed paths on DNA origami. In addition, the 

conformation of the directed polymer can be dynamically switched by toe-hold 

displacement technique100. Since APPV polymers have π-conjugated systems, the 

system can be potentially applied to the advanced nanoelectronics and nanooptic 

devices.  
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2. Motivation 

 

  Intensive developments of polymer chemistry open access to the synthesis of defined 

polymer chains with desired chemical compositions, lengths and functions, which further 

allow the design of a large variety of polymer assemblies in micro/nanoscale, represented 

by micelle, polymersome, and polymer brush. In material science, these 

micro/nano-structured polymers are promising candidates for applications such as drug 

delivery systems, sensors, and surface coatings. In this respect, rational design methods 

to fabricate polymer architectures with high precision and the freedom of size, geometry 

and functions are strongly demanded. On the other hand, nature can sophisticatedly 

synthesize a wide variety of biopolymers like DNA, peptide, proteins and their complexes 

with unique geometries and corresponding functions. Therefore, there are rapidly 

increasing interests in mimicking/utilizing biomacromolecules or their assembled state as 

defined templates for programming polymer architectures in nanoscale. These 

interdisciplinary backgrounds strongly inspired us to exploit the novel approach for 

designing polymeric nanomaterials by utilizing DNA nanotechnology. The high 

programmability of DNA nanostructures represented by DNA origami would possess a 

promising potential to work as the ideal nano-factory for creating desired polymer 

nanoarchitectures by providing the adequate reaction space and environments. The facile 

and versatile design of shape and size in polymer materials with nanoscale precision 

would promote the development of polymer nanotechnology towards various 

nanodevices like nanooptics, nanosensor, nanoelectronics, nanofluidics and so on. 

Additionally, the wide variety of functionalized DNA origami could allow the combination of 

synthesized polymer nanostructures with other functional materials such as metallic 

nanoparticles, proteins, fluorophores and so on to fabricate novel hybrid materials with 

synergetic effects and smart functions. 

In the presented thesis, the first system investigated is the bottom-up synthesis of 

nanopatterned polymers on a two dimensional DNA origami template via surface-initiated 

atom transfer radical polymerization (SI-ATRP). In this system, ATRP initiator-modified 

single-stranded DNA was synthesized and hybridized with multiple complementary DNA 

handles arranged on tile-shaped DNA origami. By introducing sacrificial initiators and 

reducing reagent, in-situ polymerization on DNA origami was achieved in a controlled 

manner. The DNA origami template provided the facile method to create desired polymer 

nanopatterns in nanoscale resolution by allowing control over the positioning of a single 

initiator moiety. Besides, by crosslinking the synthesized polymer nanopatterns, the 

geometry of crosslinked polymers programmed on DNA origami were retained after 

removal of the DNA origami template. 

The integration of highly defined DNA nanostructure and chemical / physical properties 
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of synthetic polymers is quite interesting to investigate novel smart nanomaterials. Herein, 

the established method in the first system was applied further to the three-dimensional 

DNA origami structure to create a defined core-shell DNA / polymer hybrid material, which 

are described in the second part. 2D DNA origami tile-shape was transformed into 3D 

DNA origami tube-shape structure by applying a set of additional DNA strands that can 

adhere the side edges of DNA origami tile together. The outer surface of DNA origami 

tube was fully decorated with initiator moieties that confers crosslinked polymer shells 

after SI-ATRP, which could potentially protect the inner DNA tube from digestion by 

DNA-degrading enzyme. Additionally, the inner space of the DNA tube was available for 

further functionalization, which taken together, yielded dual-functionalized DNA / polymer 

hybrid nanomaterials applicable for drug delivery systems and chemical nanoreactors. 

  In addition to synthetic polymers, (bio)synthetic polymers are promising materials due 

to their biocompatibility and unique intrinsic functions. On the other hand, the different 

polymerization mechanisms from synthetic polymers hinder control over the 

polymerization process. We utilized DNA origami that possessed nanosized catalytic 

domains on its surface to fabricate the defined biosynthetic polymer, polydopamine. 

Polydopamine is a mussel-inspired biopolymer known for its high adhesive property and a 

wide variety of functional groups for available for post-modification, which makes it a 

promising surface coating material. Locally concentrated catalysts on DNA origami could 

create an environment which could facilitate the polymerization of dopamine only close to 

the catalytic domain. Therefore, the geometry of synthesized polydopamine could be 

programmed by the shape of the catalytic domain and the size was controlled by 

changing the substrate concentration. The intrinsic adhesive property of polydopamine on 

DNA origami could serve as molecular glue to dynamically alter the conformation of DNA 

origami. 

Also, understanding of how well-designed self-assembled polymeric nanomaterials can 

function for practical applications is quite interesting. In collaboration with Dr. David Y. W. 

Ng, the investigation of the supramolecular self-assembly behavior of oligothiphene 

analogues transported into biological systems by complexation with protein was 

conducted. The study revealed the strong potential of a supramolecular assembly as 

novel platforms for biomedical sciences by proper synthetic design and control over their 

self-assembling characteristics. 
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3. Investigated systems 

 

[3-1] Fabrication of defined nanopatterned polymers by surface-initiated 

atom transfer radical polymerization on DNA origami 

  

 

Figure 22. Surface-initiated atom transfer radical polymerization on DNA origami 

templates. Adapted with permission from “Yu, T. et al. Bottom-Up Fabrication of 

Nanopatterned Polymers on DNA Origami by In Situ Atom-Transfer Radical 

Polymerization. Angew. Chem. Int. Ed. 2016, 55, 5692-5697, doi: 

10.1002/anie.201511761.” Copyright (2016) John Wiley and Sons. 

 

 

As discussed in the introduction, fabricating polymer nanoarchitectures with high 

precision are highly attractive for numerous modern technologies. Especially, the 

nanopatterning of densely grafted polymers is vitally important for applications such as 

biochips for cell-function control, nanofluidics systems, and photonic crystal 

materials101-103. Currently available techniques often rely on top-down strategies such as 

lithography, which has several limitations including high instrumental costs, long operation 

times, and low productivities. On the other hand, bottom-up strategies in principle can 

solve these limitations by manufacturing the precise nanopatterned polymers with 

low-nanometer resolution in high yields and productivity. So far, substantial efforts have 

been made to control polymer self-assembly by designing sophisticated monomers / 

polymers, although the prediction and the flexible design of e.g. geometries and sizes are 

still challenging.  

For this purpose, exploitation of nature-derived smart and sophisticated systems for 

material sciences has gained tremendous interest in recent years. Biomacromolecules or 

their assemblies with defined geometries, sizes and a wide variety of functional groups 

are powerful tools for fabricating unique functional nanomaterials in a bottom-up 
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fashion40,41,50. Compared to peptide and protein-based systems, which also provide fixed 

geometries and sizes, DNA is a highly tunable material and ideally suited to create distinct 

nanostructures, represented by DNA origami60. Although a wide variety of materials 

(metallic / carbon nanoparticles104,105, proteins106,107, and fluorophores74,108) were ordered 

on DNA origami scaffolds for the fundamental studies on the crosstalk between two 

materials positioned close proximity, chemical reactors for efficient cascade reactions, 

nanoantenna with high efficacy and so on, to the best of my knowledge, there has only 

been one study that reported the bottom-up fabrication of synthetic polymers using DNA 

origami. B. Ding’s group elaborated the shape-controlled synthesis of polyaniline on 

planar DNA origami109 scaffolds. Inspired by these results, a novel method for directly 

grafting polymer nanopatterns from the surface of a DNA origami scaffold was established, 

which should yield much denser polymers compared to the “grafting to” approach, in 

which polymers are directly conjugated to the surface, resulting sometimes in lower 

densities because of steric hindrance. 

An appropriate selection of the most suitable polymer chemistry, which should be 

compatible with the DNA origami technique, is hereby crucial since although DNA origami 

is a powerful template, it usually cannot survive in organic solvents or at high 

temperatures. Among the different polymerization techniques, atom-transfer radical 

polymerization (ATRP) was selected as a suitable method for polymerization on DNA. 

ATRP is the method of choice to obtain defined polymers with controlled molecular 

weights, narrow polydispersity, and chain-end functionalities. In addition, the reactions 

proceed in aqueous solution at ambient temperature, which is essential for the stability of 

the DNA origami structure, and they are applicable to a variety of monomers110,111. 

  Two dimensional rectangular DNA origami (70 nm x 100 nm)60 was prepared from 

M13mp18 DNA and the corresponding staple DNA strands. To immobilize ATRP initiators 

onto the DNA origami, an additional DNA sequence with 15 oligonucleotides (referred as 

“sticky sequence”) was extended from the 3’ end of staple DNA strands, so that the added 

DNA part was exposed onto the one surface of the DNA origami. By selecting different 

staples, two different DNA origami patterns were designed: one with two lines and one 

with four spots. It should be noted here that although these two patterns were selected as 

representative examples, even more complicated patterns were designed by following the 

same approach. In addition, ATRP-initiators modified with single-stranded DNA with a 

complementary sequence to the sticky sequence (DNA initiator) were synthesized112. 

Briefly, the ATRP initiator modified phosphoramidite was prepared by a two-step 

synthesis, and coupled to the 5’ end of the DNA via automated solid-support DNA 

synthesis, followed by HPLC purification and characterized by MALDI-TOF MS. The 

successfully synthesized DNA initiators were immobilized by the sticky sequences on 

DNA origami via DNA hybridization to form the DNA origami macroinitiator. 
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  To explore surface-initiated ATRP reactions on DNA origami macroinitiators, the 

polymerization of poly(ethylene glycol) methyl ether methacrylate (PEGMEMA) was 

selected owing to their biocompatibility113, water solubility, and more importantly, the 

expectation that the bulky side chain of PEG on the grafted polymers facilitates 

monitoring the polymer growth on the DNA origami surface by AFM. In the beginning, the 

polymerization condition was examined in the presence of free DNA initiators in solution. 

After careful optimization, it was found that the polymerization reaction only occurred 

when the initiator concentration was above 10 M. However, such a high concentration of 

DNA origami macroinitiators could not be achieved in the reaction mixture due to the 

extremely high molecular weight of the DNA origami and the increasing solution 

viscosity114. To overcome this challenge, free sacrificial initiators were supplied to the 

reaction solution to increase the total initiator concentration and to ensure the generation 

of a persistent concentration of radicals to retain an ATRP equilibrium115. In general, the 

polymerization process was conducted in a closed double-structure small vial equipped 

with an inlet inside containing 50-60 µL reaction solution of the DNA origami initiator, 

monomer, catalyst (copper bromide, CuBr2), and a stabilizing ligand (tris(2-pyridylmethyl) 

amine (TPMA)). All oxygen in the reaction mixture was removed by the freeze-pump-thaw 

method, and the polymerization was initiated by the continuous, slow addition of ascorbic 

acid for two hours to generate the reactive catalyst species116. After the reaction, the 

product was separated from the resulting free polymer chains grown from the sacrificial 

initiators and remaining catalyst by PEG-induced precipitation method114.  

The obtained nanopatterned polymers on the DNA origami (DNA origami - polymer) 

were characterized by AFM, agarose gel electrophoresis, and time-of-flight secondary ion 

mass spectrometry (ToF-SIMS). In AFM, the appearance of the new objects at the 

designed initiator patterned areas was clearly visible. These new objects showed a height 

increase of about 0.5 nm from the DNA origami surface. Additionally, nanomechanical 

property mapping mode in AFM revealed that the formed objects provide different 

mechanical properties compared to the DNA origami structures (i.e., a lower Young’s 

modulus and higher adhesion to silicon nitride cantilever), which also indicated a 

successful polymerization. During the AFM study of the DNA origami – polymer nanotiles 

with different nanopatterns (two lines and four spots), it was observed that when the DNA 

origami with two-line patterned polymers was deposited on mica, almost all the DNA 

origami revealed the polymer-grown at the surface, while in case of the one with four-spot 

pattern, there was no preferential surface deposition and both sides appeared equally 

often facing up or down. Based on this observation, I have speculated that grafted 

polymers could alter the surface properties of DNA origami in terms of charge, topology, 

and hydrophobicity, thus resulting in a favorable deposition of the more negatively 

charged plain DNA origami side onto the Mg2+ absorbed positively charged mica surface 
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over the polymer-grown side in two-line nanopatterns. For instance, the four-spot pattern 

covers a three times smaller surface area of the DNA origami, therefore the surface 

properties of the DNA origami were not altered significantly and no favorable deposition 

on mica surfaces was observed. From ToF-SIMS analysis, the secondary ion derived 

from the end group of the PEG chain (C2H5O2
-) was detected in the purified DNA origami 

– polymer sample. Additionally, there was no nonspecific absorption of the polymers 

grown from sacrificial initiators to DNA origami.  

  The further insight into the control over the degree of the polymerization reaction on 

DNA origami was obtained by changing the molar ratio between the initiators and 

monomers. By increasing the monomer to initiator ratio, higher nanopatterned polymers 

were obtained. However, the heights of polymer brushes observed by AFM were still 

significantly shorter than the distances between adjacent initiator positions (5.8 nm), 

indicating that the polymers should adopt a mushroom-like collapsed structure. 

  Finally, we investigated if the architecture of the grafted polymeric nanostructures 

programmed by the DNA origami could be preserved in the absence of the template. This 

time, the crosslinker molecule, PEG dimethacrylate (PEGDMA) was added to the reaction 

mixture to obtain the crosslinked polymers on the DNA origami template. The crosslinked 

polymers were observed with similar shapes on the DNA origami compared to the 

respective polymers without crosslinker. Removal of DNA origami was performed by 

decreasing the Mg2+ concentration in the buffer and heating a 60 degree overnight. AFM 

imaging revealed the extracted crosslinked polymers that remained with identical 

dimensioned structures compared to the polymers presented on DNA origami. 

  In conclusion, the bottom-up fabrication of polymers with precisely designed 

nanopatterns on a DNA origami template scaffold by surface-initiated ATRP has been 

successfully conducted for the first time. This new approached could be in principle 

applicable to employ any DNA origami structure as a template, so that 3D polymer 

nanoarchitectures could be fabricated by precise 3D box- or tube-shape DNA origami. 

Considering the versatility of ATRP allowing to apply a wide variety of monomers and to 

synthesize complex polymers such as block-copolymers and branched polymers, future 

developments will focus on tuning the properties (charge, hydrophobicity) and to 

introduce new functionalities (stimuli-responsiveness, higher stability) at the desired 

positions of DNA origami. 

 

These results are presented comprehensively in the manuscript [6-1]. 
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 [3-2] Step-wise design of precision polymer tube by DNA origami templated 

synthesis 

 

Figure 23. DNA origami-templated step-wise growth of polymers for nanoscale 

engineering. Adapted with permission from “Yu, T. et al. Polymer tube nanoreactors by 

DNA-origami templated synthesis. Chem. Commun. 2018, doi: 10.1039/C7CC09620H.” 

Copyright (2018) The Royal Society of Chemistry. 

 

 

  Nanomaterials engineering with defined sizes, shapes and functionalities are crucial to 

revolutionize a variety of nanotechnology applications such as nanomedicines, 

nanosensors, and chemical reactors in nanoscale. In the previous part, the 

surface-initiated ATRP on DNA origami was investigated as a new method to fabricate 

defined polymeric nanopatterns with high structural precision117. Not only programming 

functionalities with absolute positioning on DNA origami, but also the limitless freedom of 

DNA origami shape and size in nanoscale could be utilized as the precision template for 

polymeric nanostructure synthesis. Furthermore, DNA / polymer hybrid system could 

potentially solve the stability and the low structural rigidity of DNA origami which limit 

further advances of this technology. It has been observed that DNA origami designed with 

a single DNA double-helix layer is flexible and bending or twisting of the structure can be 

induced in solution and even exaggerated under dried state conditions96,118. In addition, 

under low salt concentrations, acidic pH119, and high temperature90, DNA origami rapidly 

degrades since DNA origami requires approximately 5 – 20 mM divalent cations (Mg2+ 

and Ca2+) to overcome the repulsive forces between the highly negatively charged DNA 
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backbones. Also in physiological systems, nuclease enzymes can disassemble the DNA 

origami structure92. There have been several attempts to address these limitations, e.g. 

by protecting DNA origami with a crosslinker91, virus capsid proteins96, lipids93, cationic 

polymers97, and oligo/poly-lysine based (block co)polymers94,95. Some of these coatings 

could also enhance the cell entry by facilitating the interactions with cellular membranes, 

and increase the origami stability against nuclease digestion, which is particularly crucial 

for in vivo applications. Besides, the electrostatic interaction induced coating of the entire 

DNA origami surface could reduce the available space for further functionalization, i.e. the 

immobilization of other nanomaterials, and also the choice of the coating materials has 

been limited to positively charged molecules and materials. On the other hand, the 

surface-initiated polymerization from the DNA origami surface allows spatial control and 

tunable polymer properties.  

 Therefore, I have explored the facile and versatile design of a DNA/polymer 

nanomaterial with defined core-shell tube structure by folding up a two dimensional DNA 

origami tile into a tube followed by surface initiated polymerization from the DNA origami 

surface. The common two dimensional rectangular DNA origami structure60 served as 

basis and in the first step, this rectangular DNA origami with modified two long edges was 

transformed into a tube-shape structure by applying an additional set of 16 ssDNA 

strands (transforming DNAs)120,121. The conformational change from the tile (70 nm x 100 

nm with 2 nm thickness) into a tube (22 nm in diameter and 100 nm length) was 

confirmed by AFM and TEM. It should be noted that in AFM, DNA tube structures were 

observed with a diameter of 36 + 0.6 nm and 5 + 0.7 nm height on average. The 

discrepancy between the measured dimensions in AFM and theoretical calculations could 

be attributed to a structural distortion by the cantilever tapping of AFM120,121. For additional 

characterization, dynamic light scattering (DLS) measurements revealed an increase of 

hydrodynamic radius (Rh) from 52 nm (DNA tile) to 71 nm (DNA tube), and agarose gel 

electrophoresis showed a clear band shift which, taken together, indicated the efficient 

DNA tube formation.  

 Since the DNA tile surface was almost fully decorated with multiple sticky ssDNA strands, 

DNA initiators were introduced to the surface of the formed DNA tube for surface-initiated 

ATRP, which was already described in the first investigated system117. Similarly, the 

crosslinked polymers were fabricated on the surface of the DNA tube from poly(ethylene 

glycol) methyl ether methacrylate (PEGMEMA, average Mn 300) and PEG dimethacrylate 

(PEGDMA, average Mn 750). After purification, the obtained DNA tube with polymer 

coating (DNA tube / polymer) was again characterized by AFM, TEM, DLS, and agarose 

gel electrophoresis. AFM measurements showed an increase of both diameter (+ 6 nm) 

and height (+ 1.8 nm) compared to the DNA tube due to the formed polymer shell. On the 

other hand, in TEM images no obvious structural changes were observed before and after 
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polymer coating due to the invisibility of polymers to uranyl formate staining94,95,97. 

However, TEM images of the DNA tube with polymer coating showed a unique 

phenomenon; some tube structures were aligned side to side with some gap (supporting 

information) which was also observed in electrostatic binding of positively charged 

polylysine to negatively charged DNA nanostructures94. From DLS measurement, Rh 

value of 103.2 nm was obtained. Additionally, a Holtzer plot showed similar profiles before 

and after the polymer shell formation, which indicated that the increased Rh did not result 

from dimerization or oligomerization, but from the increased diameter of the DNA tube / 

polymer and the altered hydration behaviors attributed to the outer polymer shell.  

  The constructed polymer coated DNA tube possesses interior space that could be in 

principle further functionalized. The availability of the inner surface of the polymer coated 

DNA tubes was demonstrated by immobilizing DNA-based enzymes (DNAzyme) so that 

polymer coted DNA tube could be used as chemical nanoreactors. It has been known that 

G-rich DNA sequences can form a stacked G-quadruplex (G4) structure that can 

accommodate hemin to give horseradish peroxidase (HRP)-mimicking catalytic activity 

for a hydrogen peroxide (H2O2)-mediated oxidation reaction71,122. 20 G4 moieties were 

immobilized inside the polymer coated DNA tubes, and hemin was loaded to activate 

enzymatic activity. The catalytic activity of DNAzyme-incorporated DNA / polymer tube 

was demonstrated by tracking an oxidation of 2,2'-azino-bis(3-ethylbenzothiazoline- 

6-sulphonic acid (ABTS) in the presence of H2O2. Subsequently, the interior space of 

DNAzyme decorated DNA / polymer tube was utilized to initiate the polymerization of 

dopamine123. Polydopamine is a bio-inspired polymer known as that oxidation of 

dopamine to dopaminochrome is the key-intermediating step for the polydopamine 

formation124-126. So, the reaction kinetics and the formation of polymerization 

intermediates (dopaminochrome, oligomers) and polydopamine formation were 

monitored and confirmed using absorbance spectroscopy, which clearly showed the 

successful polydopamine formation. As such the opposing placements of the G4 catalytic 

sites with respect to the ATRP initiators have successfully provided the basis of spatial 

control between inner and outer spheres of the DNA tube. 

  In conclusion, the systematic design and synthesis of polymer coated DNA tubes has 

been accomplished that revealed improved stability against nucleases most likely due to 

the presence of the outer polymer shell. In addition, the inner cavity of the tube was 

independently available for the further functionalization. This was demonstrated by 

incorporating DNAzyme for conducting the polymerization of dopamine inside. 

Furthermore, since the outer surface and the inner space can be modified independently, 

this design strategy is compatible with a large variety of functionalization methods for 

DNA origami; immobilizing different enzymes for cascade reactions127, loading drug 

molecules for biomedical applications128-130, and so on. Besides, the polymer introduced 
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onto the outer surface would also be modifiable, for example by stimuli-responsive 

polymers to switch the surface properties of the DNA tube98,131 that could potentially 

transfer DNA origami into organic solvents without destroying its defined structure to 

broaden its application fields49,132,133. Thus, the facile and versatile design proposed here 

could open access to creating tailor-made DNA / polymer hybrid nanomaterials for a wide 

variety of applications in nanotechnology.  

 

These results are presented comprehensively in the manuscript [6-2]. 
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 [3-3] DNAzyme-assisted fabrication of polydopamine nanostructure on 

DNA origami template 

 

 

 

Figure 24. Polymerization mechanism of dopamine and DNAzyme-assisted bottom-up 

polydopamine nanostructure fabrication on DNA origami template. Adapted with 

permission from “Yu, T. et al. Fabrication of Defined Polydopamine Nanostructures by 

DNA Origami-Templated Polymerization. Angew. Chem. Int. Ed. 2018, 57(6), 1587-1591 

doi: 10.1002/anie.201711560.” Copyright (2018) John Wiley and Sons. 

 

 

In the previous projects reported above, the controlled radical polymerization reaction 

on the surface of DNA origami117 has been accomplished to construct and explore defined 

functional DNA / polymer nanoarchitectures. In this contribution, the highly programmable 

DNA origami technology that clearly provides versatile opportunities to design and 

construct the adequate environments for conducting polymerization reactions at the 

nanoscale has been applied to fabricate desired polymeric nanoarchitectures with 

nanoscale resolution. Bio-inspired polymer, polydopamine (PD)123 has been selected as 

model system for the spatial controlled growth from the origami template. PD is known for 

its high adhesive properties and a variety of functional groups (amine, hydroxyl, and 

carboxylic acid) available for post-functionalization134,135. In combination with its natural 
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biocompatibility and the robust wet adhesion properties of invertebrate mussels, it moved 

into spotlight as a novel coating material for very broad attention in the biotechnology field 

such as biomaterials and nanomedicine136-138. On the other hand, the polymerization 

mechanism of PD involves multi-steps (oxidation, isomerization, and oligomerization) and 

the chemical structures of PD are diverse124-126, which makes it difficult to control the 

polymerization reaction of PD.  

  To control PD formation, the DNA origami scaffold was utilized possessing the 

nanosized catalytic domain with multiple G4/hemin DNAzyme moieties. Previously, 

G4/hemin decorated DNA origami was employed as scaffold for the oxidative 

polymerization of polyaniline109. Separately, it was reported that G4/hemin DNAzyme 

could oxidize dopamine to dopaminochrome, which is an oxidized state of dopamine and 

one of the intermediates for PD formation139,140 and that the HRP enzyme could 

accelerate PD formation141. In combining both concepts, we speculated that organizing 

multiple G4/hemin moieties at distinct nanodomains on DNA origami provides the local 

environment allowing a controlled dopamine polymerization. The DNA tile (70 nm x 100 

nm dimensions) was designed with a 20 nm square domain containing 20 G4 moieties 

(G4 DNA tile). After incorporating hemin to the G4 domains, the catalytic properties of the 

DNAzyme on the DNA tile were evaluated with an ABTS assay revealing that the 

G4/hemin domain on the DNA tile showed an almost five fold faster reaction kinetic 

compared to free G4/hemin molecules at similar concentrations, which could be achieved 

due to a cooperative effect as a consequence of the locally concentrated G4/hemin 

reaction centers. Fabrication of PD nanostructures on the G4/hemin DNA tile was initially 

pursued in TAE / Mg buffer (20 mM Tris, 10 mM acetic acid, 1 mM EDTA, 12 mM MgCl2, 

pH 5.8) since under these conditions, the activity of the DNAzyme was highest while 

preventing an oxidation of dopamine by dissolved oxygen. However, PD formation on the 

DNA tile was not observed, but many PD nanoparticles were formed in solution. Most 

likely, the high ionic strength and cation concentrations shielded the negative charges of 

the DNA backbone so that dopamine molecules did not attach there. In this way, 

dopamine molecules that were oxidized to dopaminochrome on the DNA nanotile would 

rapidly diffuse back into the bulk solution and spontaneously self-polymerize in solution 

as detected. This self-polymerization in solution was suppressed efficiently, when the 

buffer concentration was decreased by about 70 times. Under these conditions, no 

degradation of the DNA tile was observed and the new PD objects appeared on the 

DNAzyme domain. The AFM images showed the height increase of the catalytic domain 

by 2-3 nm after the reaction. Additionally, mechanical property mapping revealed an 

increase in adhesion forces by 73 pN + 16 pN from the DNA tile, which taken together, 

indicated the successful PD formation. It is hypothesized that the electrostatic interaction 

between positively charged dopaminochrome / dopamine and negatively charged DNA 
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nanotile coupled with multiple DNAzyme molecules in close proximity facilitated a high 

local concentration of PD intermediates including oligomers, leading to the preferential 

polymerization directly at the DNAzyme domain. Further characterization of PD formation 

was performed by UV-Vis spectroscopy to track the formation of the oxidized dopamine 

(dopaminochrome), oligomer, and PD by recording their optical properties at their 

characteristic wavelengths. Interestingly, the dopaminochrome and the oligomer were 

formed in both G4/hemin-DNA tile and free G4/hemin, whereas PD was only formed in 

the case of G4/hemin-DNA tile, which clearly indicated that multiple DNAzymes in the 

immediate vicinity at low ionic strength were essential for producing PD locally and 

directly on the DNAzyme domain. The control over the PD formation on the DNA tile was 

achieved by changing the amount of H2O2 supplied to DNAzyme. The height of the 

formed PD increased by supplying the larger amount of H2O2, and the anchoring of PD 

around DNAzyme domain self-defines the final shape and the size of PD nanostructures 

by limiting the diffusion of H2O2 to the DNAzyme.  

  By making use of the programmability of DNA origami, different PD nanostructures (line, 

cross, and 3D-stripe) could be obtained by positioning the DNAzyme domains into the 

corresponding geometries. One of the major features of PD is related to its high 

adhesiveness due to a wide variety of supramolecular interactions (hydrogen bonding, 

π-π stacking, hydrophobic interaction, electrostatic interaction) possible on the PD 

nanostructure surfaces. This “supramolecular glue” effect was also observed in our 

system. Especially, when the line-shape PD was formed along with the long axis of the 

DNA tile, partially or fully folded DNA tiles were observed by AFM. The directed 

conformational changes of DNA origami are important to conceive smart functional DNA 

origami with gate-open/close systems and stimuli-responsive systems. Although there are 

several modulation approaches reported by using DNA-based machinery (toe-hold DNA 

displacement, DNA hinge, and aptamer), intercalating molecules142, lipid molecules143, 

and proteins96, to the best of my knowledge, the approach reported herein was the first 

presentation of an entirely polymer-based approach for DNA origami folding. 

  In comparison to common monomers used for the synthesis of polymers, dopamine is 

unique as it serves as monomer as well as crosslinker thereby leading to rigid and highly 

crosslinked materials after polymerization. Based on these highly stable and potentially 

shape-persistent properties of PD we have asked us whether it would be possible to 

extract the PD nanostructure formed on the DNA tile after removing the template. When 

the PD formed DNA tile was deposited on mica and treated with 1M HCl solution, DNA 

origami was decomposed rapidly, within 10 seconds, and only the PD nanostructures 

retaining the structural information (size and geometry) programmed by DNA tile were 

observed. The rapid degradation of DNA origami in acidic pH is due to the hydrolysis of 

the phosphodiester backbone, bases, and glycosidic bonds119. More importantly, during 
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AFM studies, the extracted PD nanostructures were found at the same positions as 

before acid treatment. Since the micro/nano-patternings of DNA origami onto the various 

surface were reported144-146, potentially the micro/nano-patterning of PD nanostructure in 

the large area could be envisaged.  

In summary, the first strategy for creating defined PD nanostructures in high precision 

was achieved by using DNA origami template with catalytic centers. By positioning 

multiple catalytic moieties close to each other, dopamine molecules were locally oxidized 

and captured at catalytic domains for facilitating PD formation. Also, the well-known 

random and uncontrolled self-polymerization behavior of dopamine in solution was 

efficiently subverted by conducting the reaction in acidic pH. The kinetics of PD growth 

and the control over the height of the architecture was achieved by adjusting the H2O2 

concentration. Coupled with the spatial programmability of functionalities on DNA origami, 

one could envision creating various desired shapes of PD nanostructures in 2D and 3D 

with unprecedented resolution. The unique adhesive properties of PD could alter the 

conformation of DNA origami at PD-grown areas. The robust and tightly crosslinked PD 

features allowed retaining of the sizes and shapes of the PD nanostructures programmed 

on DNA origami even after the removal of the template by a rapid and facile acid 

treatment. Collectively, the DNA origami templated polymerization strategy contributes to 

the development of precision polymeric architectures and nanostructured PD-based 

material science as well as the surface functionalization of DNA origami to impart novel 

features.  

 

These results are presented comprehensively in the manuscript [6-3]. 
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[3-4] Systematic study on intercellular supramolecular assembly of 

oligothiophene analogues 

 

 

Figure 25. Complexation of a series of oligothiophenes with HSA. Each complex could 

traffic on different intercellular pathways driven by the tailored head group. The real-time 

tracking of free molecules and self-assembled species was achieved by recording their 

different fluorescent characteristics based on their states inside living cells and cellular 

compartments. Adapted with permission from “David, Y. W. Ng et al. Directing 

intracellular supramolecular assembly with N-heteroaromatic quaterthiophene analogues. 

Nat. Commun. 2017, 8, 1850 doi: 10.1038/s41467-017-02020-2.” Copyright (2018) 

Nature Publishing Group and Creative Commons Attribution 4.0 International License 

(http://creativecommons.org/licenses/by/4.0/.) 

 

  This work described herein focuses on directed intercellular self-assembly of 

oligothiophene analogues and it has been achieved in a close collaboration with Dr. David 
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Y. W. Ng and Roman Vill, who were the main investigators. The supramolecular 

assembly of synthetic molecules is governed by both synthetic design to control the 

interactions between the components and the stimulus provided by the environment. In 

particular, it is important to study the supramolecular chemistry in biological systems to 

understand how nature elegantly organizes the various biological components (RNA, 

DNA, peptide, protein) in an elaborated fashion to conduct important biological functions, 

which could provide a strategy to develop a novel therapeutics147. In this context, 

substituted oligothiophenes (more specifically, carbosilane substituted terthiophenes), a 

class of the π-conjugated heteroaromatic compounds, and its analogues were used in the 

study as their fluorescence changes depending on the molecular states148. In the study, 

three differently functionalized oligothiophene molecules were designed by replacing the 

terminal thiophene unit with quaterthiophene, pyridine, and subsequent N-methylation. 

Additionally, all the oligothiophene series possess the branched alkyl chain to bind with 

human serum albumin (HSA) protein for forming non-toxic complexes with improved 

water-solubility and uptake into living cells149. A series of HSA / oligothiophene complexes 

was well-characterized by both spectroscopic studies (UV-Vis, fluorescence correlation 

spectroscopy) and atomic force microscopy method (AFM) to understand their 

supramolecular assembly behaviors. 

  The systematic studies on the different intercellular behavior of synthesized complexes 

by the combination of confocal microscopy and selective inhibition of intercellular 

transport pathways revealed that the pathways within the cell were clearly determined by 

head functional groups. In addition, the self-assemblies of oligothiophenes inside cells 

were traceable by their specific red color emission. Especially, self-assembly of 

oligothiophene was observed in the perinuclear region, where it was also demonstrated in 

the study that the combination of a pathway inhibitor (bafilomycin A1 150) and the lowering 

of temperature could specifically induce the self-assembly process in a cellular organelle 

(mitochondria). This demonstration clearly indicated the possibility to control the location, 

the timing, and the degree of self-assembling materials in cells with external stimulus. 

  Collectively, the smart structural design of self-assembling materials could show the 

significant influences to their respective fates in cells. The unique findings observed in the 

presented study forms the foundation of a new platform for biomedical science 

applications such as organelle-targeted therapeutics151 and creation of self-assembled 

materials in cells to alter / tune cell functions (proliferation, migration, differentiation, 

apoptosis)152. 

 

These results are presented comprehensively in the manuscript [6-4]. 
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4. Conclusion and Outlook 

 

In my thesis, I have investigated and established novel methods for the preparation of 

structurally defined polymeric nanostructures by merging DNA nanotechnology and 

polymer chemistry. During the last decades, the developments in polymer chemistry have 

enabled synthesis of defined polymers with tunable length, chemical compositions, and 

functionalities, which further developed to the self-assembled state of polymers 

represented by micelle, polymersome and polymer brush. However, compared to these 

well-fabricated synthetic polymers and their assemblies, Nature’s portfolio provides a 

wide variety of precision biopolymers (peptide, protein, DNA, RNA) and their assemblies 

(photosynthesis system, chromatin, proteasome, and so on) with programmed 

geometries and smart functionalities located with greatest structural precision to conduct 

the important biological reactions. Therefore, it would be highly attractive if synthetic 

polymers could be accomplished with similar degrees of perfection, which could 

potentially fulfill the crucial demands for developing modern nanotechnology applications 

such as smart drug delivery systems, micro/nano fluidics, cell chip, and high throughput 

sensors. To conceive of the novel strategy of fabricating defined polymer architectures 

with nanoscale precision, emulating nature’s system by employing and mimicking 

biopolymers or their assemblies as templates and reactors for synthesizing precision 

polymers have been extensively investigated as promising approach. 

My contribution was the merge of modern DNA nanotechnology denoted as scaffold 

DNA origami and synthetic polymer chemistry for the first time to produce polymers of 

high spatial definition. After its invention in 2006, the development of DNA origami 

research has brought it to the stage that almost any 1D / 2D/ 3D nanostructures with a 

resolution of a few nanometer could be designed. In addition, since the functionalities can 

be positioned with the same degree of precision, DNA origami could serve as versatile 

templates to immobilize molecules and, more importantly, a template for nanomaterial 

synthesis by proper choosing and positioning of the reactive moieties. 

  By integrating the surface-initiated atom transfer radical polymerization and DNA 

origami, the novel bottom-up method for fabricating the defined nanopatterning of 

polymers was achieved. DNA origami allowed independent positioning of single initiator 

molecules for polymerization at desired locations with nanoscale resolution, which made 

it possible to create any nanopatterned polymers on DNA origami. The bottom-up 

approach in principle could promise high productivity and the controlled radical 

polymerization gives the chance to tune the length, chemical components, and 

architectures of grown polymers in high uniformity, which are essential for efficient 

production in industrial stages. Additionally, by crosslinking the grown polymers on DNA 

origami, the structural information of polymers programmed by the template could be 
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retained after the removal of DNA origami. This potentially indicates the chances of 

fabricating not only 2D nanopatterned polymers but also the defined 3D polymer 

nanoarchitectures. 

  The advantages of polymeric materials include a wide variety of chemical and physical 

properties that are tunable by the choice of the monomers and the polymerization 

methods. Therefore, polymeric materials are quite useful for modulating and enriching the 

properties of other materials, e.g. by directly conjugating the polymers to or by growing 

the polymers from the surface of the materials of interest. Along with this context, the 

established strategy above mentioned was further developed and utilized to create 

defined and a functional DNA / polymer tube. The stability of DNA origami, which is one of 

the major issues hindering DNA origami’s application in versatile fields, was improved by 

the polymer coating on the outer surface of the tube-shape DNA origami. Furthermore, 

the spatial control of the polymer coating allowed the interior space of DNA tube to remain 

available for the further functionalization, which was demonstrated by immobilizing 

DNA-based enzyme moieties to conduct the polymerization of dopamine inside the tube. 

  In collaboration with Sean Harvey, the fabrication of distinct polydopamine 

nanostructures, a bioinspired polymer from mussel’s adhesive proteins, using DNA 

origami technology was established. By introducing the catalytic DNAzyme nanodomains 

at precise positions on the DNA origami, control of the dopamine polymerization in 

nanoscale was achieved for the first time. Not only the different polydopamine 

nanoachitectures were fabricated on the DNA origami template, but also the adhesive 

properties of polydopamine were transferred onto DNA origami to induce distinct 

conformational changes. In addition, facile acid treatment rapidly degraded the DNA 

origami and liberated the rigid polydopamine with defined sizes and shapes. 

  In collaboration with Dr. David Y. W. Ng, the investigation of the supramolecular 

self-assembly behavior of oligothiphene analogues transported into biological systems by 

complexation with protein was conducted. The study revealed the strong potential of a 

supramolecular assembly as novel platforms for biomedical sciences by proper synthetic 

design and control over their self-assembling characteristics. 

  In summary and future outlook, the interdisciplinary fields between polymer chemistry 

and DNA nanotechnology were investigated and the novel approach for designing a 

variety of precision polymeric nanostructures was established herein, which could further 

stimulate innovative future perspectives of DNA nanotechnology-promoted polymer 

chemistry. Combining the established surface-initiated ATRP with other polymerization 

methods like RAFT153,154, two kinds of polymers with varying polarity could be 

nanopatterned on single DNA origami template, which would results in the amphiphilic 

nanopatterned surface such as virus system using in nature to interact with the cell 

surface for infection155,156(Figure 26a). Besides, upscaling of the produced precision 
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polymers could be a key concern, which could be envisaged to be addressable by 

recovering and recycling the templates like the polymerase chain reaction157-159 (Figure 

26b). The smart design of DNA origami device which can program polymeric 

nanoarchitectures with great precision will provide the future outlook of novel 

polymer-based systems which can rival the elaborated biomacromolecular systems in 

nature. 

 

 

Figure 26 Outlook of DNA origami templated polymer nanoarchitectures synthesis 
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Abstract:  

Bottom-up strategies to fabricate patterned polymers at the nanoscale represent an 

emerging field in the development of advanced nanodevices, such as biosensors, 

nanofluidics, and nanophotonics. DNA origami techniques provide access to distinct 

architectures of various sizes and shapes and present manifold opportunities for 

functionalization at the nanoscale with the highest precision. Herein, we conduct in situ 

atom transfer radical polymerization (ATRP) on DNA origami, yielding differently 

nanopatterned polymers of various heights. After cross-linking, the grafted polymeric 

nanostructures can even stably exist in solution without the DNA origami template. This 

straightforward approach allows for the fabrication of patterned polymers with low 

nanometer resolution, which provides access to unique DNA-based functional hybrid 

materials. 

 

Contribution of the respective authors:  

Yu Tokura: Design and synthesis of DNA origami and ATRP-initiator modified DNA, 

conducting surface-initiated ATRP on DNA origami, Agarose gel electrophoresis study, 

extracting crosslinked polymers from DNA origami, AFM study and analysis, writing the 

manuscript 

 

Yanyan Jiang: Synthesis of ATRP-initiator modified DNA, optimizing the polymerization 

condition on DNA origami, writing the manuscript 



 

71 

 

 

Alexander Welle: ToF-SIMS study, analysis, and discussion on the results 

 

Martina H. Stenzel: Results discussion, correcting the manuscript 

 

Katarzyna M. Krzemien: Optimization and assist of AFM study 

 

Jens Michaelis: Assist of AFM study and discussing on the results, correcting the 

manuscript 

 

Christopher Barner-Kowollik: Interpretation of the ToF-SIMS experiments, correcting 

the manuscript 

 

Rüdiger Berger: Assist of nanomechanical property mapping study with AFM, 

discussion on the results 

 

Yuzhou Wu: Discussion on the concept and results, writing and correcting the 

manuscript 

 

Tanja Weil: Acquiring funding for the project, design and discussion of the concept and 

results, writing and correcting the manuscript. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



72 

 



 

73 

 

 

 

 



74 

 



 

75 

 



76 

 



 

77 

 

 



78 

 



 

79 

 



80 

 



 

81 

 



82 

 



 

83 

 



84 

 



 

85 

 



86 

 



 

87 

 



88 

 



 

89 

 



90 

 

 

 

 

 

 

 

 

 



 

91 

 

[6-2] Polymer tube nanoreactors by DNA-origami templated synthesis 
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Abstract:  

  We describe the stepwise 3D synthesis of precise polymeric objects assisted by the 

DNA origami nanotechnology. A common two dimensional DNA tile was transformed into 

a 3D DNA tube and decorated with multiple single stranded DNA handles at the outer 

surface to impart initiator moieties for atom transfer radical polymerization (ATRP). In the 

interior, the DNA nanotube was decorated with guanine quadruplexes (G4), which were 

transformed into peroxidase active DNAzymes. ATRP was initiated and formed a 

crosslinked polymer shell while its interior catalyzed the formation of polydopamine (PD). 

The eventual construct is a precise nanostructure with exclusive polymeric features 

programmed in a three dimensional space. 
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[6-3] Fabrication of defined polydopamine nanostructures by DNA 
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Abstract:  

We report a versatile, bottom-up approach for the controlled fabrication of 

polydopamine (PD) nanostructures on DNA origami. PD is a biosynthetic polymer that 

has been investigated as an adhesive and promising surface coating material. However, 

the control of dopamine polymerization is challenged by the multi stage-mediated reaction 

mechanism and diverse chemical structures in PD. We utilized DNA origami decorated 

with multiple horseradish peroxidase-mimicking DNAzyme motifs to control the shape 

and size of PD formation with nanometer resolution. These fabricated PD nanostructures 

can serve as “supramolecular glue” for controlling DNA origami conformations. Facile 

liberation of the PD nanostructures from the DNA origami templates has been achieved 

in acidic medium. This presented DNA origami-controlled polymerization of a highly 

crosslinked polymer provides a unique access towards anisotropic PD architectures with 

distinct shapes that were retained even in the absence of the DNA origami template. 
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Abstract:  

Self-assembly in situ, where synthetic molecules are programmed to organize in a 

specific and complex environment i.e. within living cells, can be a unique strategy to 

influence cellular functions. Here, we present a small series of rationally designed 

oligothiophene analogues that specifically target, locate and dynamically self-report their 

supramolecular behavior within the confinement of a cell. Through the recognition of the 

terminal alkyl substituent and the amphiphilic pyridine motif, we show that the cell 

provides different complementary pathways for self-assembly that can be traced easily 

with fluorescence microscopy as their molecular organization emits in distinct fluorescent 

bands. Importantly, the control and induction of both forms are achieved by time, 

temperature and the use of the intracellular transport inhibitor, bafilomycin A1. We 

showcase the importance of both intrinsic (cell) and extrinsic (stimulus) factors for 

self-organization and the potential of such a platform towards developing synthetic 

functional components within living cells. 
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