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DNA has proven to be an excellent choice of molecule for programmable self-assembly. In recent years, DNA self-assembly 
has surpassed its early stages and today is routinely used for constructing functional two- and three-dimensional 
nanomachines and materials [1,2].    
By defining attachment sites for active components on DNA structures, our group has realised complex and nanometer-
precise assemblies of biomolecules, organic fluorophores and inorganic nanoparticles [3]. We employed these devices as 
autonomous force spectrometers [4] and to create new plasmonic effects. These effects, in turn, enable the selective and 
sensitive detection of proteins and virus-derived RNA molecules [5].    
The initial thrust catalyzing the rapid development of DNA nanotechnology has been to arrange periodic DNA frameworks to 
host guest molecules for crystal structure analysis. Despite enormous efforts and fundamental progress, placing guest 
molecules in designed DNA crystals remains a challenging goal. By adopting design principles of Ned Seeman and 
Chengde Mao [6], we are now able to crystallise DNA origami structures that grow into three dimensional, micrometer-scale 
assemblies [7]. Silicification of these crystals leads to designer nanomaterials that withstand drying without structural 
deformation [8].   
Our results demonstrate the assembly power of DNA and our ability to fabricate functional devices and 3D materials that are 
designed on the molecular level while reaching macroscopic dimensions.      
 
 
 

 
Figure 1: Silica growth on DNA origami crystals. Left: 60° tilted view of bare DNA origami crystals. The 
crystals flatten upon adsorption to the grids. Right: 60° tilted view of silica coated DNA origami crystals. The 
3D structure is preserved. Scale bars are 200 nm.. 
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In recent years, DNA nanotechnology has matured to enable robust production of complex nanostructures and 
hybrid materials. We have combined DNA nanotechnology with sensitive optical detection to create functional 
single-molecule devices that enable new applications in single-molecule biosensing and superresolution 
microscopy. Starting with superresolution nanorulers and brightness reference samples we determined the 
resolving power of superresolution microscopes and evaluated the sensitivity of smartphone cameras[1-3]. To 
improve the sensitivity, we created DNA origami optical antennas for metal enhanced fluorescence[4]. The unique 
ability of our DNA origami nanoantennas to place molecular assays specifically in the plasmonic hotspot is used 
for detecting Zika-virus and antibiotic resistance related nucleic acids[5, 6]. Furthermore, DNA origamis are used 
in biophysical assays to work at locally increased concentrations[7], to apply forces as well as to sense further 
physical parameters[8].  
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We give an introduction to DNA Strand Displacement: a technique that is used to program interactions between 
DNA strands in such a way, e.g., as to emulate the kinetics of an arbitrary finite network of chemical reactions. 
We discuss current capabilities and trends in DNA nanotechnology, including "high throughput" equipment that 
can read and write DNA massively in parallel. 
High throughput DNA synthesis and sequencing render easily feasible a new class of algorithms that use O(n^2) 
structures in input and output. We give two examples of such algorithms, for detecting the coincidence of events, 
and for detecting the preorder of evens, over the course of an experiment in a biochemical soup.   
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We are using DNA as a programmable tool for directing the self-assembly of molecules and materials. The unique 
specificity of DNA interactions and our ability to synthesize artificial functionalized DNA sequences makes it the 
ideal material for controlling self-assembly and chemical reactions of components attached to DNA sequences 
[1]. In particular we are using DNA origami, large self-assembled DNA structures as a template for positioning 
of materials such as organic molecules, polymers and biomolecules.   
In recent years we have developed methods for functionalizing conjugated polymers with multiple DNA strands 
in a graft type fashion [2-4]. We have prepared long phenylene-vinylene and fluorene polymers and synthesized 
DNA strands extending from most of the repeat units of the polymers. The polymers self-assemble on tracks of 
complementary DNA strands extending from DNA origami structures and in this way the routing of the individual 
polymers can be controlled. By immobilizing fluorescent dyes along the polymer we have investigated the 
properties of the polymers as single molecule optical wires (Figure 1). 
 
 
 
 
 

 
 
 
 

Figure 1: Transfer of excitation energy from a donor dye to an acceptor dye via a conjugated polymer 
immobilized on DNA origami.   
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Inspired by the rich functionalities of natural macromolecular assemblies such as enzymes, molecular motors, and 
viruses, we investigate how to build increasingly complex molecular structures. Our goal is to build molecular devices 
and machines that can execute a variety of user defined tasks, ranging from the positioning and processing of other 
molecules to drug delivery. A central obstacle in our work is the difficulty of constructing complex and accurate 
molecular structures. Another problem relates to an insufficient understanding of the mechanisms necessary to achieve 
a desired function. Currently we mainly focus on molecular self-assembly with DNA to build de novo structures. DNA 
origami in particular enables building nanodevices that can already be employed for making new discoveries in 
biomolecular physics and protein science. In the longer term we hope to contribute to the creation of molecular 
machines and systems that have practical benefits for everyday life through uses in medicine – for diagnosis and 
therapy – and synthetic enzymes for biologically inspired chemistry.  
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DNA origami nanostructures are promising tools for numerous biomedical applications, ranging from diagnostics 
to drug delivery and targeted therapy [1]. They are not only intrinsically biocompatible, biodegradable, and 
noncytotoxic, but can be synthesized in a wide variety of different shapes and sizes, and further functionalized in 
a precisely controlled manner with various organic and inorganic species. This enables their defined loading with 
therapeutic cargos and may be further exploited to facilitate cell targeting, cellular uptake, and cargo release. The 
performance of such DNA origami vehicles strongly depends on their structural and shape integrity. Unfortunately, 
previous studies have observed that DNA origami nanostructures are rapidly degraded in biological media, which 
poses serious limitations for their application in such environments [2]. Two major factors have been identified 
to contribute to the limited stability of DNA origami nanostructures in biological media: low Mg2+ concentrations 
and the presence of nucleases. While the former issue may be at least partially circumvented by rational design 
choices that ensure sufficient stability in selected media [3], DNase attack so far appears to be more difficult to 
control. 
In this work [4], we study the degradation of four well established and structurally distinct 2D DNA origami 
designs (different lattice types, different edge types, and different flexibility) under the attack of DNase I using 
high-speed atomic force microscopy (HS-AFM). The temporal resolution in our experiments ranged from 5 to 10 
seconds per frame, thus allowing a real-time observation of the digestion process. Our results reveal that digestion 
of the different DNA origami exhibits a superstructure dependence (see Fig. 1). Furthermore, we could identify 
structural features of each DNA origami design that are most susceptible and most resistant to DNase I digestion, 
respectively. The results acquired for DNA origami nanostructures immobilized at a solid surface are compared 
to digestion profiles obtained under identical conditions in bulk solution. It is found that DNA origami designed 
on the square lattice without twist-correction show remarkably different digestion profiles in bulk solution and at 
the solid-liquid interface, which is attributed to adsorption-induced shape distortions and strain build-up. Our 
findings may thus not only help in creating more resilient DNA origami nanostructures, but could also be applied 
in designing structures with building blocks possessing distinct susceptibilities to nucleases. 
 

 
Figure 1: HS-AFM images of the digestion of two different DNA origami nanostructures by DNase I. 
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The molecular signature of blood mirrors the physiology and health state of an individual and carries 
information about our age, life-style, diseases and more. I will present a new method termed, “APTA-
SHAPE”, which has been developed to translate the molecular signature of a complex mixture of targets, 
such as a blood sample, into a digital fingerprint using large aptamers libraries and machine-learning 
algorithms. The method can, in principle, be used to “fingerprint” the constituents of any aqueous solution 
including body fluids, beverages and waste water. 
In proof-of-concept experiments, we addressed the utility of APTA-SHAPE for analyses of plasma and 
urine samples and found a robust potential for distinguishing healthy individuals from diseased patients. 
We further demonstrated the applicability of the method to categorize beverages and contaminations in 
food products. 
 
 

 
 
Figure 1: The sensing principle in the DNA-SHAPES method is here exemplified with beer. A large number of 
nano-meter sized biosensors are synthesised in a test tube and added to various types of beer. Biosensors that are 
triggered by beer ingredients are separated from non-responsive variants and characterised in the form of a large 
set of DNA sequences. The aim of the project is to align the data with human taste perceptions we can “teach” 
the computer to recognise specific ingredients and taste. 
. 
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Many proteins employ conformational entropic contribution of domains that are not directly involved in the 
recognition event to better control their activity. Such property allows a fine regulation of proteins response and 
activity in a very versatile and precise way.  
Inspired by this mechanism, we report a convenient and versatile approach to control the activity and response 
behavior of synthetic molecular recognition systems by rationally designing intrinsically disordered domains. 
To do so and to highlight the versatility and generality of this approach, we have rationally re-engineered three 
DNA-based receptors: a clamp-like DNA-based switch that recognizes a specific DNA sequence, an ATP-
binding aptamer and a pH-sensitive switch.  
 
We demonstrate that, similarly to intrinsically disordered proteins, it is possible to finely modulate the activity 
of such molecular nanodevices through a purely entropic contribution.  
This approach appears as a versatile and general approach to finely control the activity of synthetic receptors in 
a highly predictable and controllable fashion. 
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Semifluid membranes enclose biological cells and drug delivery vehicles. Crossing the membrane 
barrier enables essential transport of molecular cargo. My talk presents routes to cross the barrier with 
synthetic transport channels made from DNA. Nucleic acids are easier to engineer than proteins of 
biological channels(1). The artificial DNA channels are composed of interlinked duplexes. Attached lipid 
anchors hold the negatively charged structures in the membrane(2,3,4) based on rational design rules(5). 
The DNA channels open and close in response to physical voltage stimuli, like natural templates(3,4,6). 
The DNA versions can also mimic ligand-gated(3) and temperature-gated channels(7) to help release 
drugs or build cell-like networks. The artificial pores can be programmed into cytotoxic agents to kill 
cancer cells(8), or to create porous bionanoreactors(9). Other rationally designed DNA nanostructures 
extend the functional range and can control, for example, bilayer shape(10). The presentation concludes 
with an outlook of how DNA nanotechnology at membrane interfaces can help replicate biological 
functions to open up new applications in nanobiotechnology and synthetic biology. 
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Conjugates of proteins and DNA are becoming increasingly important for their use in DNA nanotechnology. We 
have developed a generic solution for the preparation, purification, and analysis of well-defined conjugates of 
proteins and oligodeoxynucleotides in a simple two-step workflow. 
First, oligodeoxynucleotides are linked to proteins via amine-reactive or thiol-reactive chemistries, provided as 
ready-to-use coupling kits. In a second step, the reaction products are analysed, purified, and automatically 
collected by the proFIRE ion-exchange chromatography system. The reaction conditions are optimized for high 
yield while maintaining a 1:1 protein:DNA stoichiometry. Further, the purification step ensures that only mono-
conjugates are being selected for subsequent experiments. 
Key quality parameters such as purity (%), amount (pmol), and concentration (nM) of the selected fractions are 
quantified automatically by the instrument, which renders the utilization of the protein-DNA conjugates in 
following experiments straightforward. 
 
 

 
 

Figure 1: A 1:1 protein-DNA conjugate. 
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Structural DNA nanotechnology is probably one of the most successful chemical methods of the past 
40 years to achieve control of matter distribution at the nanometer scale [1]. In particular, the DNA 
origami approach demonstrated to be a robust and versatile method for the construction of DNA objects 
of almost any desired shape and size, thus offering numerous opportunities in diverse scientific 
disciplines [2]. We employ DNA origami tools to construct simplified models of complex biological 
systems, where single structural and functional parameters can be manipulated in a completely 
predictable fashion. Our scientific ambition is to gain a better understanding of fundamental aspects of 
biological self-assembly and to use this knowledge for the generation of biomimetic materials with 
customized properties. We are currently focusing on three aspects of natural self-assembling systems 
(Figure 1): (i) their capacity to self-assemble into hierarchical high-ordered structures [3]; (ii) their 
capability to respond to the external environment by changing their shape [4]; and finally (iii) their role 
as encaging systems, to control the spatio-temporal location and possibly the energetics of reactions [5]. 
Here, I will present our recent achievements in each of these areas.  
 
 

 
!

Figure 1. DNA origami tools to explore biological mechanisms. DNA origami tools can be employed to 
mimic and better understand fundamental properties of biological systems, such as (a) hierarchical order, (b) 
structural adaptation to external changes and (c) spatial confinement.  
 
 
References 
  [1]  N. C. Seeman, Nature 2003, 421, 427-431. 
  [2]  a) P. W. Rothemund, Nature 2006, 440, 297-302; b) S. M. Douglas, H. Dietz, T. Liedl, B. Hogberg, F. Graf, 

W. M. Shih, Nature 2009, 459, 414-418. 
  [3]  W. Pfeifer, P. Lill, C. Gatsogiannis, B. Sacca, ACS Nano 2018, 12, 44-55. 
  [4]  R. Kosinski, A. Mukhortava, W. Pfeifer, A. Candelli, P. Rauch and B. Sacca, Nat. Commun. 2019, accepted. 
  [5]  A. Sprengel, P. Lill, P. Stegemann, K. Bravo-Rodriguez, E. C. Schoneweiss, M. Merdanovic, D. Gudnason, 

M. Aznauryan, L. Gamrad, S. Barcikowski, E. Sanchez-Garcia, V. Birkedal, C. Gatsogiannis, M. Ehrmann, 
B. Sacca, Nat Commun 2017, 8, 14472.!



Modular design of RNA origami scaffolds and devices 
 

Cody Geary1,2, Guido Grossi1, Ilenia Manuguerra1, Mette D.E. Jepsen1, Paul Rothemund2, 
Ebbe S. Andersen1 

 
1Interdisciplinary Nanoscience Center and Department of Molecular Biology and Genetics, Aarhus University, 

Aarhus C, 8000, Denmark. 
2California Institute of Technology, Pasadena, CA 91125, United States. 

Email: esa@inano.au.dk 
 
 
Single-stranded RNA origami is an architecture enabling the design of genetically expressible RNA 
scaffolds that assemble cotranscriptionally. Through the addition of RNA aptamer modules, such 
scaffolds can control the relative position and orientations of small molecules and proteins in three 
dimensions (3D). The design of large and complex RNA origami has been limited by a lack of 
modeling and design tools. Here we expand the complexity of RNA origami architecture, and provide 
software to automate the 3D modeling of structures and thermodynamic design of sequences. This 
enables the scale and diversity of RNA origami scaffolds to be greatly extended, as exemplified by a 
series of 14 different shapes of increasing size and complexity. Nanometer-scale positioning of small-
molecule and protein binding modules is demonstrated using fluorescence resonance energy transfer 
(FRET) for both light-up aptamers and fluorescent proteins. The RNA origami FRET systems are 
further used to design and characterize a set of 6 dynamic devices that switch conformation in 
response to small molecule, RNA and protein inputs. Finally, FRET output is used to demonstrate 
scaffolding of fluorescent proteins on RNA origami scaffolds when expressed in E. coli cells. This 
study opens the door for the modular design of functional and switchable RNA scaffolds with 
potential to control molecular systems in the cell ranging from signaling pathways to enzyme 
cascades. 
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The angle dependence of fluorescence resonance energy transfer (FRET) has many useful applications for 
the study of conformationally active RNA structures. Angle dependent FRET has been difficult to study as it 
is hard to ensure that the donor and acceptor dipoles of the fluorescent system precisely track the orientation 
of the structure under study. Chemically coupling fluorophore reporters directly to nucleic acid partially 
solves this problem, but the fluorophores are not fully oriented [1]. Guided by crystal structures of RNA 
Spinach [2, 3] and Mango I [4] and the orthogonal fluorophore binding potential of these two aptamers [5], it 
was recently demonstrated that a fluorogenic aptamer-based FRET signal can be modulated by a small 
molecule, or invader nucleic acid strands [6]. Structural data, however, suggest the fluorophore binding core 
of Mango I is flexibly connected to external sequence4 presumably precluding precise angular 
measurements. 
Recently we developed three new RNA Mango aptamers [7]. Like Mango I, all of these aptamers connect to 
external RNA helices. Using Broccoli/DFHBI-1T as a donor and the far red-shifted Mango III/YO3-Biotin 
complex as an acceptor, we measured FRET efficiency using an RNA duplex of variable length between the 
two aptamers. FRET was dependent on the length of the joining RNA duplex, and oscillated in intensity 
precisely with the predicted twist of the duplex. In contrast, replacing Mango III with Mango I resulted in a 
FRET signal that was substantially rotationally averaged. This finding is consistent with a recent crystal 
structure of Mango III (Trachman et al., in press) that indicates that the fluorophore binding domain of 
Mango III is rigidly connected to its closing helix. As aptamer-tagged RNA constructs can be transcribed in 
living cells, and since the fluorogenic dyes used are cell permeable and non-toxic, we believe that rigid 
fluorogenic aptamers offer the prospect of building reliable biological FRET reporter systems. 
 
 
References 
 
[1] Iqbal, A. et al. Orientation dependence in fluorescent energy transfer between Cy3 and Cy5 terminally 
attached to double-stranded nucleic acids. Proc. Natl. Acad. Sci. 105, 11176–11181 (2008). 
[2] Huang, H. et al. A G-quadruplex–containing RNA activates fluorescence in a GFP-like fluorophore. Nat. 
Chem. Biol. 10, 686–691 (2014). 
[3] Warner, K. D. et al. Structural basis for activity of highly efficient RNA mimics of green fluorescent protein. 
Nat. Struct. Mol. Biol. 21, 658–663 (2014). 
[4] Trachman, R. J. et al. Structural basis for high-affinity fluorophore binding and activation by RNA Mango. 
Nat. Chem. Biol. 13, 807–813 (2017). 
[5] Jeng, S. C. Y., Chan, H. H. Y., Booy, E. P., McKenna, S. A. & Unrau, P. J. Fluorophore ligand binding and 
complex stabilization of the RNA Mango and RNA Spinach aptamers. RNA 22, 1884–1892 (2016). 
[6] Jepsen, M. D. E. et al. Development of a genetically encodable FRET system using fluorescent RNA 
aptamers. Nat. Commun. 9, 18 (2018). 
[7] Autour, A. et al. Fluorogenic RNA Mango aptamers for imaging small non-coding RNAs in mammalian cells. 
Nat. Commun. 9, 656 (2018). 





!"#$%&"'()$*&*#"+,)-./.$'&#$&01234)".*&%.$.&-#(-5#'"&
 

Lukas Oesinghaus1, Elisabeth Falgenhauer1, Tianhe Wang1, Friedrich C. Simmel1  
 

 1Physics Department, TU Munich, Germany 
Email: simmel@tum.de 

 
Nucleic acid strand displacement reactions are key processes of dynamic DNA nanotechnology. They enable the 
removal of nucleic acid strands from duplexes or the invasion of secondary structures formed by self-
complementary nucleic acid sequences. This in turn allows the realization of nucleic acid based molecular devices 
that are driven by hybridization/strand displacement cycles. A promising area of application for strand 
displacement processes is found in the context of RNA-based gene regulation processes such as transcriptional 
and translational riboregulators, or CRISPR/Cas mechanisms [1]. 
In this talk we will discuss several of such applications: We will show how RNA-based strand displacement can 
be used to switch the conformation of guide RNAs for the CRIPSR associated nuclease Cas12a (formerly known 
as Cpf1). Such strand displacement gRNAs (SD gRNAs) can be used to activate the action of Cas12a via 
appropriate trigger RNAs. It is also possible to create multi-input AND gates for such SD gRNAs, and also to 
operate them in the context of bacterial gene expression (using the catalytically inactive dCas12a) [2]. 
Another class of RNA regulators are toehold switch riboregulators, previously developed by Green et al. [3], 
which are based on the sequestration of the ribosome binding site of an mRNA inside of a hairpin structure, which 
can be broken via toehold-mediated strand invasion by trigger RNA molecules. We demonstrate how the action 
of toehold switches can be further modulated via strand displacement processes using antisense trigger RNAs, 
which can be used, e.g., to implement a genetic XOR gate in bacteria. 
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The field of personalized medicine aims to tailor treatment precisely to individual patients by targeting 
the specific molecular characteristics of the diseased cells [1]. For these applications, a drug delivery 
scaffold must be able to combine specific ligands for different disease markers with potent drugs and 
imaging agents, while also ensuring a sufficiently long half-life and stability in the body. In this respect, 
modular systems are advantageous, as a smaller number of functional modules can be synthesized and 
subsequently combined to produce different functional structures that fit specific disease profiles in 
individual patients. 

We have developed a modular, nanoscale (4-5 nm) nucleic acid platform for bioimaging, targeted 
drug delivery and combinatorial screening. The four oligonucleotide modules of the device consist 
entirely of chemically modified nucleotides, including locked nucleic acids (LNA) [2], rendering it low-
immunogenic and highly stable in biological fluids. A chemical handle on each module is used for facile 
and efficient conjugation to different functional molecules, including targeting ligands, imaging agents, 
modulators of pharmacokinetics, and therapeutic payloads. Stoichiometric amounts of the oligos rapidly 
self-assemble into a four-armed Holliday Junctions (HJs) with high purity. We have shown that in vivo 
circulation times and biodistribution can be efficiently controlled by functionalization with polyethylene 
glycol and albumin-binding fatty acids, and we have observed a high extent of uptake in liver cells in 
vitro and in vivo with multivalent displays of tri-antennary galactosamine (triGalNAc) moeities.  

We are currently exploring the use of the scaffold to assemble different classes of targeting 
molecules, such as aptamers, to create specific HJs for PET-imaging and radiotherapy to further 
demonstrate the potential of the HJ to function as both a multifunctional bioimaging- and drug delivery 
platform. 

 

 
Figure 1: The four oligonucleotide modules are conjugated individually and assembled in different configurations to form 
multifunctional HJs carrying different combinations of therapeutically relevant functionalities. 
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  [1] Schilsky, R. L. Personalized medicine in oncology: the future is now. Nat. Rev. Drug Discov. 9, 363 (2010). 
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Vaccination is one of the greatest achievements in the history of medical treatment and the quest to manipulate 
the immune system to generate optimally effective immunity against different pathogens can be considered the 
“grand challenge” of modern immunology. Although adjuvants have been used in vaccines to enhance immune 
response to antigens, there is still limited knowledge on the detailed mechanism of actions of most of the 
adjuvants. [1] 
 
The activation of dendritic cells (DCs) as consequence of their ability to detect “danger signals” is the first step 
to trigger T cell response in vaccination. Current immuno-therapeutic approaches suffer from a lack of detailed 
understanding in the complex interplay of immune ligand-receptors interactions. Understanding what 
combination and arrangement of signals are required for activating DC-T cell interactions is important to 
develop potent immune therapies that are highly specific and limit toxic or even lethal off-target effects. To 
fully understand cellular processes, we need novel synthetic particles with a level of control in size, shape and 
function that is currently not attainable in any nanoparticle delivery systems for antigens and danger signals. [2] 
DNA has emerged as a key player in material science and could lead to breakthrough advances in immune-
engineering: DNA origami is an ideal platform to display with unprecedented level of uniformity the 
presentation of ligands for cellular activation and allow the detailed study of ligand receptor interaction in the 
immune response. DNA offers unprecedented control over the precise positions of ligands in a nanostructure 
since each staple has a unique sequence, therefore ligands can be positioned as pixels on the structure. [3] 
 
In this work, we present a highly controlled library of danger-signal presenting DNA-origami based 
nanoparticles to study dendritic cell activation. By analysing ligand-receptor interactions, we hope to understand 
the best spacing and features of ligand presentation of adjuvants for the development of improved vaccines. 
State-of-the-art nanoparticle research has started to target these pathways, however, the focus remains limited to 
general ligand function instead of utilizing the unique spatial control given by the DNA platform to truly 
understand the relation between spatially defined ligand presentation and cellular activation intensity. Previous 
studies performed with DNA origami have used DNA nanoparticles that lack cellular stability. For the 
application of this promising technique to biological studies, stability of the DNA structures needs to be 
safeguarded. In the previous years, methods to solve the weak stability of DNA origami in cell media and in 
vivo have been developed. [4] 
 
Here, we address the stability issues by applying two new strategies to increase the in vivo stability of DNA 
origami: (1) UV-induced covalent crosslink reaction between neighbouring T developed by Dietz and 
coworkers [5]; (2) Oligolysine-PEG based coating developed by Shih lab, in which the positive changes of the 
lysines interact with DNA phosphate backbone to protect DNA origami in low salts environments and the PEG 
shield from the attack of nucleases [6]. Our stable precision materials allow us for the first time to quantitatively 
study how the amount and spacing of ligands affect the stimulation of DCs. The possibility to control these 
features with nanoscale precision is a great advantage compared to common polymeric nanoparticles, which not 
only largely vary in size (high polydispersity) but display ligands in a random disposition on their surface. 
These tools allow to unravel the complexity of our immune system and to set the next steps for DNA-origami to 
become functional structures in medicine. 
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I will present two methods that can be used to either increase the structural stability of multilayer DNA objects or 
the stability of stacking contacts within higher-order DNA assemblies. The first method relies on introducing 
additional, un-paired thymidines in close proximity within DNA nanostructures at user-defined sites (see figure 
A) [1]. Upon ultraviolet irradiation, these nearby thymidines can be covalently linked to one another by forming 
predominantly cyclobutene pyrimidine dimers. The thus created covalent bonds may be used to link free strand 
termini, to bridge strand breaks at crossover sites, and to form additional interhelical connections. Multilayer DNA 
origami objects designed with un-paired thymidines and irradiated with UV light to induce covalent bonding 
preserve their global shape up to temperatures of 90°C and in pure double-distilled water with no additional 
cations present. This is a general, site-selective method that can be scaled in a biotechnological fashion.  
The second method relies on modifying the terminal base of one blunt!ended helix of the stacking contact with 
the 3!cyanovinylcarbazole (cnvK) moiety (see figure B) [2]. In addition, a thymidine residue is positioned at the 
other corresponding blunt!end of the stacking contact. In the bound state, the two blunt!ended helices are stacked 
to one another, resulting in a co!localization of cnvK and the thymidine. Upon ultraviolet irradiation, a covalent 
bond can be created across the stacking contact linking the cnvK moiety to the thymidine. This bond can also be 
cleaved again upon irradiation with UV light of shorter wavelength, allowing repeated formation and cleavage of 
the same covalent bond on the timescale of seconds. Using this method, stacking!bond stabilized higher-order 
DNA assemblies can be covalently linked in their fully assembled state. Once covalently stabilized, they can be 
subjected to purification and enrichment procedures to produce pure and dense solutions. These procedures 
typically require low ionic strength to obtain satisfying recovery yields. At these conditions, higher!order 
assemblies would fall apart into their individual building blocks unless further stabilized. 
Taken together, both methods open up new avenues for applications of DNA nanostructures in a wider range of 
conditions, which may result in a broader applicability of DNA-based nanotechnology in general. 
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Self-assembly of DNA into complex shapes has enabled the construction of complex, discrete nanostructures with 
defined geometries. In many applications, the assembled DNA nanostructure does not fulfil a function by itself, 
but serves as a structural scaffold, onto which functional moieties are placed at defined relative positions, much 
as on a molecular breadboard. Since synthetic oligonucleotides with a broad range of chemical modifications are 
commercially available, the incorporation of chemical moieties usually is straight forward. If many chemically 
modified strands are to be incorporated, for example, as in a molecular beacon with many fluorescent labels, this 
procedure results in high manufacturing costs. Enzymatic modification of DNA nanostructures could lead a way 
around this issue. We will present our results evaluating the potential for an enzymatic post-assembly modification 
of DNA origami nanostructures.  
 
 

 
 

Poster No. 16



DNA origami-templated silica growth by sol-gel chemistry 
 

Linh Nguyen1, Markus Döblinger2, Tim Liedl1, Amelie Heuer-Jungemann1 
 

 1 Faculty of Physics and Center for Nanoscience, Ludwig-Maximilians University, Munich, Germany 
2 Department of Chemistry and Center for Nanoscience, Ludwig-Maximilians University, Munich, Germany 

Email: A.Heuerjungemann@physik.lmu.de 
 

DNA nanotechnology allows for the bottom-up synthesis of nanometer-sized objects with high precision and 
selective addressability due to the programmable hybridization of complementary DNA strands. The 
introduction of DNA origami1 has resulted in a plethora of objects of different shapes and sizes, many of which 
have been site-specifically modified with a variety of functional moieties such as proteins or nanoparticles.2, 3 
Potential fields of applications of these DNA nano-objects range from plasmonic metamaterials to 
nanomedicine. However, improving the stability of DNA origami structures with respect to thermal, chemical, 
and mechanical demands will be essential to fully explore the real!life applicability of DNA nanotechnology. By 
encapsulating DNA origami in a protective silica shell using sol–gel chemistry, we developed a strategy to 
increase the mechanical resilience of individual DNA origami objects and 3D DNA origami crystals4 in solution 
as well as in the dry state.5 This allowed for a detailed structural analysis of the crystals in a dry state, thereby 
revealing their true 3D shape without lattice deformation and drying!induced collapse. Our synthetic approach 
(Figure 1a) is based on the well!known Stöber method.6 However, the Silica species involved in this reaction are 
negatively charged, which poses a problem when considering reactions with anionic DNA. Therefore we 
employed a positively charged co!structure directing agent TMAPS 
(N!trimethoxysilylpropyl!N,N,N!trimethylammonium chloride), which is capable of electrostatic attraction to 
the polyanionic DNA backbone. Co!condensation with the silica precursor tetraethoxy orthosilicate (TEOS), 
then enabled uniform silica growth directly on the DNA structure (Figure 1b and c). The shell thickness could 
be tightly controlled by means of reaction time as well as reactant concentrations. Resulting silicified DNA 
origami structures displayed not only excellent mechanical and thermal stability, but were also protected from 
degradation by nucleases. All in all our encapsulation strategy facilitates shape!controlled bottom!up synthesis 
of designable biomimetic silica structures through transcription from DNA origami. 
 
 

 
 

 
 
 
 
 
 
 
 
 
Figure 1: a Schematic of DNA Origami-templated Silica structures. b shows a TEM image of 14 helix-bundle 
DNA origami rods stained with Uranyl Formate (left) and the same rods after silica coating (right). Due to the 
higher electron density of silica, no staining was required for visualization. c depicts a TEM image of 14 helix-
bundle DNA origami rings stained with Uranyl Formate (left) and the same rings after silica coating (right). 
Scale bars are 300 nm for a and b and 30 nm for insets. 
 
  
References 
[1] P. Rothemund, Nature, 2006, 440, 297-302. 
[2] R. Schreiber et al., Nature Nanotechnology, 2014, 9, 74-78. 
[3] G. L. Ke et al.,  Angew. Chem. Int. Ed., 2016, 55, 7483-7486. 
[4] T. Zhang, et al., Adv. Mater., 2018, 30, 6. 
[5] L. Nguyen, et al., Angew. Chem. Int. Ed., 2019, 58, 912-916. 
[6] W. Stöber, et al., J. Colloid Interface Sci., 1968, 26, 62-69. 

a 

Poster No. 17



!"#$%&'()(*$+),"-.)%/0$.1"-$."23!"4/5'/+#*+678)4/9"%*#.$4#$&:

!"#$%&$'())*+,*-$ $.$$/$01#234$0"#5./$64174($8*-#"-94#*774./$:*,,"$;-<(#*#=/$8>?-#$'?5@*-5.

!"!#$%&'()$*(!+,!-$./0&1!2/+03$)/4('5!&*.!2/+%354/046!7&'+1/*48&!9*4(/(:($(6!;<$.$*
=!#$%&'()$*(!+,!>+)%:($'!;0/$*0$6!?&1(+!@*/A$'4/(56!B/*1&*.

C)&/1D!/&*E3+,,$08$'F8/E4$

A*$<-*2*#B$"$B3*(-*B4+"7$)-"C*D(-,$"#9$<-(()$()$<-4#+4<7*$)(-$"$C*B3(9$()$=E$4C"5*$+(#2B-1+B4(#$)-(C$EFG
2*H1*#+4#5 $9"B"& $EFG$<(7(#I $"C<74)4+"B4(# $ B*+3#4H1*2 $3"J* $*#"@7*9 $ B3* $5*#*-"B4(# $() $1#4H1*7I $@"-+(9*9
<"B+3*2$()$EFG$B($@*$5-(D#$4#$2<"B4"7I7$-*2B-4+B*9$<"B+3*2$(#$21-)"+*2$K.L&$8I$5-(D4#5$B3*2*$<"B+3*2$B($B3*
<(4#B$()$2"B1-"B4(#$21+3$B3"B$"9>"+*#B$<(7(#4*2$"-*$4#$+(#B"+B$D4B3$(#*$"#(B3*-/$"#9$@I$21@2*H1*#B7I$+-(2274#,4#5
<(7(#4*2$B3"B$"-*$4#$+(#B"+B$D4B3$(#*$"#(B3*-/$4B$42$<(224@7*$B($5*#*-"B*$*95*$9"B"$(-$B3*$"22(+4"B4(#$()$BD($1#4H1*
@"-+(9*2&$M95*$9"B"$+"#$@*$12*9$B($-*+(#2B-1+B$"$)177I$4#B*-+(##*+B*9$#*BD(-,&$A*$23(D$B3"B$@I$*N<7(4B4#5$B3*
-"#9(C$942B-4@1B4(#$()$<(7(#4*2$(#$"$21-)"+*/$"$2ICC*B-4+$+4-+17"-$@(1#9"-I$+(#94B4(#$()$B3*$-*54(#$()$4#B*-*2B/
"#9$B3*$ 4#3*-*#B $<7"#"-4BI$()$B3*$21-)"+*/ $ 4B $ 42 $<(224@7*$ B($-*<-(91+*$D4B3$3453$)49*74BI$ B3*$(-454#"7 $-*7"B4J*
"--"#5*C*#B$()$<(7(#4*2$124#5$B3*$%1BB*$*C@*994#5$"75(-4B3C&$A*$"72($23(D$B3"B$"$#(#O9*B*-C4#42B4+$2(71B4(#
D4B3$24C47"-7I$3453$)49*74BI$+"#$@*$"+34*J*9$124#5$"$2<-4#5$-*7"N"B4(#$B*+3#4H1*&$8I$124#5$<(7(#4*2$"2$"$,4#9$()
<4N*7/ $"@7*$B($+"<B1-*$C(7*+17*2$()$4#B*-*2B $"#9$B-"#2C4B$ B3(2*$"22(+4"B4(#2$ B($B3*$C*23$-*+(#2B-1+B4(#/$ B342
<-4#+4<7*$+"#$@*$12*9$B($5*#*-"B*$D3(7*$4C"5*2$)-(C$2*H1*#+4#5$9"B"$"7(#*&$A*$+3"-"+B*-4P*$B3*$942B(-B4(#2$4#
-*+(#2B-1+B*9$4C"5*2$"#9$23(D$B3"B$B3*I$"-*$7(+"7$"#9$C(2B$<-*J"7*#B$#*"-$@(1#9"-4*2$@1B$9($#(B$*NB*#9$(J*-
B3*$7*#5B3$2+"7*$()$B3*$-*+(#2B-1+B*9$4C"5*&$

!"#$%&'(Q$!C"5*$-*+(#2B-1+B*9$124#5$%1BB*$*C@*994#5$B($"--"#5*$<1-*7I$B(<(7(54+"7/$<"4-D42*$"22(+4"B4(#$9"B"$
"7(#*$R$9"B"$D34+3$+(179$@*$B-"#2C4BB*9$B3-(153$B3*$<"4-4#5$()$"9>"+*#B$21-)"+*O5-(D#$@"-+(9*9$<(7(#4*2$"#9$
21@2*H1*#B$#*NB$5*#$2*H1*#+4#5&

)&*&%&+,&-

$$K.L$!"##$%&$'()*+(,-./(,+(0$'.-'12.$332(4+(5'6".$.(7+(!8/9$'/(0:(;(<"=6>?-?2".-3(@'-=$A"'&(#"'(BC;(
D$E>$.%2./F0-G$1(H2%'"G%"6I:(92"JK2L:(MNOP(Q-.(ORSTUMNN:

Poster No. 18





Reconfigurable and Programmable pH-Responsive DNA Origami
Nanocapsule for Loading, Encapsulation and Displaying of Cargo

Heini IjŠs12, Iiris Hakaste1, Boxuan Shen1, Mauri A. Kostiainen13 and Veikko Linko13

1 Biohybrid Materials, Department of Bioproducts and Biosystems, Aalto University, Finland
2 Nanoscience Center, Department of Biological and Environmental Science, University of JyvŠskylŠ, Finland

3 HYBER Center of Excellence, Department of Applied Physics, Aalto University, Finland
Email: heini.e.ijas@jyu.fi

DNA nanotechnology provides a toolbox for creating custom and precise nanostructures with nanometer-level
accuracy. In the recent years, a growing interest to add dynamic properties to these otherwise static nano-objects
has led to the introduction of various examples of dynamic nanoscale devices based on the DNA origami technique
[1]. Devices capable of shielding and transporting cargo until receiving a specified external trigger for cargo
display or release can have intriguing prospects in drug delivery. One such example of a biologically relevant
trigger is a pH change in the environment Ð such as an elevated cytoplasmic pH, a distinct characteristic of cancer
cells [2]. Here we present a dynamic, pH-responsive DNA origami nanocapsule for the encapsulation and display
of various types of molecular cargo [3] (see Figure 1). The design has been functionalized with multiple ÒpH
latchesÓ Ð triplex-forming pairs of a DNA double helix and a single-stranded DNA that lock the capsule in a
closed state when pH is below the pKa of the system (adjustable by the T-AáT base triad content of the latch
strands [4,5]). By using Fšrster resonance energy transfer (FRET) based measurements, we have shown that
opening and closing can be triggered repeatedly in physiologically relevant conditions [6]. By applying both gold
nanoparticles and enzymes as cargo mimics, we have demonstrated that this can be appended into a full cycle of
cargo loading, encapsulation, and display, while preserving the functionality of the enclosed molecules.

Figure 1: DNA origami nanocapsule design and function. Top panel: The hinged nanocapsule with a
horseradish peroxidase (HRP) payload is equipped with eight programmable pH-responsive DNA triplexes,
which hold the nanocapsule closed when pH < pKa. Bottom panel: Cargo loading cycle of the nanocapsule,
Open/closed state of the structures during each step of the cycle is determined by FRET analysis of fluorescent
dyes (green: energy donor, red: energy acceptor) positioned into the opposing halves.
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Lipid bilayers and lipid-associated proteins play crucial roles in biology. As in vivo studies and manipulation are 
inherently difficult, membrane-mimetic systems are useful for the investigation of lipidic phases, lipid-protein 
interactions, membrane protein function and membrane structure in vitro [1]. Controlling the size and shape or 
introducing functional elements in a programmable way is, however, difficult to achieve with common systems 
based on polymers, peptides or membrane scaffolding proteins. In this work [2], we describe a route to leverage 
the programmability of DNA nanotechnology and create DNA-encircled bilayers (DEBs). DEBs are made of 
multiple copies of an alkylated oligonucleotide hybridized to a single-stranded minicircle, in which up to two 
alkyl chains per helical turn point to the inside of the toroidal DNA ring. When phospholipids are added, a bilayer 
is observed to self-assemble within the ring such that the alkyl chains of the oligonucleotides stabilize the 
hydrophobic rim of the bilayer to prevent formation of vesicles and support thermotropic lipid phase transitions. 
The DEBs are completely free of protein and can be synthesized from commercially available components using 
routine equipment. The diameter of DEBs can be varied in a predictable manner. The well-established toolbox 
from structural DNA nanotechnology, will ultimately enable the rational design of DEBs so that their size, shape 
or functionalization can be adapted to the specific needs of biophysical investigations of lipidic phases and the 
properties of membrane proteins embedded into DEB nanoparticle bilayers. 

 
Figure 1: Assembly of the DEBs: a. ssDNA MCs (bottom) react with 7 complementary strands, each carrying 4 
alkyl groups in red (top) forming a double-stranded DNA MC b. in the presence of lipids, bilayer is formed inside 
the ds DNA MC, resulting in DEB formation 
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Host-guest complexes rely on non-covalent interactions between a concave host surface, displaying 
convergent ligands, and a convex guest surface, exposing divergent binding sites. We recently applied 
this principle to hold large DegP oligomers within the cavity of a DNA origami structure [1] (Figure 
1a). Our approach is based on the decoration of the inner surface of the DNA host with multiple identical 
ligands converging to the corresponding binding sites exposed over the surface of the symmetric protein. 
The enhanced binding avidity of this �O�L�J�D�Q�G�V�¶���F�R�Q�I�L�J�X�U�D�W�L�R�Q��has been demonstrated for specific protein 
recognition motifs and amino-acid selective tweezers, leading to formation of 1:1 DNA:protein 
complexes even for relatively weak affinity constants. However, the apparent entropic advantage of 
symmetric encapsulation systems [2] is counterbalanced by the lack of control over the relative 
orientation of the protein cargo: a property that could be instead useful for single-molecule studies. With 
the aim to overcome this drawback and better understand the role of compartmentalization on the 
binding events, we are currently investigating the asymmetric functionalization of a modular DNA host 
for the directionally oriented encapsulation of a symmetric protein, the VCP/p97 segregase [3] (Figure 
1b-d). We envisage that single-molecule imaging of DNA-p97 coaxial complexes will help to unravel 
the working principle of this protein, involved in several ubiquitin-related physiological processes. 
 

 

 

Figure 1. Symmetric and asymmetric strategies for binding proteins guests into DNA-origami hollow 
hosts. a) Previous studies performed on the DegP protein, using peptide ligands and Lys-selective molecular 
tweezers. b) Applying a modular design principle, hindered molecular diffusion through the host cavity can 
be circumvented. c) TEM images of fully assembled cages. Scale bars are 20 nm. d) Encapsulation of a PUB 
motif within the DNA cavity will enable recognition of p97 at its C-terminus, thus favoring the coaxial 
orientation of the protein along the central axis of the cage.   
 
References: 
  [1] A. Sprengel et al. Nat Commun 2017, 8, 14472. 
  [2] P. I. Kitov, D. R. Bundle, J Am Chem Soc 2003, 125, 16271-16284. 
  [3] a) H. Meyer, C. C. Weihl, J Cell Sci 2014, 127, 3877-3883; b) F. Trusch, A. Matena, M. Vuk, L. 
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Recent advances in the field of nanotechnology have given rise to a diverse collection of nanoscale objects with 
arbitrary shapes, sizes and material properties, but effective strategies for directing these objects into well-
defined nanoscale arrangements are still needed [1]. Programmable and modular DNA nanostructures, such as 
DNA origami structures, have proven to be feasible templates for directing the higher-ordered arrangements of 
other compounds. Further, the DNA origami structures carry a high overall negative (surface) charge, which 
makes them suitable building blocks also in self-assemblies held together by electrostatic interactions.  
 
Spatially well-ordered structures of metal nanoparticles have unique electronic, magnetic and optical properties, 
and hence these kinds of nanomaterials have aroused increasing interests [1]. Previously, DNA origami 
structures and other DNA-based motifs have successfully been used to control and direct the higher-order 
arrangements of metal nanoparticles [2]. However, an additional DNA functionalization of the particles is often 
required to link them to the DNA frames. We have recently demonstrated that highly ordered 3D metal 
nanoparticle superlattices could be formed also by plainly employing electrostatic interactions between the 
particles and the DNA nanostructures [3]. By utilizing the negatively charged DNA origami surface, we were 
able to assemble 6-helix bundle DNA origami and cationic gold nanoparticles (AuNPs) into well-ordered 3D 
tetragonal superlattices. Different combinations of DNA origami and AuNPs were studied, and the results reveal 
that shape and charge complementarity between the building blocks are crucial parameters for lattice formation. 
Our method is straightforward to use, takes place at room temperature in aqueous solution and is not limited to 
only AuNPs and the DNA origami shapes used in the work. Therefore, we believe that this modular approach 
could open up new opportunities for the construction of a variety of functional materials with high degree of 
translational order.  
 
 

 
Figure 1: a) DNA origami-AuNP crystal structures are formed upon dialysis against gradually decreasing ionic 
strength. b) Cryo-TEM image of the formed superlattices. 
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The complexity of cell behaviour is controlled by biomolecular interactions, incentivizing the development of 
strategies to image protein-protein pairs. The authors have developed Proximity Displacement PAINT (PD-
PAINT) [1], an immunolabelling system where antibody-DNA conjugates reconfigure under proximity, 
allowing for superresolution imaging of the dimer using DNA PAINT.  
 
To model the system numerically for in silico optimization of the DNA nanostructures, we explicitly extracted 
the configurational entropy of dimerization using Monte-Carlo molecular modelling.  This estimate of the 
dimerization entropy can be combined with estimates of the in solution hybridization free energy of DNA 
nanostructures as evaluated by a Nearest-Neighbours model of DNA. This hybrid approach allows for the 
design space of similar DNA nanostructures to be explored which would otherwise be prohibitively 
computationally expensive.  
 

 
 
 
 
 
 
 
 
 
 
 

Figure 1: The free energy of probe hybridization as predicted by the oxDNA force field complemented by a 
Nearest-Neighbours model of DNA. As the probes approach they hybridize, until when the probes are adjacent, 
60% of probes are in the open configuration. 
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In the field of structural DNA nanotechnology, DNA double helix is used as a build block to assemble a nano-
scale structure with complex geometry [1]. In the past few decades, various kind of DNA nanostructures has been 
demonstrated with a potential application in molecular-level robotics, smart drug delivery systems, and so on [2]. 
To rationally design such DNA nanostructures, a number of software has been developed such as caDNAno [3], 
Tiamat [4], SARSE [5], vHelix [6], and DAEDALUS [7]. Although those programs are available online, raw 
design information (e.g. caDNAno file) is not usually provided together with a publication. The situation causes 
an underlying problem that one has to pay a great effort to recycle DNA nanostructures of the others. Getting rid 
of the obstacle may enable us to engineer a new system on top of well-qualified DNA nanostructures. 
In the field of molecular biology and synthetic biology, on the other hand, information of biomolecular structure 
and gene sequence is successfully stored in databases such as protein data bank (PDB) [8] and standardized gene 
parts library of BioBrick [9], respectively. Here, we propose a database that stores the design information of DNA 
nanostructures, especially targeting the caDNAno format (Fig. 1). In the current version that is developed offline, 
the input to the database is a caDNAno file which is converted to several useful formats such as PDB file, rendered 
images, and DNA sequence table. It is possible to add some information such as digital object identifier (DOI) to 
identify the publication about the structure. We also prepare some standard objects such as six helix bundles, 
rectangles, and cubes, which are listed in the database. From the web-based interface, users can access to the data 
for the purpose of lab experiment and/or computer simulations such as CanDo [10] and oxDNA [11]. In the 
presentation, we would like to discuss further requirements of the database for improving user experience. In the 
future, the database may serve as a catalog of DNA parts, which will  accelerate the engineering process of complex 
DNA nanostructures. 

 
Figure 1: The concept of DNA nanostructure database. When the caDNAno file is uploaded, it is converted to 
several file formats, which will be listed in the database. 
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A challenge for the bottom-up fabrication of nanoelectronic devices is the accurate material deposition on the 
nanometer scale. Concerning biomolecular materials, DNA nanotechnology meets this challenge by being highly 
precise at building DNA structures of nearly any desired form. We recently introduced the concept of a DNA 
origami mold-based particle synthesis that allows the synthesis of inorganic nanoparticles with programmable 
shape. Particularly, we demonstrated the fabrication of 40 nm long rod-like gold particles with quadratic cross-
section [1] as uniform micrometer-long conductive gold nanowires of 20-30 nm diameter [2]. Direct conductance 
measurements demonstrated the metallic conductivity of these wires. 
Here, we expand the mold-based fabrication method to nickel, being a ferromagnetic material. To allow a seeded-
growth of nickel inside the origami molds, palladium nucleation centers needed to be introduced into the mold 
cavity. We therefore synthesized palladium nanoparticles and established an efficient functionalization protocol 
of the particles with single-stranded DNA. The functionalized particles were bound to complementary DNA 
strands inside the mold cavity from which a seeded nickel deposition was initiated. This provided rod-like nickel 
nanoparticles with an average diameter of 25 nm. The introduction of magnetic domains in the mold-based 
fabrication scheme provides a possible route to establish nanoscopic spin-valve structures. 
 

 
 

Figure 1: Scheme and tSEM images illustrating the mold-based synthesis procedure of nickel nanostructures. 
Palladium nanoparticles were synthesized, functionalized with single stranded DNA and placed inside DNA 
origami molds. These particles were used as a nucleation center for a seeded nickel growth while the origami 
shell confined the resulting structure. Scale bar: 20nm. 
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DNA origami as first presented by Rothemund [1] has become a versatile tool with great potential in many 
different research areas such as nanotechnology [2], biophysics, as well as fundamental research at a single 
molecule level [3-5]. By hybridization of a given single stranded DNA scaffold with specially designed 
oligonucleotides one can achieve self-assembly of almost arbitrary structures. Furthermore, functional entities 
such as proteins can be arranged on a DNA origami with nanometer precision by chemical modification of selected 
staple strands which makes DNA origami nanostructures particularly useful as substrates for single molecule 
studies. Such applications critically rely on an intact DNA origami in order to obtain the desired molecular 
arrangements. 
Thus, we here investigate the effects of staple age on the self-assembly and stability of DNA origami triangles 
and six-helix bundles (6HB). Our results show that the respective staple solution may be stored at -20¡C for 
several years without significantly affecting DNA origami assembly. At the same time, however, staple age may 
have drastic effects on DNA origami stability under mildly denaturing conditions, as exemplified here for the 
washing of surface-immobilized DNA origami with water. Furthermore, these effects are found to depend on 
DNA origami shape and structure. 
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Surface enhanced Raman scattering (SERS) is a well-stablished analytical technique in which high intensity 
Raman signals originate in principle from the electromagnetic field enhancement at tight junctions or nanometer 
sized gaps between individual plasmonic nanostructures, such as gold or silver nanoparticles. Due to the strong 
plasmon resonance coupling of those nanoparticles, in this gap a so-�F�D�O�O�H�G���³�K�R�W-�V�S�R�W�´ is generated, which can be 
used not only for SERS studies, but also to drive chemical reactions and enable new ways of photocatalysis [1]. 
In this sense a precise control over the spacing of the individual nanoparticles is required to obtain the maximum 
SERS signal. DNA origami allows the precise control over the orthogonal organization of different entities and 
was already successfully applied in SERS and other plasmonic studies [2]. Herein we used nanoparticle dimers 
self-assembled using DNA origami nanotriangle scaffolds to determine enhancement factors (EF) of single 
nanostructures by correlation of AFM and SERS measurements. Obtaining the EF for a collection of randomly 
distributed molecules on a surface are usually easily experimentally obtained, however from a fundamental point 
of view and for comparison with theoretical calculations, it is important to understand how this average EF comes 
from the enhancement experienced by each molecule �L�Q���W�K�H���³�K�R�W-�V�S�R�W�´ [3]. Moreover, this EF is dependent not 
only on the obtained nanostructure, but also on the molecule structure and geometry, the position of the molecule, 
interparticle distance, etc., in this way obtaining the EF, with reliable statistics, can provide an indication of the 
maximum achievable EF by a determined system. Herein 80 nm gold nanoparticles modified with dyed-DNA 
strands were self-assembled into a dimeric structure using DNA origami nanotriangles, with separation between 
particles around ~3 to 4 nm. Using these assemblies, the EF can be determined with different Raman excitation 
wavelengths, which are correlated with the computationally calculated EF.  
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The self-assembly of a DNA origami structure, although mostly feasible, represents indeed a rather 
complex folding problem. Entropy-driven folding [1] and nucleation seeds formation [2] may provide 
possible solutions; however, until now, a unified view of the energetic factors in play is missing. By 
analyzing the self-assembly of origami domains with identical structure but different nucleobase 
composition, in function of variable design and experimental parameters, we identify the role played by 
sequence-dependent forces at the edges of the structure, where topological constraint is higher [3]. Our 
data show that the degree of mechanical stress experienced by these regions during initial folding 
reshapes the energy landscape profile, defining the ratio between two possible global conformations 
(Figure 1a and b). We here propose a dynamic model of DNA origami assembly (Figure 1c) that relies 
on the capability of the system to escape high structural frustration at nucleation sites, eventually 
resulting in the emergence of a more favorable but previously hidden state.    

Figure 1. Topology- and sequence-dependent factors governing DNA origami folding. a) A DNA 
origami structure, composed of three quasi-independent domains (A, B and C) of identical shape but distinct 
sequence content, was observed to lead to four types of global isomers (b). In our proposed dynamic model 
of DNA origami folding, the final fate is dictated by the degree of topological stress experienced at the 
nucleation sites (c). Besides formation of the iso I state, favored by a low level of structural frustration, this 
mechanism enables to travel an alternative folding pathway leading to a typically less populated iso II state, 
which becomes competitive for structurally frustrated initiation seeds. 
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Selective isolation of DNA is crucial for applications in biology, bionanotechnology, clinical diagnostics and 
forensics. Despite the diverse variety of approaches, current methods have critical shortcomings that require 
trade-offs between material cost, ease of use, versatility and performance. To address this challenge, we have 
developed a smart methanol-responsive polymer (MeRPy) that can be programmed to bind and separate single- 
as well as double-stranded DNA targets [1]. MeRPyÕs development was inspired by SNAPCAR, a recently 
reported method for scalable production of kilobase-long single-stranded DNA [2]. MeRPy acts as a ready-to-
use macroligand for affinity precipitation. Captured targets are quickly isolated and released back into solution 
by denaturation (sequence-agnostic) or toehold-mediated strand displacement (sequence-selective). The latter 
mode allows 99.8% efficient removal of unwanted sequences and 79% recovery of highly pure target sequences. 
We applied MeRPy for depletion of insulin cDNA from clinical next-generation sequencing (NGS) libraries. 
This step improved data quality for low-abundance transcripts in expression profiles of pancreatic tissues. Its 
low cost, scalability, high stability and ease of use make MeRPy suitable for diverse applications in research and 
clinical laboratories, including enhancement of NGS libraries, extraction of DNA from biological samples, 
preparative-scale DNA isolations [3], and sorting of DNA-labeled non-nucleic acid targets. 
 

  
Figure 1: Methanol-responsive switching between homogeneous and heterogeneous phase enables MeRPy to 
rapidly bind, isolate and release DNA targets. 
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