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General introduction

The industrial revolution, which started at the end of the XVIII th century in Europe, changed the face of the world by mechanising manual processes thus accelerating the economical development of numerous countries. This revolution, rendered possible by the creation of many complex machines, is still ongoing and has been marked by periods of great activity in various technology fields: petrol and electricity for the second period, electronics and informatics for the third.

Regarding this ongoing aspect, to which technologies should we focus our research now? Our expectations have changed, and so have our priorities: we expect tomorrow's technologies to heal us, make our everyday life easier, feed us, allow us to discover new horizons but also we need them to be more environment friendly, reliable and sustainable.

Fifty years ago, after centuries of conjugating power with grandeur, the tendency was radically reversed and the race towards innovation now focuses on the obtention of always smaller machines. The stakes of miniaturisation are manifold: a minor use of resources for a comparable efficiency, a better accuracy in the performed tasks, better performances with minimal clutter, and a possibility to act on always smaller objects. In the medical field notably, the hopes carried by the use of miniature machines are tremendous. They pave the way for the development of targeted therapies requiring the localized, precise and adapted action of an active substance.

The machines capable of such feat will have to be biocompatible and smaller than the targeted objects to ensure optimal precision. The awarding of the Nobel Prize in Chemistry in 2016 to Jean-Pierre Sauvage, Bernard Feringa and James Stoddart for their important contributions in the development of molecular machines furthermore confirms this trend and its importance in tomorrow's world. The key technologies of our future could therefore be machines which would be invisible to the naked eye, having a micro or nano-meter size, but which would be more precise and efficient than current systems.

The purpose of my PhD work is to create a methodology for the formation of biocompatible nanomachines with an energy-efficient process and to modulate them for remote controlling.
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We therefore chose to build those machines with an easily accessible biological molecule: DNA.

DNA nanotechnology exploits the perfect specificity of the Watson-Crick base-paring to create elaborate objects through a bottom-up process. Amidst this rapidly expanding technology field, DNA origami has proven to be an efficient way to create highly complex 2D and 3D nanostructures with arbitrary programmable shapes. To do so, a single stranded circular DNA scaffold molecule is folded by self-assembly with a large number of complementary small oligonucleotides called "staples", whose sequence distribution defines the final origami shape. The resulting folded supramolecular objects are constituted of around 250 DNA strands bound together through more than 20000 hydrogen bounds. Such a self assembly process involving so many molecules and creating so many bonds is quite remarkable in the chemists' point of view. By simply changing the set of staples used for origami formation, it is possible to obtain from the same scaffold DNA a large variety of shapes. In the final folded origami, the position of each staple is perfectly well-defined, which makes the site-specific functionalisation of origamis with various entities (proteins, nanoparticles, ...) with a nanoscale precision easily accessible.

The shape and stability of DNA origamis both depend on one important factor: the hybridization of DNA strands within the structure. The formation process happens thanks to a thermal annealing ramp and the reverse process, called melting, upon heating of the origamis above a given temperature named the melting temperature. A full comprehension of both processes is crucial for a better understanding of origami intrinsic dynamics and for their fine tuning. The dynamics of hybridization and dehybridization of DNA bases within DNA origamis is therefore at the center of this PhD project. Furthermore, origamis are intrinsically static structures and being able to perform a dynamic control over their shape is both desirable and challenging. The sole structural reconfigurations triggered by a temperature modifications are not entirely satisfactory because of the incompatibility with thermosensitive samples. The development of isothermal processes for the dynamic control of DNA nanostructures is therefore an important challenge.

Over the last three years, I have addressed this two fold challenge with four approach angles:

• Study of the formation process of DNA origamis and the influence of various factors such as the buffer and the counter-ions present in solution (Chapter 2, p.67)

• Study of the melting process through the use of a new characterization method for the precise label free determination of the melting temperature (Chapter 3, p.107)

• Photocontrol of the hybridization/dehybridization dynamics within origamis at constant temperature for the obtention of primitive DNA nanomachines (Chapter 4, p.147)

• Development of an isothermal formation process to throw off the otherwise necessary thermal annealing processes (Chapter 5, p.189).

All those projects can be summarized in the following scheme

Architecture of the manuscript

This PhD thesis is divided in 5 chapters. The first introductory chapter aims to give an overview of the concepts and challenges of this work. Each of the other four chapters starts with first a bibliography part, which presents the specific state of the art for each addressed subject, followed by descriptions of the results obtained during this PhD. Each part ends with a short summary of the topics addressed and each chapter ends with the conclusions drawn on each subject. The manuscript ends with a general conclusion, followed by several annexes presenting the experimental protocols used for the obtention of this PhD's results, a summary written in french, my academic resume and the bibliography.

Chapter 1 describes more specifically the links between supramolecular chemistry and the DNA nanotechnology field and presents the two main technologies used during this PhD: DNA origamis and DNA Single-Stranded Tiles (SST) as well as their most common applications. A special focus on dynamic DNA nanomachines and more specifically stimuli-responsive DNA nanostructures is also made. The most commonly used stimuli are described as well as their applications.

Chapter 2 consists in a study of DNA origamis (and in a more restricted way SST) formation under various buffer and salt conditions. Notably, origamis were formed in Na + containing
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buffers, instead of the generally used Mg 2+ .

Chapter 3 describes the application of a new quantified gel electrophoresis characterisation method for the determination of DNA origami melting temperature. Using this new method, it was possible to describe an unusual non-monotoneous melting behaviour and to determine with unprecedented precision the melting temperature of origamis in various buffer conditions and with high reproducibility.

Chapter 4 reports the use of a new photosensitive DNA intercalator named AzoDiGua (previously developed in our laboratory) for the reversible isothermal photocontrol of DNA origami melting and formation. AzoDiGua is an azobenzene derivative with two guanidinium moieties at each extremity, which can undergo an isomerisation process from the trans to the cis state upon UV irradiation and recover its original trans state upon blue irradiation. This property provides a photodependent intercalation in DNA origamis, leading notably to a photoreversible modification of the melting temperature. Tall-rectangle origamis origamis were shown to undergo a partial isothermal melting upon UV irradiation and to recover a fully folded state upon blue irradiation.

Chapter 5 finally describes the first room-temperature isothermal self assembly process of DNA origamis which does not require any thermal denaturation step nor the use of any denaturing agent. With this new method, the formation of multiple origami shapes was reported, as well as SST. It also allowed for the first real-time AFM imaging of individual DNA origamis folding, giving new insights on the multiple and complex folding mechanisms of DNA origamis.

Chapter 1

From supramolecular chemistry to stimuli-responsive DNA nanomaterials

The field of supramolecular chemistry aims at understanding and controlling the non-covalent interactions which can exist between molecules in a defined environment, and supramolecular chemists are capable of creating highly complex and functional molecules, ranging from catenanes to molecular muscles or nano robots. It opened new perspectives for chemists to use molecules not only as reactants or for their final properties, but also as building blocks for larger, more complex and reconfigurable structures. With the rise of supramolecular chemistry, the look of scientists on some molecules has changed. In the 80's, DNA started to be regarded not only as the support of genetic information, but also as a potential building block for nanomaterials. This eventually gave birth to the blossoming DNA nanotechnology field, which has proved to be a valuable tool for the creation of nano objects with an unprecedented control over their shapes and sizes.

In this introductory chapter, I will present briefly the concepts and key knowledge points on supramolecular chemistry, before introducing DNA first as a biological molecule and second as a building block for nanomaterials. I will furthermore present some of the applications of DNA nanostructures that have been developed over the past fifteen years. Finally, I will describe the most commonly used methods to create stimuli-responsive DNA nanostructures. It was with those words that Jean-Marie Lehn defined the term "supramolecular chemistry" in a book published 8 years after he was awarded the Chemistry Nobel Prize in 1987 (along with Donald J. Cram and Charles J. Pedersen) for his "development and use of molecules with structure-specific interactions of high selectivity". The attribution of this award gave birth to supramolecular chemistry in the eyes of the world, almost fifty years after the first observations of supramolecular assemblies (which used to be named Übermoleküle). From the first observations came the first synthesis of custom-made assemblies with high control over their shape and function, with applications overriding the borders of molecular chemistry and going from the physics of condensed matter to the study of biomolecules self-assemblies. And for J-M Lehn to continue: "[...] supramolecular chemistry expands into a supramolecular science. Such wide horizons are a challenge and a stimulus to the creative imagination of the chemist." The creation of large covalent structures through multiple synthesis steps is often limited by either the feasibility of the synthesis or its yield. In 2010, Schlüter et coll. reported the synthesis of "The Largest Synthetic Structure with Molecular Precision" 2 , with a size of about 10 nm. As we will see in this Thesis, supramolecular objects can easily reach bigger sizes than 100 nm and in that regard, the imagination of the chemist is indeed the only limitation.

The whole supramolecular chemistry field aims at understanding how molecules can spontaneously interact in a specific and reversible manner, and at mastering such interactions to build molecular recognition systems and complex architectures. In order to achieve this goal, supramolecular chemists create objects which self-assemble through non-covalent interactions which are strong enough to ensure a certain cohesion in the structure but weak enough to be ruptured at will. Because it consists in the conception of bigger object from smaller building block, self-assembly can be classified as a bottom-up process.

CHEMISTRY OF WEAK INTERACTIONS

A variety of weak bonding interactions

The usual definition of weak bonding interactions is often given in opposition to strong interactions between entities, such as the covalent bond. The energy of a covalent bond ranges from around 150 kJ•mol -1 to 450 kJ•mol -1 in the case of simple bonds up to around 900 kJ•mol -1 for multiple bonds. For an A-B bond for example, this energy corresponds to the enthalpy of reaction (usually at 298 K) 3 for AB (g) -→ A (g) + B (g) (1.1) The interactions with which the supramolecular chemist composes have energies ranging from a few kJ•mol -1 to dozens of kJ•mol -1 , they are of various types and all have different energies. In opposition to covalent bonds, they can be referred to as weak interactions or physical bonds.

Electrostatic interactions

Existing interaction taking place between two charged entities, deriving from the Coulomb force.

Electrostatic interactions are non-directional and attractive between entities of opposite charges (repulsive otherwise). They are however always repulsive at a distance inferior to the Bohr radius of the charged entities. Their energies range from 100 kJ•mol -1 to 350 kJ•mol -1 .

Dipolar interactions

Also named van der Waals interactions, they are of electrostatic nature between either two atoms, two molecules or an atom and a molecule. Like all Coulomb forces-based interactions, they are not directional and can be either attractive or repulsive. The main difference with the usual electrostatic interactions relies on the fact that it does not involve charged molecules, whether molecules with a dipolar moment (called permanent dipoles) and/or polarisable. This last property comes from the ability of the atom/molecule to have its electron cloud deformed by an electric field. If a molecule is polarisable, the presence of a dipole in its vicinity can create an induced dipolar moment, and the molecule therefore becomes an induced dipole.

Similarly, because the electron cloud is not static, it can momentarily be arranged in a way an instantaneous dipolar moment appears on the molecule, which is then referred to as instant dipole.

Van der Waals interactions can be divided into three categories:

• Keesom interaction: between two permanent dipoles. 0.5 -50 kJ•mol -1 (stronger interactions when dipoles are aligned)

• Debye interaction: between a permanent dipole and an induced dipole. 2 -10 kJ•mol -1 CHAPTER 1. FROM SUPRAMOLECULAR CHEMISTRY TO STIMULI-RESPONSIVE DNA NANOMATERIALS

• London interaction: between an instant dipole and an induced dipole.0.5 -40 kJ•mol -1

Π interactions

Interaction between the aromatic cycles through their Π orbitals, or between a Π system and a metal ion or a small polar molecule. The energy of such interactions is lower than 80 kJ•mol -1 .

Unlike pure electrostatic interactions, Π interactions are directional.

Hydrogen bond

Directional interaction existing between a partially charged hydrogen atom bond to a strongly electronegative atom (such as O or N) and another strongly electronegative atom bearing a free electron pair. All three atoms are aligned in the optimal configuration. The energy of an hydrogen bond (H-bond) ranges from 10 kJ•mol -1 to 120 kJ•mol -1 .

In addition to the above-mentioned interactions, supramolecular edifices can also rely on the establishment of coordination bonds, halogen bonds or hydrophobic interactions.

From complex architectures to molecular machines

Among the plethora of supramolecular assemblies obtained over the years, I chose here to present only a few of them to give a quick overview of the type of objects, assemblies and shapes that could be obtained by self-assembly or auto-organisation. From static to dynamic entities, from completely organic to coordination compounds, the building blocks also seem to be manifold.

The presented examples start with unimolecular objects and build up to complex polymolecular functional assemblies.

Control over the shape of a single molecule

The obtention of well defined and predictable shapes through a bottom-up process has drawn interest over the years for fundamental purposes, such as gaining more insight on the folding processes of biological molecules, and for practical applications, such as the obtention of welldefined shapes for functional structures.

One of the obtained shapes was a helical molecule composed of a succession of hydrazone Adapted from ref [4].

groups reported by Lehn et coll. 4 . They demonstrated that the particular conformation of the hydrazone motif allowed for a bending of molecule composed of those entities, resulting in a helical shape of the final structure. The stability of the final object is guaranteed through stabilizing Π interactions within the structure due to the almost perfect symmetry of the helical groove (each groove has the same moieties placed at the same position) (see Figure 1.1). They reported the obtention of seven different helices, each comporting a different amount of hydrazone motifs and thus resulting in the creation of helix with high control over their size. Those edifices moreover are chiral, which could be of great interest for the conception of chiral catalysts for example.

Interlocked molecules

By definition, it is impossible to obtain from covalent bond chemistry a compound composed of two interlocked molecules (if they are bound to each other, they then become one single molecule). Non-covalent interactions therefore give us access to a whole new range of molecular edifices constituted of several molecules interacting with each other.

The synthesis and characterisation of such a molecule is one of the reasons for the attribution the 2016 Chemistry Nobel Prize to Jean-Pierre Sauvage. With his collaborators, he reported a new family of molecular constructs, named catenanes 5 , and composed of two interlocked circular molecules (see Figure 1.2 A). The synthesis of such compounds is often mediated by the complexation of the cycles precursor to a metal ion. This type of synthesis is referred to as templated synthesis. The cation can afterwards be removed by addition of a competitive binding molecule, leaving the two cycles interlocked and capable of moving freely within each other. DNA NANOMATERIALS A B

.2. Mechanically interlocked molcules. A A catenane. Adapted from ref [5]. B A [2]Rotaxane. Adapted from ref [6].

Other types of interlocked molecules can also be obtained, such as the one presented on Figure 1.2

B.

Reported by Fraser Stoddart (Nobel Laureate in 2016, along with J-P Sauvage), David Williams et coll., this molecule is composed of an organic one dimensional axis ended by two bulky Triisopropylsisyl ether (TIPS) groups, threaded through a circular organic molecule [START_REF] Bravo | High Yielding Template-Directed Syntheses of [2]Rotaxanes[END_REF] . The resulting assembly is composed of two molecules and is therefore named [2]Rotaxane. Both molecules can move constrained by the other, and the ring cannot leave the axis thanks to the TIPS groups.

Multi-component assembly

The main advantage of using non-covalent interactions over covalent ones for the formation of complex structure is the possibility to create in a one-pot experiment complex objects constituted of multiple molecules. This is made possible thanks to the specificity of interaction of the molecules among themselves. The resulting assembly will reflect the most stable state for the system, for which the interactions are the most specific and thus the strongest.

One example of such a process is given on Figure 1.3 and was reported by Lehn et coll. [START_REF] Hasenknopf | Self-Assembly of Tetra-and Hexanuclear Circular Helicates[END_REF] .

It consists in the self-assembly of stoichiometric amounts of a tris-2,2-bipyridine ligand on the one hand and iron II salts on the other hand. Depending on the iron's counterions size, the formation of either the pentanuclear (for smaller counterions) or hexanuclear circular helicate (for larger ones) was reported in otherwise the same experimental conditions. The final structure contains multiple metal centres of the same type, all bound together by shared ligands.

The formation of metal-ligands complexes is a self-assembly process in itself. By designing ligands with free binding sites, it is possible to assemble pre-formed complexes with each other to create a supramolecular assembly of complexes. One example of such a structure was reported Hexanuclear circular helicate. Adapted from ref [7].

CHEMISTRY OF WEAK INTERACTIONS

by Marvaud et coll. and the structure of the assembly is displayed on Figure 1.4 [START_REF] Long | Supramolecular Heterotrimetallic Assembly Based on Octacyanomolybdate, Manganese, and Copper[END_REF] . One of the originalities of this structure is that it contains three different metal centres, all connected to each other through bridging ligands. This feature enabled the formation of a network of complexes that eventually formed a crystal. The concomitant presence of multiple different metal centres in a single entity was a key factor for the observation of a magnetic behaviour in agreement with what could be expected for such paramagnetic systems.

A third way to obtain assemblies of multiple metal centres in the same structure is to bind together ligands binding different metal centres through non-covalent interactions. With such an approach, it is possible to create a network of metal centres connected to each other through organic ligands or in other words, supramolecular metal organic frameworks (MOFs 9 ). One example of such a structure is given on Figure 1.5. Reported by Li et coll., this structure is formed through hydrophobic interactions between the Cucurbit [8]uril (CB [8]) circular molecule and the extremities of 4-phenylpyridin-1-ium derivatives ligands bound to ruthenium II ions. The hexaconnectivity of the metal complex allowed for the formation of a large 3D system composed of a multitude of molecules. This structure was shown to be able to host polyoxometallates (POM 10 ) architectures in its cavities for applications in photocatalytic H 2 production. Supramolecular Metal Organic Framework. Adapted from ref [11] Self-assembled stimuli-responsive structures -molecular machines

For a given chemical composition and a given temperature, the equilibrium of a system if completely defined and if the system has reached this state, it will no longer evolve unless modified by an external intervention (such as an energy input of change in chemical composition). By taking advantage of the specificity of weak interactions, it is therefore possible to modify one of the actors involved in the assembly to disturb this interaction and force the system to reconfigure itself to reach a more stable state. For example, and electron-rich crown ether will interact preferentially with the electron-poorest entity of the system, and this property can be changed depending on the pH notably. If the two interacting entities are placed on interlocked molecules, the interaction's actuation can result in a movement within the assembly, which therefore acts as Molecular machines for which a controlled movement is obtained upon pH actuation of the medium. A Molecular muscle. Adapted from ref [12]. B Molecular elevator. Adapted from ref [13].

a molecular machine.

Two examples of such systems are given on Figure 1.6 with on the one hand a molecular muscle [START_REF] Goujon | Hierarchical Self-Assembly of Supramolecular Muscle-Like Fibers[END_REF] (A) and on the other hand a molecular elevator [START_REF] Bacljić | A Molecular Elevator[END_REF] (B). The first example is a [c2]daisychain rotaxane: it is composed of two intertwined linear axis bound to a crown ether moiety (see Figure 1.6 A). At low pH, the crown-ether has a higher affinity for the secondary ammonium on the axis. At high pH and upon deprotonation of the ammonium, the electron-poorest entity on the axis becomes the triazolium moiety, resulting in a contraction of the molecule. The original extended state can be recovered by addition in the medium of an acid. The end-to-end distance difference between the extended and contracted states was found to be of 1.2 nm and the fact that this molecule can perform a movement in response to a stimulus therefore qualifies it as a molecular machine.
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A similar system was reported by Stoddart et coll. [START_REF] Bacljić | A Molecular Elevator[END_REF] Instead of two molecules bound to each other though one interaction site per molecule, they here used a molecule constituted of three crown-ethers arranged in a triangular shape (in red on Figure 1.6 B) interacting with a three armed molecule (in blue). Each arm intertwines in one of the crown ethers. Similarly to what was described previously, the crown ether interacts preferentially with the quaternary ammonium on each arm in low pH environments and with the BIPY 2+ unit at high pH (Figure 1.6 A). The obtained movement upon pH change is therefore assimilated to the one of an elevator, with a travelled distance of 0.7 nm.

Outline of the section

The complete understanding and mastering of non-covalent interactions between target molecules has lead to the development of a new scientific domain named supramolecular chemistry (chemistry beyond the molecule). Comparatively to conventional organic synthesis, allowing for the creation of relatively large molecules through a sequential process, supramolecular architectures can reach much bigger sizes and be assembled through one pot processes. The possibility to have a high number of molecules all interacting with each other in one system is also rather unusual in comparison with organic synthesis where two or three molecules at most react with each other. The interaction-guided assembly of multiple molecules can furthermore yield a large variety of molecular assemblies with custom-made properties (chemical, physical or mechanical).

Supramolecular assemblies are however not always the result of man-made directed synthesis. Several self-assembled systems can be found in living systems, and non-covalent interactions also rule over the conformation of several biological macromolecules such as proteins or DNA. The latter will be the subject of this chapter's next section.

DNA: A SUPRAMOLECULAR BIOLOGICAL OBJECT

DNA: a supramolecular biological object

Deoxyribonucleic acid (or DNA) is a bio-macromolecule and the genetic information support for all living organisms. Discovered in 1869 by Friedrich Miescher, its first name was "nuclein", in reference to its presence in the nucleus of human white blood cells [START_REF] Pray | Discovery of DNA structure and function: Watson and Crick[END_REF] . The chemical composition of this new molecule was elucidated thanks notably to the works of Albrecht Kossel (Nobel Prize in Physiology or Medicine in 1910 for his discovery that nucleic acids were composed of five nitrogen bases, see below), Phoebus Levene [START_REF] Levene | Über die Hefe-Nucleinsäure[END_REF] and Erwin Chargaff [START_REF] Chargaff | Human Desoxypentose Nucleic Acid: Composition of Human Desoxypentose Nucleic Acid[END_REF] . It was however the works of [17]. B X-ray diffraction pattern of calf-thymus B-DNA. Adapted from ref [18].

In this section, I will describe the structure of DNA starting by the description of the chemical composition of each of the DNA strands, as described on Figure 1.7, before describing the formation of the double helix through non-covalent interactions between the two strands.

Nitrogenous Base

Nitrogenous Base Two nucleosides bind through a phosphodiester bond with the phosphate group involving the 5' primary alcohol group of one sugar and the 3' secondary alcohol group of the adjacent nuscleoside's deoxyribose. A DNA strand is therefore a succession of nucleotides bound together through phosphodiester bonds, and can be referred to as oligonucleotide or polynucleotide. At this stage we can point out two features of the DNA structure: first, each phosphate group bears a negative charge on one of its oxygen atoms, which makes DNA a negatively charged molecule all along its structure. Second, the pentose moiety does not have an alcohol functional group on its 2' carbon, which is the reason why it is named deoxyribose.

Phosphate

For all living organisms, the structure of DNA is identical. The phosphate groups and deoxyribose are all the same, and they bear nitrogenous bases (or bases) of four types. It is the succession of nucleotides bearing the different bases that composes a gene, and the full sequence
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of a genome differentiates one organism from another, not the structure of DNA itself. This is one of the strongest evidence of the evolution of species.

The nitrogenous bases

The four nitrogenous bases, discovered in the late 19 th century by Albrecht Kossel, are the encoding entities of DNA. Named Adenine, Cytosine, Thymine and Guanine, they are all composed of heterocycles containing nitrogen atoms (hence the nitrogenous bases denomination).

Their structures are given on Figure 1.9. Depending on their structure, they can be divided into two categories:

• The purines: bi-heterocyclic bases composed of a six-atom cycle conjugated to a five-atom cycle. The purines are Adenine and Guanine.

• The pyrimidines: heterocycles composed of six atoms. The pyrimidines are Thymine and Cytosine.

Each of the bases is associated with a letter for simplification. Hence, Adenine = A ; Thymine = T ; Guanine = G ; Cytosine = C. Adenine can form two H-bonds with thymine, and guanine three H-bonds with cytosine. The two strands therefore have their bases pointing toward the center of the helix, and the phosphate groups in the outer part of the helix. The two intertwined strands adopt in solution the most stable conformation to minimize the electrostatic repulsions between the phosphates groups and the hydrophobic interactions between the bases in the usually aqueous medium, which is the helix. A DNA molecule is therefore a double helix constituted of two complementary strands and bound together by hydrogen bonds.

The double helix completes a full turn with a spatial periodicity of ten base pairs and the 21 2. DNA: A SUPRAMOLECULAR BIOLOGICAL OBJECT observed period length is 3.4 nm. The lateral dimension of a nucleotide is 0.34 nm and therefore two negative charges along one axis are separated by 0.34 nm. The distance between the two strands is constant over the length of the helix and is of 2 nm (see Figure 1.11). The most common form adopted by DNA in solution is the right-handed double helix (named B-DNA), but depending on environmental conditions such as pH or ions present in solution, a left-handed Z-DNA helix or an A-DNA conformation can be observed (in living organisms, only B-and Z-DNA have been observed).

The overall length of the DNA molecule (double-stranded) depends on the number of nucleotides composing it. It varies depending on the organisms from which it came from, ranging from a few thousands of base pairs to several millions. The human genome is spread over 46 DNA molecules for a total DNA length of around two meters. The length is related to the number of base pairs in the molecule N and is N times the length of a nucleotide. Therefore, we estimate the number of base pairs in the human genome to be of around 3•10 9 base pairs. In order to fit the 2 m of DNA molecules inside a cell nuclei (which has a diameter of typically 5 µm), DNA is strongly compacted by proteins named histones. The very fact that this compaction can occur shows that the DNA molecule is at least partially flexible. The important amount of charges along the axis and the certain rigidity of the base-pairing arrangement however contribute to a certain stiffness of DNA. As for other charged polymers, DNA can therefore be characterized by a certain persistence length L p corresponding to the distance between the first monomer of the chain and the first monomer of which the orientation does not depend on the orientation of the former. For DNA, L p = 50 nm (corresponding to around 150 base pairs). Therefore, DNA molecules shorter than L p are rigid all along their axis and longer DNA molecules are locally rigid but flexible at a larger scale.

nm 3.4 nm
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Other oligonucleotides structures

The structure of oligonucleotides is not limited to a double helix of two intertwined DNA strands.

Other structures resulting of various nucleotides associations can be found both in nature and in synthetic systems.

If a single DNA strand (or oligonucleotide) has a sequence where two separate domains are complementary when read in opposite directions, the molecule can fold upon itself and create a stem-loop pattern, also known as hairpin (see Scheme 1.1). The hybridized part of the structure is known as the "stem" and the bridging unhybridised part as the "loop". Such structures are commonly found on single-stranded DNA molecules but are mostly known to occur within RNA molecules (RiboNucleic Acids, which are single-stranded oligonucleotides having a similar structure to DNA, and playing a significant role in important biological processes such as gene expression). The hairpin patterns on RNA molecules can act as recognition sites for RNA binding to proteins for example and are therefore of crucial interest in living organisms.

G G A T G C A C C C T A C G T G A A T T G A G G A T G C A C C C T A C G T G A A G T
Another type of spatial arrangement of oligonucleotides was first described for individual nucleotides (not bound together by phosphodiester bonds) and involves the guanine nitrogenous base. A first report by Ivar Bang mentioned the formation of a gel from concentrated guanylic acid solutions [START_REF] Bang | Untersuchungen über die Guanylsäure[END_REF] , and was rationalized more than fifty years later thanks to the work of Gellert et coll. who succeeded to crystallize and characterize the supramolecular assembly formed between four Guanidinium MonoPhosphate (GMP) molecules [START_REF] Gellert | Helix Formation by Guanylic Acid[END_REF] . The structure was composed of four GMP units bound with each other with hydrogen bonds, as represented on Figure 1.12 A. This structure is called a G-quartet and is a planar arrangement between the guanidinium units. For guanidine-rich oligonucleotide, this type of structure can form either upon self folding of a ss-DNA on itself, or upon association between two or four DNA strands as shown on Figure 1.12 B, thus forming monomeric, dimeric or tetrameric G-quadruplexes. Because of the spatial arrangement necessary for the establishment of intermlecular H-bonds in the G-quartet, the inner cavity between the four G units is surrounded by four oxygen atoms in a square planar arrangement, which are electronegative and acting as Lewis bases. The formation of G-quadruplexes is therefore
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Figure 1.12. A The G-quarted structure composed of four GMP molecules bound together with hydrogen-bonds. Adapted from ref [20]. B Monomeric, dimeric and tertrameric G-quadruplex formation. Adapted from ref [21] favoured in the presence of cations such as K + , Na + or Li + , which can be coordinated by the four oxygen atoms [START_REF] Parkinson | In Quadruplex Nucleic Acids[END_REF] , or by the presence of G-quadruplexe ligands [START_REF] Granotier | Preferential binding of a G-quadruplex ligand to human chromosome ends[END_REF][23][24][START_REF] Koeppel | Ethidium derivatives bind to G-quartets, inhibit telomerase and act as fluorescent probes for quadruplexes[END_REF] . Such structures can either be entirely engineered or found in DNA sequences of living organisms, such as within human telomers.
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Outline of the section

The ds-DNA molecule is constituted of two complementary strands intertwined to form a double helix. Each strand is composed of a succession of nucleotides composed of a phosphate group, a deoxyribose and one of the four possible nitrogenous bases (adenine, thymine, guanine and cytosine). Due to their complementary structures, the bases can link in pairs and form base pairs through the formation of multiple H-bonds between each other: adenine with thymine (two H-bonds) and guanine with cytosine (three H-bonds). The resulting supramolecular double-helix structure can exist in three forms: B-DNA, A-DNA (both right-handed) and Z-DNA (left handed). Other naturally-occurring oligonucleotide structures, such as the hairpin and G-quadruplex systems, can also form due to H-bonds formations within a single strand (hairpin and monomeric G-Quadruplex) or several independent strands (dimeric and tetrameric G-quadruplexes).

A summary of DNA's characteristic lengths is given in the following table :   Lateral size of a nucleotide 0.34 nm Lateral distance between two negative charges 0.34 nm Distance between the two strands 2 nm

Inter-helical turn distance 3.4 nm Persistence length L p 50 nm

DNA as a building block for nanomaterials

As we saw in this chapter's section 1, the non-covalent interactions existing between customdesigned molecules allowed for the obtention of complex nanostructures with a bottom-up self-assembly process. One of the key objectives of such feat is the formation of objects of increasing complexity and functionality, with high control over the entire process. As we saw in the last section, DNA is a self-assembled supramolecule composed of two complementary strands bound to each other in a sequence-specific manner through the formation of multiple hydrogen bonds: if a single DNA strand with a given sequence is put together with another DNA strand of complementary sequence, both will hybridize to form a DNA duplex in a highly selective self-assembly process. This apparent simplicity led to the development of a new nanotechnology field named DNA nanotechnologies, which could be considered as the supramolecular chemistry of oligonucleotides. Lead by the visionary ideas of Nadrian Seeman in the 1980's, this rapidly expanding field led to the formation of highly complex DNA-based nanostructures with exquisite control over their shape and size.

The purpose of the present section is to present the fundamentals of this relatively new research field, which has thrived over the last thirty years and saw the emergence of revolutionary daughter technologies such as DNA origami and DNA Single-Stranded Tiles. Both will be described in this section's part 3.2.

Emergence of the DNA nanotechnology field

According to Nadrian (or "Ned") Seeman, the DNA molecule is "Nor merely the secret of life", in contrast with the title of J. Watson's book "DNA: the secret of life". Cristallographer by training, N. Seeman was working at the State University of New York at Albany when he published what is considered to be the very first DNA nanotechnology paper entitled Nucleic Acid Junctions and Lattices in 1982 [START_REF] Seeman | Nucleic acid junctions and lattices[END_REF] . Based on the works of Crick, Watson and his PhD advisor Alexander

Rich [START_REF] Rich | A New Two Stranded Helical Structure: Polyadenylic acid and Polyuridylic Acid[END_REF] among others, he envisioned that DNA could be used as a building material for nanoscale fabrication. His work was based on three pre-requisites:

• Two complementary DNA strands can hybridize through sequence complementarity between their constitutive bases

• Two double-stranded DNA molecules (ds-DNA) can be combined through hybridization of so called sticky-ends at their extremities [START_REF] Cohen | Construction of Biologically Functional Bacterial Plasmids In Vitro[END_REF] . Sticky ends are short unhybridised sequences overhanging at one extremity of a ds-DNA. Two ds-DNA having complementary sticky ends can therefore bind along their helical axis.

• Multiple DNA strands can create stable 2D branched junctions, such as the Holliday [29]. B An example of a Holliday-like four-arm junction between four partially complementary DNA strands. Adapted from ref [30].

From those pre-requisites and the simple obtention of custom-made DNA molecules of any sequence thanks to the work of Marvin Caruthers notably [START_REF] Caruthers | Gene synthesis machines: DNA chemistry and its uses[END_REF] , who developed the DNA synthesis methodology and made the building material easily available and tunable, Seeman demonstrated 27 A DNA cube constructed from six three-arm junctions. Image from ref [31] adapted from the original publication in ref [32]. B DNA truncated octahedron. Adapted from ref [33]. C Borromean rings constructed from DNA. Adapted from ref [34]. D Six-helix bundle constructed from DNA. Overview of the structure (left) and front view (right). Adapted from ref [35]. E 3D DNA crystals constructed from triangular DNA motifs. Adapted from ref [36]. F 3D DNA crystals encapsulating electroactive and pH sensitive guest molecules. Adapted from ref [37]. Structures of increasing complexity were obtained by Seeman et coll. over the past thirty years. From a DNA cube composed of DNA strands intertwined in three-armed junctions [START_REF] Chen | Synthesis from DNA of a molecule with the connectivity of a cube[END_REF] (A) to complex host-guest 3D structures [START_REF] Wang | An Organic Semiconductor Organized into 3D DNA Arrays by "Bottom-up" Rational Design[END_REF] (F), they reported the obtention of a truncated octahedron [START_REF] Zhang | Construction of a DNA-Truncated Octahedron[END_REF] (B), borromean rings [START_REF] Mao | Assembly of Borromean rings from DNA[END_REF] (C), a six-helix bundle motif [START_REF] Mathieu | Six-Helix Bundles Designed from DNA[END_REF] (D), which has been used extensively since its first publication [START_REF] Yang | Self-Assembly of DNA Rings from Scaffold-Free DNA Tiles[END_REF][START_REF] Zadegan | Twisting of DNA Origami from Intercalators[END_REF][START_REF] Sagredo | Orthogonal Protein Assembly on DNA Nanostructures Using Relaxases[END_REF][START_REF] Gür | Toward Self-Assembled Plasmonic Devices: High-Yield Arrangement of Gold Nanoparticles on DNA Origami Templates[END_REF][START_REF] Kauert | Direct Mechanical Measurements Reveal the Material Properties of Three-Dimensional DNA Origami[END_REF][START_REF] Dietz | Folding DNA into Twisted and Curved Nanoscale Shapes[END_REF] , and a 3D DNA crystal composed of a network of triangular-shape junctions [START_REF] Zheng | From molecular to macroscopic via the rational design of a self-assembled 3D DNA crystal[END_REF] (E) as the most significant reported objects.

Since N. Seeman's first publication on DNA nanostructures, many research teams developed new structures and technologies in order to build more complex and controlled shapes out of synthetic DNA molecules. The most significant breakthroughs were achieved first in 2006

when Paul Rothemund published a new method, named DNA origami, for the formation of 2D

DNA nanostructure with infinite creative possibilities over the shape and size of such objects, and second in 2012 when Yin et coll. developed the Single-Stranded Tile technology for the self-assembly of a large number of individual ss-DNA strands into a pre-defined shape. Both technologies will be the subject of the following paragraph.

Building 2D and 3D objects

The 3D crystals built by Seeman et coll. are impressive insofar they constitute the first example of a 3D nano-objects entirely built with DNA through a bottom-up process. The final shape and size of such objects cannot however be thoroughly controlled. The smaller assemblies such as the octahedron are of high complexity but were not shown to be able to form in larger dimensions. In order to expand the DNA nanotechnology field, one of the key points is to be able to create complex objects of increasing size and complexity. In that regard, two successive technological revolutions gave new impetus to the DNA nanotechnology field: the DNA origami and Single-Stranded Tiles (SST) technologies.

DNA Single-Stranded tiles

In 2012, Yin et coll. took up the challenge of building complex 2D nanostructures of perfectly controlled shape and size by using uniquely addressable DNA strands, and named the technology they developed DNA Single-Stranded Tiles (or SST) [START_REF] Wei | Complex shapes self-assembled from single-stranded DNA tiles[END_REF] . Based on a precursor paper from Yin, Rief et coll. [START_REF] Yin | Programming DNA Tube Circumferences[END_REF] , the general idea behind the technology is somewhat similar to what N. Seeman had already developed, but with a few originalities which made this technology a true revolution in the DNA nanotechnology field.

SST are LEGO-like objects: they are built by an association of fundamental "bricks" organised through complementarity. Each "brick" is a DNA strand of 42 bases (labelled "U" on Figure 1 The annealing yield was found to be typically between 6.9% and 19%, the former in the case of a short annealing (5 h) with a high concentration of Mg 2+ ions (25 mM) and the latter for long annealing times (73 h) with a lower Mg 2+ concentration (12,5 mM). This yield corresponds to the fraction of fully formed SST in solution after the thermal annealing process:

the nanostructures removed by the purification step are structures of higher or lower molecular weight. The reason of formation of such side structures, as well as the (relative) necessity of a thermal annealing ramp will be addressed in this PhD's chapters 2 and 5.

The group of P. Ying later on reinforced the SST method by reporting in 2012 the formation of 3D structures of high complexity [START_REF] Ke | Three-Dimensional Structures Self-Assembled from DNA Bricks[END_REF] . The constituting bricks of such objects are similar to Adapted from ref [47].
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those previously used for 2D structures: ss-DNA strands of 32 bases divided into four domains, each of which binding specifically to one domain on another strand. The difference here is that the strands bind with another strand by forming a 90 • angle, allowing for the construction of a 3D DNA object (see Figure 1.17A-C). The resulting 3D cuboid canvas is therefore composed of a thousand DNA bricks assimilable to voxels, and the use of a certain fraction of those voxels can yield the formation of any custom-designed 3D shape (Figure 1.17 D-F). The authors reported the formation of a hundred different 3D shapes ranging from the "simple" cube to more complex sculpted shapes (Figure 1.17 F), all with exquisite control over their shape and size.

The formation protocol was similar to the one described for 2D shapes, with all the DNA strands mixed together in stoichiometric proportions and heated from to 29% (shape 47).

At the end of 2017, the group of Yin et coll. improved their approach and reported the formation of even larger 3D nanostructures built using the SST technique with this time a 3D canvas of 20000 voxels (instead of 1000 for the previous report) [START_REF] Ong | Programmable self-assembly of three-dimensional nanostructures from 10,000 unique components[END_REF] . They succeeded in creating highly complex large DNA nanostructures with sizes 20 times bigger than for the previous report, thus expanding the SST technology towards larger scales.

The development of the SST technology (2D and 3D) therefore allowed for the formation of complex DNA nanostructures of controlled shape and size. The apparent simplicity of the technique makes it an easily usable tool for the construction of sophisticated objects in a bottom-up manner. The unnecessary purification of the DNA strands before the formation process is furthermore an advantage: due to the high specificity in DNA base-pairing, and the gain in structure stability from hybridization with a perfectly complementary sequence, the presence of other entities in the medium such as other non-complementary DNA strands is not a problem. However, the low yields of assembly, as well as (to some extent) the formation time, for those objects is an issue for the expansion of the technique to create DNA nanostructures in a quantitative way. Those particular issues were overcome in 2006 with the development of another DNA nanostructure formation technology, named DNA origamis.
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DNA Origamis

The assembly in solution of a high number of DNA strands to create a large DNA nanostructure is constrained by the encounter probability of complementary strands. The formation of the "brick wall" is a sequential process (as shown in this PhD's Chapter 2) and the incorporation of each new brick in the wall results in a global entropy loss for the system. The entropic cost for the formation of complex DNA nanostructures with the SST technique is probably one of the reasons why the observed yields are rather low. Over the years, supramolecular chemists have been faced with similar problems for complex supramolecular assemblies and overcame this by pre-organizing systems before the final assembly. A pre-organized system has fewer degrees of freedom and the entropic loss over the assembly process is therefore less significant. This has been 
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To maintain the template in the desired shape, ss-DNA strands named "staple strands" (typically ∼30 nucleotides long) composed of two or three domains were designed, each domain binding to a different locus on the M13. The folding of the M13 is guided by these staples and different shape are therefore obtained though the use of a different set of staple (typically around 200 staple strands per shape). A scheme of the experimental procedure is given on Scheme 1.2.

Furthermore, a schematic representation of the folding process is given in Movie 1.

2) Self-assembly With this approach, matter can be programmed, through a proper choice of oligonucleotide staples sequences, to be arbitrarily shaped with a nanometric resolution. By simply changing the composition of the staple cocktail, one can easily program the folding of the same M13 scaffold into a broad variety of shapes, such as the ones presented on Figure 1.19, with a typical size of 100 nm. Later on, many teams reported the formation of original 2D shapes such as a map of China 51 or a dolphin with a flexible tail [START_REF] Andersen | DNA Origami Design of Dolphin-Shaped Structures with Flexible Tails[END_REF] .

The formation protocol for such complex nanostructures is however rather simple: the M13 scaffold is placed in a Tris-Acetate-EDTA buffer containing Mg 2+ ions (TAEMg buffer) and mixed with a large excess (100 x) of each of the staples constituting the staple cocktail dedicated to one specific shape. The solution is afterwards incubated at 95 [49].

system only contains single-stranded DNA molecules, and then gradually cooled down until 20 • C over one hour to ensure the sequence-specific hybridization of the staples and the folding of M13. Two aspects of this protocol are fundamental. Firstly, the excess of staples over the M13 scaffold: the final origami is obtained through the folding of the M13, which is guided by the staples. The objective is therefore that each M13 molecule in bulk forms a perfectly folded origami. For this method, it is no longer necessary and quite counter-productive to work with stoichiometric conditions. A large excess of staples will shift the equilibrium toward the formation of the origami and will furthermore provide a kinetic advantage for the formation of the system. The larger the excess of staples, the higher the probability for the M13 to encounter the right staple at the right position. Secondly (and consequently), the annealing time is much shorter than for SST. Moreover, the reported yields for origamis were up to 90% (for the rectangle), which is also much higher than what was reported for SST or any other method.

The extension of the method to 3D nanostructures came three years later, in 2009, through the work of Shih et coll. [START_REF] Douglas | Self-assembly of DNA into nanoscale three-dimensional shapes[END_REF][START_REF] Ke | Multilayer DNA Origami Packed on a Square Lattice[END_REF] . This achievement was reached by stacking on top of each other sheets of parallel helices in a honeycomb lattice where each of the inner helices was connected to three other, forming angles of 0 • , 12 • or 240 • with each of them [START_REF] Douglas | Self-assembly of DNA into nanoscale three-dimensional shapes[END_REF] (see Figure 1.20 A-B) or of 90 •54 (see Figure 1.20 C-D). In the same year, Shih et coll. also reported a method for the formation of twisted 3D DNA origamis for the formation of curved nanostructures [START_REF] Dietz | Folding DNA into Twisted and Curved Nanoscale Shapes[END_REF] , which was later used notably by Yan et coll. for the formation of various 3D nanostrcuctures [START_REF] Han | DNA Origami with Complex Curvatures in Three-Dimensional Space[END_REF] .

At the end of the past year (2017), two main challenges for the expansion of DNA origamis were overcome. Firstly, the production of DNA origamis is high yielding, but is typically done for low M13 concentrations (typically 1 nM), meaning that the total amount of folded objects is relatively low. Dietz et coll. overcame this by reporting a method for the biotechnological mass [53]. C Principle of the method for the formation of square lattices. B Examples of model shapes obtained with this method. Adapted from ref [54].

production of DNA origamis, yielding macroscopic amounts of nanostructures [START_REF] Praetorius | Biotechnological mass production of DNA origami[END_REF] . Secondly, the final size of the origamis is constrained by the size of the M13 scaffold. A key challenge is to be able to produce larger objects than the typical 100 nm origami. This was taken up by Qian et coll. and Dietz et coll., who both reported methods for the assembly of large DNA origami structures. Qian et coll. [START_REF] Tikhomirov | Fractal assembly of micrometre-scale DNA origami arrays with arbitrary patterns[END_REF] reported the fractal assembly of multiple DNA origami plateforms in a pre-arranged manner to form a large 2D squared DNA origami assembly of 1 µm 2 . Dietz et coll. reported a similar strategy, involving the stacking of multiple 3D origami nanostructures for the formation of a larger composite 58 with a size of typically 300 nm.
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Outline of the section

The emergence of DNA nanotechnologies brought a new promising method for the formation of complex nanostructure of highly controlled shape and size though the perfect specificity of DNA base-pairing interactions. Both the developments of the Single Stranded Tile and DNA origami techniques came up as revolutions in the field, allowing for the formation of always more complex and elaborate 2D and 3D DNA nanostructures. Both techniques have many similarities, but the SST technology suffers from a low yield production of objects, partially due to the stoichiometric proportions between the constituting DNA strands. DNA origami on the other hand relies on the folding of a circular single-stranded template strand which, in the presence of a large excess of small DNA strands (staple strands), folds quantitatively into the final nanostructure.

The recent developments tend to bring this field of nanotechnology toward the microtechnology, with increasing complexity but still high control of the bottom-up process.

The formation of such nanostructures is however not only a technological feat. Because of their constituting material, DNA, those objects are extremely convenient for a large number of applications, some of which will be presented in the next section.

Applications of DNA nanotechnologies

Since the emergence of the DNA nanotechnology field, many groups around the world have gained interest in the field (see Figure 1.22) and developed numerous structures of great complexity with various applications. As shown on Figure 1.21, the number of citations of DNA nanotechnologyrelated papers has exponentially increased over the years and this tendency is still ongoing to date. Over the years, numerous reviews of great quality on DNA nanostructures and applications have been published 31,59-6465-75 , and the purpose of the present section is not to be as exhaustive as them, but to give a rapid overview of the broad field of possible applications, focusing on site-specific functionalisation and on biophysical and biomedical purposes. 

As a nanoscale platform for a site-specific functionalisation

Because DNA nanostructures are formed through self-assembly of custom-designed DNA strands, it is possible to know for each architecture the precise position of every strand, every sequence and even every base pair (see Figure 1.23). The sequences in white belong to the M13 scaffold, and the colored sequences to the staples. For a given identified position on the folded origami, it is possible to know the exact sequence of the scaffold as well as the involved staples. 1 and 2 are close-up views on the sequences for clarity. Adapted from ref [49] This fundamental property was illustrated in Rothemund seminal paper [START_REF] Rothemund | Folding DNA to create nanoscale shapes and patterns[END_REF] . He described the original staple set of a shape as binary "0's" and created a new set of staples containing "dumbbell 
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hairpins" modified staples representing binary "1's". Such staples bind to the scaffold as any other staple, but display a protruding hairpin shape which can be observed by AFM. Such a technique was used for precise shape-patterning of DNA origamis portraying a map of the Americas or various drawings (see Figure 1.24). The positioning precision of such staples was shown to be highly satisfactory, with a minimal distance between two "1's" pixel of 5.8 ± 0.5 nm on adjacent columns and 6.6 ± 0.5 nm on adjacent rows, thus paving the way for site-specific functionalisation with nanometric precision on a DNA nanostrcuture scaffold. Further examples of DNA nanostructure site-specific functionalisation have been reported, involving either proteins or nanoparticles.

The functionalisation with proteins usually follows one general strategy: selected DNA strands from the final DNA nanostructure are modified with a protein receptor (a small molecule which binds selectively to a protein) and incorporated into the object. A target protein is afterwards put in contact with the modified object and can interact with it. A first example of this strategy is given on Figure 1.25 A, where a 2D DNA periodic assembly was modified at selected positions with biotinylated DNA strands [START_REF] Park | Programmable DNA Self-Assemblies for Nanoscale Organization of Ligands and Proteins[END_REF] . Upon addition of streptavidin and due to the highly specific biotin/streptavidin (bt/STV) interaction, the authors observed the formation of a 2D DNA nanogrid with streptavidins precisely positioned at each DNA crossover. The high specificity of the above-mentionned interaction makes the bt/STV system highly convenient for the establishment of proof of principle for protein functionalisation of DNA nanostructures.

The precise positioning of biotin-modified staples on a DNA origami scaffold was furthermore demonstrated by the binding of streptavidin moieties on a face-shaped origami, thus forming the eyes, nose and mouth 77 (see Figure 1.25 B). The authors however also demonstrated the possible selective binding of other self-labeling fusion proteins through site-specific functionalisation, such as a mKate derivative, a cytochrome C peroxidase enzyme derivative (CCP) or a monovalent streptavidin (mSTV). The sequential functionalisation with the various proteins evidenced an orthogonal specificity of the binding process, thus paving the way for the obtention and use of more complex patterns of proteins. Following the sequencial functionalisation of an origami with various proteins, the group of Gothelf et coll. demonstrated the sequential and specific unbinding of streptavidins from a DNA origami template depending on the chemical conditions [START_REF] Voigt | Single-molecule chemical reactions on DNA origami[END_REF] . For this purpose, selected staples of a DNA origami scaffold were functionalised with a biotin molecule by means of a linker, which can be ruptured under different chemical conditions (see Figure 1 [76]. B Orthogonal protein deposition on a DNA origami scaffold. Adapted from ref [77]. C Orthogonal protein chemical release from a DNA origami scaffold. Adapted from ref [78].
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The precise positioning of nanoparticles on a DNA nanostructure has also been reported numerous times, and selected examples are displayed on Figure 1.26. Mostly two strategies have been used

for this purpose: binding nanoparticles to the scaffold by exploiting the high affinity of gold nanoparticles for the thiol functions protruding from the scaffold or proceed in two steps by first pre-functionalising the nanoparticle with a large number of copies of the same DNA single strand and second, place the complementary strand on strategic points on the nanostructure (Figure 1.26.

The second functionalisation technique was pioneered by Mirkin et coll.. In the first example in Figure 1.26 A, the authors reported the multi-functionalisation of gold nanoparticles with two sets of non-complementary ss-DNA strands terminated with a thiol function. Upon addition of a bridging strand composed of two domains, each complementary to one of the two strands on the nanoparticles) and heating and subsequent cooling down of the system, the complementary strands were shown to hybridize and to bring nanoparticles close together in solution [START_REF] Mirkin | A DNA-based method for rationally assembling nanoparticles into macroscopic materials[END_REF] . This method was afterward adapted for DNA nanostructure functionalisation. For that purpose, nanoparticles are pre-functionalised with ss-DNA strands through specific interactions (thiol/gold nanoparticle for example), and in parallel the DNA nanostructure is formed with a few modified strands, complementary to the ones found on the nanoparticles. When both entities are in contact and the annealing occurs, the nanoparticles attach to the DNA nanostructure. Using this general method, several examples of DNA nanostructure functionalisation with nanoparticles were reported (see Figure 1.26), such as the site-specific poisitioning of gold nanoparticles on a DNA origami scaffold (B), or as the formation of primitive crystal-cell-like structures as the diamond of zinc blende, where atoms were replaced by nanoparticles and bonds by DNA nanostructures When placing the complementary sequence in well defined positions, it is possible to obtain the precise positioning of the desired nanoparticle at the desired spot 83 (G). Finally, this technique has been used for the fixation of a seeding nanoparticle inside a DNA origami mold for the templated growth of the nanoparticle from a spherical object to a parallelepiped shape 84 (E).

In this example, a nanostructure contributes the nano-shaping of another nano-object, which paves the way for future applications in nano-electronics composite creation for example. One of the main application for such structures is the construction of plasmonic architectures involving nanoparticles arranged in a highly precise way with highly controlled distances [START_REF] Liu | DNA-Assembled Advanced Plasmonic Architectures[END_REF] .

Numerous other applications requiring site-specific functionalisation of DNA nanostructures were [79]. B Site-specific DNA origami functionalisation with gold nanoparticles. Adapted from ref [85]. C Crystal-like structures obtained from nanoparticles and DNA nanostructures. Adapted from ref [80]. D Octahedral arrangement of gold nanoparticles on a DNA origami nanostructure. Adapted from ref [81]. E DNA origami templated growth of a gold nanoparticle. The origami acts like a nano-mold. Adapted from ref [84]. F Satelite-like arrangement of nanoparticles around another nanoparticle. Adapted from ref [82]. G Precise positioning of various nanoparticles in a selective manner on a DNA origami scaffold. Adapted from ref [83].

CHAPTER 1. FROM SUPRAMOLECULAR CHEMISTRY TO STIMULI-RESPONSIVE DNA NANOMATERIALS not described here, such as the use of DNA origami for the positioning of entities at distances with a Bohr radius resolution [START_REF] Funke | Placing molecules with Bohr radius resolution using DNA origami[END_REF] or the possibility to use fluorophore-functionalised origamis as nanoscopic rulers for super resolution microscopy [START_REF] Steinhauer | DNA Origami as a Nanoscopic Ruler for Super-Resolution Microscopy[END_REF] for example, as well as for biophysical studies, which will be described in the next part.

For biophysical and biomedical purposes

A large number of publication on DNA nanotechnologies focus on applications in biophysics and/or biomedicine. The use of such biocompatible material as DNA is rather attractive for the development of new drug carriers or artificial bioactive structures. However, many biophysical studies also rely on the precise positioning of different entities on DNA scaffolds.

The study of enzymatic cascades is challenging in order to fully understand their mechanism. For this purpose, the DNA origami technology offers a certain advantage: one can position enzymes of various types at well defined positions on a 100 nm scaffold, thus mechanically bringing two enzymes at a pre-defined distance. The effect of the distance between two enzymes involved in an enzymatic cascade was therefore studied by Woodbury, Yan et coll.. They placed the two enzymes glucose oxidase (GOx) and horseradish peroxidase (HRP) on specific positions on a DNA origami rectangle with controlled interenzyme spacing, and they evidenced the existence of an optimal distance between the enzymes (10 nm) for the observation of a maximal enzymatic activity 89 (Figure 1.27 A). The proximity between enzymes was here shown to play an important role in their activity, therefore other systems have been developped. A 3D DNA origami nanoreactor has been assembled and was composed of two subunits, each of them containing one of the two enzymes involved in the HRP/GOx cascade [START_REF] Linko | A modular DNA origami-based enzyme cascade nanoreactor[END_REF] [89]. B Enzyme pathway regulation on a DNA origami. Adapted from ref [92]. C A 3D DNA origami nanoreactor for enzymatic activity. Adapted from ref [90]. D Enzyme nanocage for an enhanced enzymatic activity and protection against protease. Adapted from ref [91].

position switching of NAD + can locally regulate the enzymatic activity on a single DNA origami scaffold.

The use of DNA nanostructures can also be of great interest for more fundamental biophysical studies. The site-specific positioning of entities, as well as the high control over DNA nanostructure's shapes and size allowed for example to study of the interactions between two nucleosomes placed on the two arms of a 3D DNA origami nanodevice capable of placing molecules with a Bohr radius resolution [START_REF] Funke | Uncovering the forces between nucleosomes using DNA origami[END_REF] A). This study also revealed that nucleosomes were more likely to dissociate in the presence of increasing concentrations of salts.

The study and structure determination of proteins is a real challenge for biochemists. Usually, the full structure of a protein can be obtained when the protein is crystallized, which is a technically highly complex process. Furthermore, the structure determination by microscopy imaging for relatively small proteins remains challenging because notably of the difficult identification of individual proteins from the background noise. This experimental limitation was overcome by Scheres, Dietz et coll. when they reported the fixation of the p53 transcription factor within a
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3D DNA origami matrix [START_REF] Martin | Design of a molecular support for cryo-EM structure determination[END_REF] . This rigid matrix had two purposes. Firstly, because of its larger size and easily identifiable shape, the origamis are more easily spotted on Cryo-EM images, which made the observation of the p53 within easier. Secondly, the orientation of the p53 inside the origami cavity could be controlled, thus allowing the authors to obtain images of the protein from different angles (Figure 1 [95]. B Gold-nanoparticle-loaded DNA origami. Adapted from ref [97]. C DNA origami mediated therapeutic gene delivery. Adapted from ref [96].

The broad field of DNA nanotechnologies lead to various applications. DNA nanostructures are however intrinsically static and the obtention of dynamic DNA nanoconstructs is both challenging and of great interest to broaden the field of possible applications. Because the objects themselves are not dynamic, spontaneous reconfigurations in an unchanging medium cannot happen and it is therefore necessary to input a trigger in the system to induce them. Stimuli-responsive supramolecular architectures have been shown to be able to achieve nanoscopic movements (see Figure 1.6), thus qualifying them as nanomachines. DNA nanostructures also have a great potential for the development of complex and reconfigurable nanomachines, and the general purpose of this PhD was to create primitive DNA nanomachines by studying and controlling the hybridization/dehybridization dynamics within DNA nanostructures. As it will be shown in the following chapters 2-5, this could be achieved thanks to some stimuli inputs in the system.

The purpose of the next section is to describe the strategies used to date to obtain dynamic DNA nanostructures responsive to various stimuli, such as temperature modifications, small molecules or light. 51

STIMULI-RESPONSIVE DNA NANOSTRUCTURES

Stimuli-responsive DNA nanostructures

Whether man-made or naturally occurring, molecular machines need a stimulus to have a dynamic behaviour. The stimulus (physical or chemical) will change the energy of the system to allow for local morphological reconfigurations and can act on different levels to:

• Provide enough energy to the system to overcome the energy barrier between two states

• Lower the energy barrier between the initial and final state by changing the transition state to a lower energy (Scheme 1.3 a)

• Lower the energy barrier between the initial and final state by increasing the initial state's energy (Scheme 1.3 b)

• Decrease the energy of the final state (stabilizing it more compared to the initial state)

(Scheme 1.3 c)
• Access a different excitation state for the system (Scheme 1.3 d)

The purpose of this section is to present the most commonly stimuli used to induce morphological reconfigurations within DNA nanostructures. Those stimuli consist of either a physical change in the system (temperature modification, irradiation) or a chemical one (addition of various molecules to the system).
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Effect of a stimulus on the transition energy of a system. In the case the energies of 1 and 2 are changed (b-c), the stimulus has an effect on the equilibrium of the system. In the case they remain the same and only the energy barrier between the two states is modified (a,d), the stimulus acts on the kinetics of the system.

Temperature-responsive systems

ds-DNA are supramolecular objects assembled through the formation of multiple hydrogen bonds between the nitrogenous bases of both strands involved in the double helix. The duplex is stable for a certain range of temperature, but when provided with enough thermal energy, both DNA strands can separate from each other in a process called "melting" characterized by the melting temperature T m . This type of reconfigurations is the result of a change on the temperature of the system and is reversible when cooled down (inducing a re-hybridization of the two complementary strands). This process will be more thoroughly described in Chapter 3, along with the characterisation of DNA origami melting temperature, but a few examples of the use of this particular property of DNA in general can be described here.

The group of Vallée-Bélisle recently reported a direct application of this melting property by engineering what they called DNA nanothermometers [START_REF] Gareau | Programmable Quantitative DNA Nanothermometers[END_REF] . They consisted in hybridized DNA molecules (either double-stranded or hairpin structure) terminated on adjacent positions by a fluorophore (6-FAM) and a fluorescence quencher (BHQ-1). When both entities were close together (when DNA is hybridized, below the melting temperature), no fluorescence signal could be detected. Upon heating, they were driven apart from each other due the progressive breaking of the hydrogen bonds and the fluorescence signal increased (see Figure 1.30 A). For a hairpin system composed of five base-pairs, the melting temperature was found to be at around 40 C when all base pairs were GC. By having in one medium such hairpins with GC contents varying from 0% to 100%, the authors demonstrated the possibility to have a temperature-sensitive system for a 50 • C wide temperature range. They also described an increased sensitivity of the method for stabilized hairpin and multimeric systems.

Another example was given by Knudsen et coll. with the formation of a temperature-sensitive DNA nanocage [START_REF] Juul | Temperature-Controlled Encapsulation and Release of an Active Enzyme in the Cavity of a Self-Assembled DNA Nanocage[END_REF] . This structure corresponded to a truncated octahedron where selected "corners" were replaced by hairpin structures. At low temperature (below the hairpin T m ), the nanocage was closed and the inner cavity had a dimension of 10 nm. The dimension of the holes on the sides of the structures was in this case 5.5 nm. At T = 37 • C, all hairpin structures were melted, inducing an increase in the hole's size, which became large enough for a HorseRadish Peroxydase (HRP) enzyme to enter the cavity (dimensions of HRP: approximately 4.5 x 5 x 6.5 nm). A subsequent cooling down trapped the HRP within the cavity and it could be released upon heating to 37 between a donor and an acceptor each placed on one of the branches. The authors demonstrated that the closed scissors form could be obtained at t < 25 • C and that the fully opened form could be obtained at T > 50 • C. This process was furthermore demonstrated to be reversible and the system to be highly fatigue-resistant, being able to undergo more than a thousand opening and closing cycles without any efficiency loss.

CHAPTER 1. FROM SUPRAMOLECULAR CHEMISTRY TO STIMULI-RESPONSIVE DNA NANOMATERIALS

The melting of DNA is however not the only property which can make a DNA nanostructure heat-responsive. Li et coll. demonstrated that a single-stranded DNA molecule locally modified with several perylene tetracarboxylic diimide moieties was loosely folded at room temperature, but that a more ordered structure could be obtained by being heated up to 90 • C (see Figure 1.31) 101 . This observation was explained to be a consequence of increased hydrophobic interactions between the perylene groups at high temperature. The use of temperature-responsive systems has therefore proved to be an efficient approach for the obtention of dynamic DNA nanostructures. The main drawback to the use of such systems is however the limited range of possible applications involving temperature-sensitive entities such as enzymes or other proteins. Other approaches have therefore been developed.

Reconfigurations through strand displacement processes or oligonucleotides binding

A DNA double-helix is the most stable when all the bases from both strands are paired with a complementary base. In the case of a mismatch (an A facing a G for example), or in the case one of the two strands is longer than the other, the stability of the duplex is not optimal.

In the former case, the addition in the medium of a fully complementary strand to one of the two original strands will result in the formation of a new DNA duplex. For the latter case, the addition in the medium of a fully complementary strand to the longer original strand will result in the formation of a new duplex as well. Such reactions are known as strand displacement processes and are thermodynamically driven. In the case of a DNA duplex where one of the strands is longer than the other, the strand displacement process can be explained by Figure 1.32. In this case, the unhybridised part on the longest DNA strand of the duplex (blue) is named "toehold".

The new more complementary strand (green) can attach to this toehold and, with sufficient thermal energy, the system can reconfigure itself and have the former complementary strand (red) removed upon hybridization of the new one (green). The reaction is usually facilitated by the addition of a large excess of the replacing strand. and forming what they called an "antijunction array" (see Figure 1.33 G for the structure), and left one of the corners on the structure to be single stranded. Upon addition of this portion's complementary strand and the hybridization process, the formation of a DNA duplex induced an increased rigidity in the structure, leading to local reconfigurations. The originality in this approach was the propagation of reconfigurations all along the DNA array, eventually resulting in a complete morphological change of the nanostructure. The dimensions of the object changed from around 110 nm x 130 nm to 50 nm x 310 nm in around 30 minutes, and this process was

shown to be reversible.

The addition of oligonucleotides in the system can therefore lead to morphological reconfigurations within a DNA nanostructure. Because of it molecular composition, DNA can also be sensitive to other chemical compounds present in a medium, such as metal ions or small molecules.

Ions and intercalating molecule-responsive systems

The formation of a DNA duplex by base-pairing interactions between complementary sequences is enthalpically highly favourable because of the formation of multiple H-bonds and base-stacking interactions, which results in a stable structure. However, bringing together two negatively charged molecules also increases the electrostatic repulsions between both oligonucleotides and without sufficient charge screening (ensured by positively charged entities) or structure stabilisation, closely packed DNA molecules can be destabilized enough to induce a destructuration.

The theoretical considerations concerning the interactions between charged entities and DNA molecules will be addressed in Chapter 2. It is therefore possible to envision the construction of a DNA-based molecular machine for which the movement would be triggered depending on the presence of a stabilizing entity such as cations or intercalating molecules.

In A more recent study reports the control over the helicity of a DNA origami structure without changing the helicity of the DNA strands within the structure. Choi et coll. described the formation of origami ribbons obtained through the polymerisation of rectangular subunits and designed such as inner constrains induced the folding of the ribbon in an helical shape 114 .

Previous studies have demonstrated that the intercalation within DNA of molecules such as daunorubicin or ethidium bromide (EtBr) induced a stress release for DNA molecules 119 or DNA nanostructures 120 . The authors therefore demonstrated that the addition of intercalating molecules (EtBr or the TMPyP4 porphyrin ring) to such helical origamis induced a flattening of the structure in the first place with a loss of helicity (see Figure 1.34 C), and the apparition of an inverted helicity upon increasing intercalator concentration. This reversible process (upon intercalator removal) was therefore shown to induce morphological reconfigurations, but also very importantly evidenced a stabilizing effect of the intercalation within DNA nanostructures (which will be further developed in Chapter 4).

STIMULI-RESPONSIVE DNA NANOSTRUCTURES

The modulation of the formation of other oligonucleotides structures can also be exploited to create dynamic DNA nanostructures, such as the formation of a G-quadruplex unit. Such structures were shown to form preferentially in the presence of stabilizing entities such as K + and Na + ions, or G-quadruplex ligands such as pyridodicarboxamides [START_REF] Granotier | Preferential binding of a G-quadruplex ligand to human chromosome ends[END_REF]23 , quinacridines 24 or ethidium bromide derivatives [START_REF] Koeppel | Ethidium derivatives bind to G-quartets, inhibit telomerase and act as fluorescent probes for quadruplexes[END_REF] . Two examples of the use of such systems have been described

by Wang et coll. on the one hand 115 (see Figure 1.34 D) and by Sugiyama et coll. on the other hand 116 (see Figure 1.34 E). The system described by Wang et coll. consisted in the assembly of two DNA origami cross shapes by annealing of G-rich complementary strands placed on one of the edges of the structure (see Figure 1.34 D). Upon addition in the medium of K + ions, the formation of an intramolecular G-quadruplex was observed, leading to a separation of the origami duplex. This effect was shown to be reversible upon K + concentration decrease. The system described by Sugiyama et coll. was constituted of a DNA origami frame in the cavity of which two double-stranded DNA molecules were attached in parallel (see Figure 1.34 E). Each of them contained in its center duplex G-repeat mismatches which, upon addition of a G-quadruplex ligand such as Pyrido-DiCarboxamide (PDC), could form a G-quadruplex structure. A biotin molecule bound to the PDC unit could furthermore selectively bind to streptavidin, acting as a marker for AFM imaging. The G-quadruplex formation and dissociation processes could also both be monitored with high-speed AFM, which showed even stronger evidence of the existence of the dynamic process.

All the above-mentioned dynamic nanostructures have been obtained through a chemical modification of the system with either metalic ions or organic molecules. Other chemical triggers have also been used for the obtention of a dynamic behaviour within DNA nanostructures, such as pH modifications [121][122][123][124] . The major inconvenient of such systems is the necessary chemical composition modification of the medium to observe first the movement and second the reverse process (as it was also the case for strand displacement-based systems). Other less invasive dynamic reconfigurations stimuli could therefore be considered, such as light.

Light-responsive systems

Because of its high tunability, excellent spatio-temporal resolution and biocompatibility, light appears as a highly attractive stimulus to induce dynamic behaviours within DNA nanostructures.

DNA molecules are however not displaying dynamic behaviours upon light excitation themselves.

Consequently, photoresponsive molecules have been introduced into DNA nanostructures to endow these nanostructures with the ability to respond to light. The irradiation of the BMEPC (3, 6-bis[2-(1-methylpyridinium) ethynyl]-9-pentyl-carbazole diiodide) loaded origami at λ = 365 nm lead to the production of free radicals which affected the DNA nanostructure itself and resulted in an irreversible degradation of the origami upon light Another example was given by Tan et coll. with the construction of a light-driven DNA walking device 128 . The system was composed of a DNA rail-road track with unhybridised sites spread equidistantly (docking sites), and a single-stranded DNA molecule designed to hybridize sequentially with all of them (walker). The docking sites were DNA strands containing a backbone modification, where two phosphate moieties were bound to each other through a disulphur bridge. The walker was a modified ss-DNA as well, bearing a pyrene moiety between two phosphate sites. UV irradiation at λ = 350 nm triggered an electron exchange reaction between the pyrene and the disulphur bridge, which resulted in the cleavage of the S-S bond.

This allowed for the walker to reach the next docking site with its upper part, and the lower part joined later through a toehold-mediated strand displacement reaction. A succession of such reaction steps resulted in a walking motion of the walker along four docking sites (see Figure 1.35 B).

Although very efficient, all processes rely on irreversible photocleavage reactions and the movement can therefore be observed only once. In order to create functional DNA nanomachines, it is more relevant to work with reversible systems, such as the ones described in Chapter 4.

The understanding and mastering of the weak interaction forces existing between molecules eventually gave birth to the blossoming field of supramolecular chemistry. Over the years, chemists have developed complex architectures involving a large number of interacting molecules, some of them having a controlled dynamic behaviour. The construction of such architectures is facilitated when the composite molecules have numerous and specific interactions with each other.

In that regard, the DNA molecule appears to be an ideal building material for supramolecular construction. The double-stranded DNA itself is a supramolecular object self assembled through the exquisite specificity of the base-pairing interactions between the two strands composing the DNA double helix. The role of DNA as the support of genetic information was therefore exceeded to use it as a building material for nanostructures assembled through a bottom-up process.

The obtention of the first DNA nanostructures by Nadrian Seeman lead to the development of two revolutionary technologies: the DNA origamis and Single-Stranded Tiles. Both have been shown to be of great interest for the formation of 2D and 3D DNA nanostructures though a highly controlled bottom-up process. Because of their constitutive material, DNA nanostructures can be functionalised with various entities and with nanometric resolution. Those objects are furthermore intrinsically static and the obtention of dynamic nanostructures is both challenging and of great interest.

Numerous strategies have therefore been developed to date for the observation of a dynamic behaviour within DNA nanoconstructs, all relying on the use of a stimulus to trigger morphological reconfigurations. However, all of them relied either on a strong modification of the nanostructure's environment or on covalent modifications on the DNA molecules. A few key parameters for the understanding of such objects are moreover not well described to date, such as the chemical environment's requirement for the self-assembly to occur, the formation mechanisms or the thermodynamics and kinetics of DNA base-pairing and melting within the structure. In the following Chapters constituting this PhD, I will therefore address those various aspects under different approach angles, starting by the study of the formation process of DNA nanostructures in various environments.

Chapter 2

Magnesium-free formation of DNA nanostructures

The broad field of DNA nanotechnologies rests on the formation of complex and highly controlled DNA nanostructures. The formation process is a key step to all possible applications, and it is quite surprising to notice that all the complex and various types of DNA nanostructures are basically formed under the same conditions, i.e by thermal annealing and in a magnesium-containing buffer, following the same protocol consisting in a temperature ramp from high (typically 70 • C)

to low temperatures (typically 20 • C). Because of its universality, it is crucial to better understand this process in order to make it evolve and broaden the applications range. How tunable is it?

The overwhelming majority of DNA origami formation processes are performed in the standard conditions [TAEMg + thermal annealing], where only the magnesium concentration (rarely) slightly varies. The same observation can be made for the Single-Stranded Tiles (SST) formation, usually performed in the standard conditions [T(A)EMg + thermal annealing]. Is it thus possible to move away from those standard conditions and still obtain reliable DNA nanostructures? How do the resulting nanostructures depend on the chemical composition of the bulk to properly fold?

This Chapter will intertwine literature-based knowledge and results obtained during this PhD.

First, I will describe the general principles of DNA nanostructures formations and present the objects I obtained under the standard conditions. Then, I will address the influence of several parameters on the formation of DNA origamis and SST, such as salt and buffer composition.

Finally, I will show that DNA nanostructures formation is possible in various magnesium-free buffers and with varying chemical compositions in bulk. The only key parameter is the presence in the medium of NaCl instead of MgCl 2 . This protocol was shown to be very robust, with apparent yields of origami formation at around 70% and even at 90% for the rectangle origami (number of well folded objects compared to ill folded ones). At the end of the reaction, the system can no longer evolve (M13 is the limiting reactant of the reaction and no unbound M13 is left in solution at the end of the annealing process). The system can furthermore no longer evolve at room temperature, as is will be shown in Chapter 5). One can thus directly work on the obtained origami sample either after purification from the staples excess or not, depending on one's needs. The purification process can be carried out through gel electrophoresis 155 , ultra-centrifugation 151,156 , PEG precipitation 157

or size-exclusion chromatography 151 . Since the publication of this first method, many groups have developed their own protocols for the preparation of DNA origami, all inspired by this first original method, and all with strong similarities. These protocols are summarized in Table 2.1.

They all have in common the use of a certain concentration of Mg 2+ ions (between 10 and 20 mM, 2+ 158,159 .

What is the exact role of magnesium in DNA origami formation? It is believed that magnesium ions have specific interactions with DNA through ion-bridging mechanisms 160,161 , but a recent study demonstrated that in the case of DNA origamis, the main role of magnesium was Debye screening 162 (the lower the concentration of magnesium, the higher the interhelical distance). At a longer Debye length, so at a lower magnesium concentration and/or ionic strength, the charge screening of DNA phosphate groups is less efficient, thus inducing an enhanced electrostatic repulsion amidst DNA nanostructures.

As discussed previously in Chapter 1, DNA is a linear polyelectrolyte molecule constituted by a succession of base pairs, each bearing two negative charges on phosphate moieties. In a theoretical model where DNA would be studied as a 1D molecule regardless of its environment, two pairs of negative charges would consenquently be separated by the distance between two base pairs and the fraction of charged DNA base pairs f would be equal to 1. This fraction is defined as f = D/r, with D the distance along the DNA axis between two DNA base pairs, which is 0,34 nm, and r the distance between two pairs of charges. In the presence of counterions however, necessary to ensure the electrical neutrality of the bulk, the Manning-Oosawa model 163,164 predicts that f is reduced below one due to charge screening. The electrostatic force created by the abundance of charges of the DNA molecule creates a Coulomb force that drives the cations present in solution closer to the DNA backbone, until an equilibrium is reached between electrostatic and thermal energy. The distance between two effective charges could then be calculated from the system described in Scheme 2.1 as follows, starting from the Coulomb interaction force: r 1 q 2 q Scheme 2.1. q 1 and q 2 are charges, r is the distance between those charges

F Coulomb (r) = 1 4πε . q 1 .q 2 r 2 (2.1)
Where ε is the solvent's permittivity, q 1 = Z 1 . e and q 2 = Z 2 . e with Z 1 the valency of the charge N • 1 and Z 2 the valency of the charge N • 2, e the elementary charge, and r the distance between those charges. Thus:

F Coulomb (r) = |Z 1 |.|Z 2 | 4πε . e 2 r 2 (2.2)
The coulomb energy is therefore defined as

E Coulomb (r) = ∞ r F Coulomb (r) dr = |Z 1 |.|Z 2 | 4πε . e 2 r (2.3)
Under these conditions,

E Coulomb (r eq ) = |Z 1 |.|Z 2 | 4πε . e 2 r eq = k B T = E T hermal (2.4)
At the equilibrium, the effective distance between two charges is thus

r eq = |Z 1 |.|Z 2 | 4πε . e 2 k B T = |Z 1 |.|Z 2 |.l B (2.5)
Where l B is the Bjerrum length:

l B = 1 4πε . e 2 k B T .
In the case of DNA, because each base pair bears two negative charges, the charge of one base pair is q 1 = -2.e, and |Z 1 | = 2. |Z 2 | represents the valency of the counter-ions present in bulk.

The effective fraction of charged DNA base pairs

f ef f is thus f ef f = D 2.|Z 2 |.l B .
In pure water at T = 25 • C, l B = 0, 71 nm, and f ef f varies depending on |Z 2 | as explicated in Table 2.2. 

|Z 2 | 1 2 3 
f ef f 0,24 0,12 0,08
This is verified only in the hypothetical case of a salt-free solution constituted of 1D DNA and its counterions only. In a real solution, DNA has monovalent counterions and is mixed in a buffer composed of different ions. The presence of multivalent ions can compete with DNA monovalent counterions, exchange with them (entropically favourable), and will contribute to reduce the effective charge of DNA. As a consequence, the presence of magnesium in bulk contributes to decrease the effective charge of the DNA molecules and enhances the stability of the otherwise highly negatively charged structure.

PRINCIPLES OF DNA NANOSTRUCTURES FORMATION

Furthermore, the presence in solution of free charges can also influence the potential of electrostatic interaction. For a medium containing n charged entities with a Z i e charge at a concentration c i , the relation between the electrostatic potential Φ and the charge distribution is given by the Poisson-Boltzmann equation:

∆Φ = - n i=1 c i Z i e ε exp - Z i eΦ k B T (2.6)
The first order development of 2.6 in the case the potential energy of the charged |Z i eΦ| is low compared to k B T , leads to the Debye-Hückel equation:

∆Φ = 1 λ 2 D Φ (2.7)
where λ D is the Debye length, and its expression is:

λ D = e 2 εk B T n i=1 c i Z 2 i -1/2 (2.8)
In the case of a point charge, the system has a spherical symmetry and 2.7 becomes:

d 2 (rΦ) dr 2 - rΦ λ 2 D = 0 (2.9)
The electrostatic potential cannot diverge at infinite distances, therefore:

Φ(r) = C r exp - r λ D (Coulomb potential) (2.10)
where C is a constant. Close to the charge, the electrostatic potential is:

Φ(r) = Ze 4πεr (2.11)
When getting further from the charge, the potential decreases exponentially, such as:

Φ(r) = Ze 4πεr exp - r λ D (2.12)
At a wider distance than λ D , the presence of the charge therefore does not affect the potential in a significant extent any more. The Debye length is therefore an indication on the range of the electrostatic potential created by the charge. A few values of λ D are given in Table 2.3.

The presence of multivalent ions such as Mg 2+ in solution therefore affects the electrostatic interaction potential in a wider range than in the presence of monovalent ions such as Na + , which also contributes to the stabilisation of the origami by reducing the electrostatic repulsions between the negatively charged DNA strands closely packed within the structure. The timescales required for the assembly of DNA origamis are also quite similar from protocol to protocol, with a folding time of around 1 h for simple 2D origamis, or of more than a few hours (up to 24 h) for more complex or 3D structures (see Table 2.1). The latter type of structures usually requires a longer folding time because of the increased number of interacting molecules or of the lesser stability of the final objects.

The excess of staples also plays a role in the successful completion of the folding process by increasing the encounter probability between the template and the staples, thus increasing the reaction rate (to a certain point). The staple excesses used in the non-exhaustive list given in Table 2.1 varies from almost 1:1 to 100:1 (staples:M13), with an average around 15:1.

We can thus extract a "standard protocol" from these data:

• Buffer: Tris 40 mM ± Acetate 20 mM

• EDTA ∼ 1 mM • Mg 2+ ∼ 12,5 mM • Staple/M13 ratio: 15/1 • Temperature ramp: from 80 • C to 20 • C in 1 h if simple 2D structure / in around 20 h if 3D
and/or more complicated structures. The starting temperature (at which thermal denaturation occurs) should be higher than the melting temperature of the final object (see Chapter 3 for the definition of the melting temperature T m ).

With such a protocol, one should be able to obtain the large majority of usual DNA origamis almost effortlessly.

Single Stranded Tiles

The first protocol for the formation of Single Stranded Tiles (SST) was published in 2012 by Yin et coll. in their seminal Nature paper [START_REF] Wei | Complex shapes self-assembled from single-stranded DNA tiles[END_REF] . It involved the self-assembly of a large number of single and on the other hand the presence of all strands in stoichiometric proportions (whereas the origami staples are used in overwhelming excess compared to the M13 template). Because of the stoechiometric proportions needed for the formation of SST, the thermal annealing process has a typical yield of 10-20%. As is will be shown in Chapter 5, the system (almost) does not evolve any more at 25 • C, and is therefore mainly constituted of partially formed SST. A purification step (by gel electrophoresis) is thus systematically performed [START_REF] Wei | Complex shapes self-assembled from single-stranded DNA tiles[END_REF][START_REF] Ke | Three-Dimensional Structures Self-Assembled from DNA Bricks[END_REF]108,165 .

Folding times are significantly higher for SST than for DNA origamis, and yields significantly lower. The difference in folding times can be attributed to the kinetic advantage of the staples excess in DNA origamis compared to the stoichiometric conditions for SST. The probability for one strand to meet a complementary strand is lower than for the M13 to meet a complementary staple, thus increasing the folding time and decreasing the yield.

Thermal annealing and equilibrium -Key points of the folding process

For a given chemical system, the thermodynamic equilibrium is defined both by the chemical composition of the system and the temperature. For a reaction A + B -→ C, the associated equilibrium constant K eq can be calculated as follows:

K eq (T ) = [C] eq .C • [A] eq .[B] eq (2.13)
where [X] is the molar concentration of each compound, K eq is the equilibrium constant and C • the standard concentration (1 M). K eq is related to the Gibbs energy G of the system, and thus the enthalpy H and entropy S of the system, by:

K eq (T ) = exp - ∆ r G • (T ) RT = exp - ∆ r H • (T ) RT + ∆ r S • (T ) R (2.14)
For DNA origami formation with a thermal annealing process, each temperature at which the system is submitted therefore corresponds to one equilibrium state, with one equilibrium constant K i eq (T ). At each temperature, the M13 scaffold binds to one or several staples, those staples are either totally hybridized on the template or partially, some could also bind imperfectly to the template thus creating a mismatch. The initial chemical composition of the system is therefore different for each temperature.

The folding mechanism of the origami is thus a succession of interdependent steps, with the n -1 step influencing the n step an so on. Scheme 2.2 represent this succession of steps and the involved energies. This representation is valid only if the system has enough time at each temperature to reach the equilibrium state. If it is not the case, the system can then evolve in two ways:

• If the energy barrier between the n and the n-1 states is low enough at T n to allow reconfigurations of the system, and if the system has enough time and thermal energy for it, the system can reach a stable equilibrium at each temperature and will eventually evolve into the final well folded origami. The system is therefore under thermodynamic control.

• If no reconfigurations are possible, the system is then kinetically trapped in a misfolded state and cannot evolve into the final well folded origami even upon long annealing times. The system is therefore under kinetic control.

The tuning of the thermal annealing temperature steps is therefore crucial to obtain well-folded origamis. It is impossible to know a priori how long the system needs at each temperature to
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Scheme 2.2. Simplified Gibbs energy landscape for the formation of DNA origamis, composed of a succession of reaction steps at various temperatures (T n ). Each step (for example the n -1 -→ n step) corresponds to a unique temperature, but can represent the formation of multiple H-bonds between the M13 and one or several staples. We here have a thermodynamic point of view of the system, represented by macroscopic thermodynamic functions. Here, the energies arerepresented in a molar Gibbs energy diagram (G • m ). TS ‡ n is the fictional transition state for the n -→ n + 1 transition. Because each step can be composed of several elementary steps, there cannot be a unique transition state for each transition. This simplification was made to make the scheme clearer. For each equilibrium, an energy landscape such as the one proposed by Saccà et coll. [START_REF] Pfeifer | From Nano to Macro through Hierarchical Self-Assembly: The DNA Paradigm[END_REF] can be drawn. ∆ ‡ G n is the energy required for the n -→ T S ‡ n transition. All energies are represented as identical between two reaction step. In reality it is highly non-probable, but it makes the scheme clearer. Each n state has an a priori different energy depending on the temperature. reach the equilibrium or if the system can have enough thermal energy at a given temperature to reconfigure itself in case of a mismatch for example. When no reconfiguration is possible, the system cannot be under thermodynamic control and it can form the well folded origami only if it corresponds to the most rapidly formed object. When designing a temperature ramp for the thermal annealing of DNA origamis, one must thus start with a slow ramp before optimizing and reducing the necessary time.

When considering an equilibrium, one considers the enthalpy and entropy of the system. A few studies by Elezgaray et coll. evidenced the cooperativity in the folding process of DNA origamis 166,167 by showing that the binding of a given staple inducing a folding of the template happens next to an already folded position (so in a pre-organized position). The entropic loss of the system upon folding is thus lower than in the case of the folding of a pre-organized template, which is both thermodynamically and kinetically favourable. Similar conclusions can be drawn for SST. As for origamis, the system needs to be able to

1 2 3 4 Scheme 2.3.
Stepwise assembly of a Single-Stranded Tile from nucleation points and assembly of substructures. Each step corresponds to the assembly of two or more substructures happening at a given temperature.

reconfigure itself at each temperature to minimize flaws in the structures and thus result in the formation of well-formed DNA tiles. Moreover, the formation of SST follows a nucleation mechanism 168 , and complementary nucleus can assemble to form larger structures and eventually tiles, as schematically represented in Scheme 2.3. The assembly of two given substructures depends on several parameters, including the temperature and the probability of meeting between those two substructures. Because of the irrelevance to use different proportions of constituting strands other that the stoichiometric proportions, the concentration of objects logically decreases each time two objects (strands or substructures) bind to each other. Moreover, the more complex the substructure, the less probable the formation of the exact complementary substructure. If no reconfigurations are possible, many objects constituting the system will partially formed SST and will never evolve to become fully formed SST, which explains the relatively low yield observed for the formation of SST.

All the above-mentioned key points are necessary to understand the folding process of DNA nanostructures. They constitute the starting points of this chapter's argumentations.

PRINCIPLES OF DNA NANOSTRUCTURES FORMATION

Formation in T(A)EMg

In this section, I will first present the various DNA nanostructures obtained during this PhD with the standard conditions described in the previous section. Then I will emphasize on the studies I conducted on DNA origamis on the effect of staples on the formation of origamis will be described (effect of the excess and of a mix of two different sets of staples programming the formation of two different origami shapes). The hereafter presented shapes constitute the totality of DNA nanostructures encountered during this PhD thesis.

Formation of different shapes

The first challenge of my PhD was to obtain DNA nanostructures of programmed design, and to be able to form them with limited flaws and in comparable yields as what had previously been reported.

DNA origamis

For standard conditions, I chose to explore the formation of published origami shapes in a magnesium-containing buffer, as for the large majority of studies. All the obtained origami shapes were observed by AFM and the resulting images are presented in is the necessary rinsing and drying of the sample in the case of the observation in dry state.

During this extra step, the sample is rinsed with MQ H 2 O to remove salts that could form on the surface. Then, it is rapidly dried with a flow of compressed air (see Annex E for more details).

For origamis prepared in the previously described conditions, we can observe that all three shapes could be sucessfully obtained with only a few of them being poorly folded. In the case of tall-rectangle (Figure 2.1 A) and sharp-triangle origamis (Figure 2.1 B), we notice that all
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the origamis exist as individual and not as part of an origami chain, which is not the case for the smiley origamis (see Figure 2.1 C). While the inter-origami stacking is uncommon for the sharp-triangle origamis, it is a well known phenomenon for both smiley and tall-rectangle origamis [START_REF] Rothemund | Folding DNA to create nanoscale shapes and patterns[END_REF] . The inter-origami stacking can be explained by the fact that two individual origamis have the exact same composition, meaning that the staples on the edges of one origami are the same as the ones on the edges of the other origami. It is therefore possible during the folding process that such a staple could be shared between two objects, thus forming an origami duplex.

For origamis with a C 2 symmetry axis (taking only the outline of the shape, not the detailed structure), such as the tall-rectangle or the smiley origamis, this phenomenon can happen on opposite sides of the origami, thus forming an origami chain (see Scheme 2.4 A). For objects with a C 2n,n≥2 or a C 2n+1 symmetry axis, such as the sharp-triangle origamis, the stacking can lead to the formation of 2D planes of stacked origamis (see Scheme 2.4 B and C).

A B C

Scheme 2.4. Stacking possibilities for various origami shapes. A Rectangular shape mimicking the structure of the tall-rectangle origami (with a "C 2 " symmetry axis). Only the staples of the blue and red sides cans bind to two different scaffolds. Formation of an origami chain. B Triangular shape mimicking the sharp-triangle origami (with a "C 3 " symmetry axis). The staples of the edges (in blue, red and green) and of the tips can bind to two different scaffolds. Formation of origami planes. C Hexagonal shape having six different edges (with a "C 6 " symmetry axis). In an origami, the staples of those edges could interact with two different scaffolds and form origami planes.

In order to prevent this stacking from happening, I removed the staples of the tall-rectangle origami short edges from the original staples mix (see Annex B for details on the removed staples).

We never observed stacking of multiple tall-rectangle origamis in any sample. I did not remove the staples of the edges neither of the sharp-triangle nor the smiley origamis, and smiley origami samples prepared in the standard conditions [TAEMg + thermal annealing] are always composed of a small proportion of individual origamis and a much larger proportion of chains of 2 to 6 origamis. The presence of such structures is unfavourable in an entropic point of view and can be explained by a lack of energy for the system to reconfigure itself, as explained previously on p.

77.

Another origami shape obtained during this PhD is presented on that the R4 tiles are present in high apparent yield and overall well formed, meaning that they seem to be composed of all the designed constituting strands. We also observe on this image the presence of a large number of smaller rod-like objects that I hypothesize are partially formed R4

tiles, as previously explained on p.79.

The hollow R4 derivative shown in Figure 2.3 B seems to form in a much lower yields than the original R4, and the proportion of incompletely formed structures seems to be higher. However, the completed drilled R4 structures seem to be overall well formed. Given the structure of these objects (see Annex B), it is possible that the hole in the middle of the edifice decreases its overall stability, thus reducing the yield.

Effect of the excess of staples

In standard conditions, I prepare origamis with an excess of staples over M13 of 40:1. Here, I briefly investigated the effect of different amounts of staples on the formation of DNA origamis.

A high excess of staples drives the equilibrium toward the formation of the folded origami, but would a lower excess affect the folding process?

As we saw previously, nearly all research groups working on origamis have their own protocol, all similar to each other, that include the use of a certain excess of staples going from 1,25:1 to 100:1 (see p. 71).

I first conducted an experiment for which the tall-rectangle origamis were formed in the TAEMg buffer with the usual protocol described in Annex D, but with a staples to M13 ratio of 1:2 instead of 40:1. For that purpose, the M13 concentration in bulk was kept at 1 nM and the staples concentration was decreased to 2 nM. The system was then submitted to a thermal ramp constituting of steps of -0,1 All the structures observed on this figure are individual objects and the majority of them have rectangular-like shapes. The most striking feature however is the fact that we cannot observe any structure corresponding to a well-folded tall-rectangle origami. All have an "accordionlike" shape that strongly ressembles origamis during the melting and/or formation process at temperatures where either the melting or the formation is not complete (between 57 • C and 59 • C typically for both processes) 137 . This characteristic shape stresses the fact that the folding in those experimental conditions is not completed and that many staples are missing in the final
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structure. The very low excess of staples diminishes the encounter probability in bulk of the M13 template with the different staples and the reaction is thus limited by the diffusion of DNA in the medium (in the absence of a convective motion, as it is the case here). It is therefore possible that the temperature ramp used for this experiment is too rapid and does not leave enough time to the system to first diffuse and, second, reach the equilibrium at each temperature (when the equilibrium could be reached in such short times in the presence of a huge excess of staples).

I thus performed a similar experiment, using the same low excess of staples 2:1 in the same buffer on the tall-rectangle and the sharp-triangle systems, but changed the temperature ramp for a slower one. For this experiment, the system was submitted to a decreasing temperature ramp from 70 • C to 20 • C by steps of -0,1 • C/20 s (around 3 hours for the whole process). The objects that were obtained were characterized by AFM and the resulting images are displayed on The tall-rectangle origamis obtained in these conditions (see Figure 2.4 B) have a much better defined shape, although still bearing a characteristic "accordion-like" shape, indicating that some staples are here again missing from the final origami shape. More interestingly, it seems that all objects have a partially folded center, but that the outer edges (on the shorter rectangle sides)

are not properly folded. It has however been shown that the tall-rectangle origamis folded with a 50:1 excess of staples in TAEMg by a thermal annealing ramp going from 70 • C to 20 • C by steps of 1 • C/15min first fold along the edges before folding in the center 137 . The behaviour observed here is in complete opposition with the previous report, and rather matches the results obtained by our laboratory, in collaboration with A. Estevez-Torres, when folding origamis with a higher excess of staples from the center than from the edges of the tall-rectangle origami, which led to the formation of first the center and then the edges of the origamis 137 . In this study, the system had enough time to reach the equilibrium at each temperature because of the extended time spent at each temperature of the annealing ramp and of the large excess of staples, which is not the case in our study. It is therefore possible that the objects observed on 
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tall-rectangle in the same conditions. The shape of the sharp-triangle origamis observed on Figure 2.4 C is however sometimes not as flawless as origamis formed in the usual standard conditions (in TAEMg, 40:1 staple to M13 excess, temperature ramp of -0,1 • C/6 s between 70 • C and 20 • C), leading us to conclude that a higher excess of staples over the M13 template is preferable for the formation of well-folded tall-rectangle and sharp-triangle origamis.

Competition between two shapes

The difference in folding kinetics between the tall-rectangle and the sharp-triangle origamis in low staple excess conditions raises the question of what would happen if we mixed the staples in one system for both the tall-rectangle and the sharp-triangle in the same proportions and the M13 template. Some scenarios can be predicted:

• Formation of origami chimera, as previously demonstrated for other origami shapes by LaBean et coll. 169

• Formation of a mixture of properly folded tall-rectangle and sharp-triangle origamis at 
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The final objects are perfectly folded in the case of the competition between tall-rectangle and sharp-triangle origamis (Figure 2.5 A), and the folding seems to be less perfect for the two other competitions (Figure 2.5 B-C). However, for both the samples observed in images B and C, the AFM tip clearly was damaged (indicated by the resolution of the salts present on all images), which could explain the blur and the lack of details. The triangles obtained after the competition between sharp-triangle and smiley origamis however seemed to have a few defects along one of their edges, indicating perhaps an incomplete folding or a chimeric third side.

Because of the thermal annealing conditions (very short time at each temperature), we hypothesised that the system is under kinetic control, which means that the most abundant product is the most rapidly formed. In this frame, we can conclude from this set of experiments that the sharp-triangle origami forms more rapidly than both the tall-rectangle and the smiley origamis, and that the smiley origami forms more rapidly than the tall-rectangle, thus giving the following order in formation rate v i :

v rectangle << v smiley < v triangle

Outline of the section

In this section, I offered an overview on DNA origamis and Single-Stranded Tiles formation with experimental conditions that could vary from one protocol to another, but which mainly had three strong similarities: the DNA nanostructures were prepared in a Tris-based buffer, in the presence of magnesium and through a thermal annealing procedure. This has been shown to be robust over the years, leading to the formation of the vast majority of known structures. Using a standard protocol derived from already published protocols, I could obtain various 2D origami and SST shapes with overall good yields.

The attempt to fold origamis in a low excess of staples over the M13 template led to the conclusion that sharp-triangles were formed faster than tall rectangles in the same experimental conditions. The competitive annealing of two origami shapes for a system under kinetic control later confirmed this result, with each time only one shape being formed and no chimera origamis obtained, contrarily to previous reports of the same experiment performed on other origami shapes.

All these experiments performed in standard conditions serve as the foundation of this PhD work, in which I will explore non-conventional conditions to provide DNA nanostructures with new properties, such as light-triggerability (see Chapter 4), reconfigurability and isothermal folding properties (see Chapter 5). As we will see, one of the key points was to be able to produce origamis in the absence of magnesium and this is precisely what I will develop in the following section. 91

FORMATION IN MAGNESIUM-FREE BUFFERS 2 Formation in magnesium-free buffers

One of the first questions addressed by this PhD was: why is only one type of protocol generally used for origamis formation? Would it be possible to form origamis in other conditions, by changing the buffer, salt and/or the annealing procedure? To my knowledge, only a few reports describe DNA origami and/or nanostructure formation in buffers unlike the ones given in Table 2.1 169,170 or using other salts than MgCl 2 171,172 . Furthermore, the only protocols used to prepare origamis without a thermal annealing step are presented in Chapter 5. Because it was

shown that DNA nanostructures could be obtained in different conditions than the standard [TAEMg + thermal annealing], why is the overall variety of protocols currently used so limited?

In this section, I will present the formation of various DNA nanostructures in a variety of mediums where Mg 2+ was replaced by Na + , exploring also the relevance of using widely used additives such as EDTA and pH-buffering molecules.

Origami preparation in TA(E) buffers with NaCl

As described by Dietz et coll. in 2012, it is possible to form multilayer DNA objects in buffers containing between 1 M and 3,4 M NaCl, with good yield and flawless shapes after a thermal annealing step of 1,5 to 23 days 171 . The formation of 2D origamis and SST was however not demonstrated in those conditions. Because of the generally higher stability of 2D DNA nanostructures over the 3D ones, 2D DNA nano-objects are usually formed with a faster annealing step and can require a smaller concentration of salts in the medium. In this section, I will present the formation of 2D DNA nanostructures in conditions approaching what had been previously described (meaning [TAEMg + thermal annealing]), but where Mg 2+ is replaced by Na + .

Beside the role of magnesium ions, we also wanted to address the relevence of using EDTA.

EDTA is indeed well known to form stable complexes with divalent cations such as Mg 2+ or Ca 2+ 173 and this property is widely used for the titration and/or removal of divalent cations in various mediums. In the TAEMg buffer used in standard conditions, EDTA has a concentration of typically 1 mM, when Mg 2+ a typical concentration of 15 mM. If the complexation reaction is considered to be quantitative (which is a valid hypothesis since the complexation constant between EDTA and Mg 2+ K is such that log(K) > 4 173 ), the apparent concentration of magnesium is therefore lower than expected by 1 mM. The contribution of EDTA on the overall ionic strength and buffering effect is also quite limited, due to the concentration at which it is used. The use of EDTA at the same time as magnesium is therefore somewhat problematic and not relevant, as noted in a recent study 174 . I will therefore focus on the formation of 2D DNA nanostructures in magnesium-free buffers that most of the time do not contain EDTA. Nevertheless, some objects presented in the following section were obtained in the presence of EDTA for technical reasons (explained in Chapter 5 p. 215).

Formation of different shapes

In order to prepare DNA nanostructures in a magnesium-free buffer, one of the first pre-requisites is to find a concentration of the replacing cation that allows for the formation of well-folded objects. In the framework of this PhD, we chose to investigate the possibility of folding DNA nanostructures in the presence of Na + instead of Mg All shapes could be obtained in the same experimental conditions and be identified as such. The tall-rectangle was obtained both in the presence and absence of EDTA and no main difference can be found between the two samples (both contained well folded rectangles as well as partially broken structures in the same apparent proportions). The same observation will also be made in Chapter 5 during the formation of origamis by room-temperature isothermal formation process in the same buffer conditions. Tall-rectangles can therefore fold in such conditions, but in an imperfect way. However, the shape of the majority of objects can be attributed to rectangles. We observe on Figure 2.6 A that the origamis also seem to have a characteristic accordion-like shape, but not as obvious as on Figure 2.4. This however underlines a certain destabilization of the shape compared to the case where the origamis are formed in the presence of magnesium. This accordion-like shape could however not be observed for tall-rectangle origamis in the presence of EDTA (Figure 2.6 B), although both samples were observed in different conditions. The rectangles from Figure 2.6 A were adsorbed on an SPM-treated mica plate and observed in dry state, following a protocol described in Annex E, whereas the origamis from Figure 2.6 B were adsorbed on an SPM-treated mica plate and observed in liquid in the TAENa buffer, following the protocol described in Annex E. The main difference between the two observation protocols is the necessary rinsing and drying of the sample in the case of the observation in dry state.

During this extra step, the sample is rinsed with MQ H 2 O to remove salts that could form on the surface. Then, it is rapidly dried with a flow of compressed air. This kind of procedure was already performed on origamis formed in TAEMg and observed in dry-state (see Figure 2.1), but did not seem to affect the structure of rectangles to such extent. Because the drying step is identical for both systems, I hypothesise that this step does not affect the structure of the origamis on the surface. The rinsing step therefore seems to have to highest responsibility in this regard. My hypothesis is that the rinsing step removes a fraction of the cations from the DNA nanostructure and that, in the case of an already destabilised structure containing Na + and not Mg 2+ , this additional destabilisation leads to a deformation of the origamis on the surface. 95
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Other structures formed in the same conditions [TAENa + thermal annealing] (Figure 2.6 C-F) are otherwise overall well formed, with only a few objects bearing defaults as it was the case for objects folded in the presence of magnesium. Those new conditions thus appear to be suited for the formation of 2D DNA origamis.

Effect of the excess of staples

The effect of the excess of staples can be briefly evaluated by observing the tall-rectangle origamis from Figure 2.6 A and B. The tall-rectangles in A were formed with an excess of staples over M13 of 40:1, whereas the objects in B were formed with an excess of 2:1. Strikingly, the objects with the more structural defaults are the ones from A, and this observation was attributed to the difference in AFM sample preparation. Moreover, as seen on p. 87, the origamis deformed by a lack of staples resemble more the objects from A than from B. It therefore seems that, in the case of tall-rectangle origami formation in the TA(E)Na buffer by thermal annealing, the excess of staples does not significantly affect its final aspect.

The concentration of staples plays a role both in the chemical equilibrium and in the kinetics of the folding process. At lower staples concentrations, the reaction can be slowed down because of a decrease of encounter probability between the M13 template and the various staples, as discussed previously p. 85. We then saw that if the temperature ramp was too rapid, the system did not have enough time at each temperature to reach the equilibrium, thus leading to misfolded structures. In the case of a thermal annealing in the presence of NaCl, all annealing protocols last for around 12 h and the system stays at each temperature for 10 minutes, thus giving it more time to reach the equilibrium than in the case of a shorter annealing ramp. Because we do not observe any structural difference that could be explained by the excess of staples on the origami structures, we hypothesise that this thermal annealing protocol gives the system enough time to reach the equilibrium at each temperature, regardless of the excess of staples, and that consequently the excess of staples does not affect the folding process in those conditions.

Competition between two shapes

As it was the case for the standard conditions [TAEMg + thermal annealing] on p.89, the competitive formation of two origami shapes was also briefly investigated. The experiments consisted in mixing together and in the same proportions the staples of either the tall-rectangle and the sharp-triangle origamis, or of the sharp-triangle and the smiley origamis with the M13 template in the TANa buffer and submitting the system to the usual thermal annealing procedure (see Annex F for experimental details). The resulting objects of this shape competition were Similarly to what had been previously observed, the mix of tall-rectangle and sharp-triangle staples with the M13 template led to the formation of triangular-like shapes. All the obtained objects however were ill-folded, even if they resembled the sharp-triangle shape. The mix between the staples of the sharp-triangle and the smiley origami staples however did not yield any specific origami spare but rather small shapeless aggregates of DNA. It appears that the folding could not be completed for any of the two shapes, and that no folding could occur. It is therefore possible in this case that the temperature ramp is still too rapid for the system to assemble in a defined shape, because objects that we observe are also not origami chimera, which could have been the case if even an improper folding would have occurred.

However, from those results, it seems that the reaction rate for the formation of sharp-triangle origamis is higher than the one of the tall-rectangle, and thus:

v rectangle < v triangle 97
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Outline

I have here demonstrated the feasibility of formation of 2D DNA origamis in TA(E)Na buffers containing 100 mM of NaCl instead of 12,5 mM of MgCl 2 , with objects properly formed after a slow annealing procedure. The origamis obtained were overall well formed and present in high apparent yields, as it was the case for the formation of origamis in the TAEMg buffer.

The presence or absence of EDTA in the folding buffer was shown to be irrelevant in the final origami shape and one can thus use EDTA or not according to one's needs. The effect of the excess of staples was not significant in the formation of the tall-rectangle origamis, thus leading us to hypothesize that the thermal annealing procedure used for the folding of origamis in the TA(E)Na buffers was slow enough for the system to reach the equilibrium at each temperature. Finally, the competitive formation of two origamis in a one-pot experiment produced identifiable origami shapes in one case, but ill folded. For example, this aspect could be improved by slowing down the thermal annealing ramp to allow the system to reach the equilibrium at each temperature.

Origami formation in PB buffers with NaCl

The use of a Tris-based buffer for the formation of DNA origamis is widely spread in the DNA nanotechnology community, with only a few examples of nanostructures being formed in either a HEPES buffer 170 , or a sodium cacodylate buffer 169 . For some applications however, especially when working in biological environments, it is necessary to tranfer the origamis to a better suited buffer such as the Phosphate Buffer (PB buffer) for example. To that purpose, a few studies present the formation of DNA nanostructures in the standard conditions [T(A)EMg buffer + thermal annealing] before performing a buffer modification procedure to work in the desired conditions 156,175-179 . To our knowledge, the formation of DNA origamis in a PB buffer has surprisingly never been reported. I therefore investigated the possible folding of 2D DNA origamis using a PB buffer by on the one hand studying the effect of pH on the folding and on the other hand the effect of NaCl concentration.

Origami formation at varying NaCl concentration, and constant pH

I demonstrated in the previous section that the formation of DNA origamis was possible in TA(E) buffers containing 100 mM NaCl. In order to investigate the formation of origamis in a PB buffer, we decided to work in conditions that were as similar as possible to the previously determined ones, meaning at a neutral pH of 7,2 and with an added concentration of NaCl of 100 mM (see Annex C for the detailed buffer composition). Such a buffer will be named PB 7,2 Na 100 . In a more general framework for the PB buffers used in this PhD, the nomenclature will be PB x Na y , where x is the buffer pH and y the NaCl concentration (in mM).

PB buffers are usually prepared by mixing a solution of NaH also had a characteristic accordion-like shape that could be attributed either to a low stability of the origamis in those conditions or to the MQ H 2 O rinsing step as previously discussed (see on p. 95). However, the folding of the tall-rectangle origamis in those conditions seems to be satisfactory. The influence of the additional NaCl concentration was then studied through a set of experiments where tall-rectangles were formed in identical conditions in PB 7,2 Na y buffers, with 25 mM < y < 100 mM. The resulting origamis were observed by AFM and the images are displayed on Figure 2.9.

The formation of tall-rectangle origamis was observed for all these NaCl concentrations, with few structural variations between samples. At 25 mM of additional NaCl concentration, the rectangular origamis however seem to have a more pronounced accordion-like shape than in the presence of a higher Na + concentration, which could be attributed to a lower stability of the rectangles in those conditions. At [NaCl] ≥ 30 mM , origamis seem to be equally well folded, with the usual presence of broken structures that could be the result of the folding of an already broken M13 template.

Therefore, this series of experiments does not give a clear evidence of the influence of the additional NaCl concentration, apart from a possible lower stability of the objects for [NaCl] = 25 mM. A similar experiment performed in the PB 7,2 Na 0 buffer did not yield observable objects. It however appears that tall-rectangle origamis can be folded in PB buffers with a large range of NaCl concentrations, which paves the way for user-friendlier protocols in DNA origami biological applications. 

Origami formation at varying pH, and constant NaCl concentration

Origami formation in water with NaCl

The relative wide range of quasi-neutral pH at which tall-rectangle origamis could be obtained in PB buffers with NaCl raises the question of the necessity of a buffer for the folding of DNA origamis. For various applications such as photophysical studies with nanoparticles on origamis for example, a buffered environment is not really necessary except if the origamis are not stable in such conditions. To answer this question, I investigated the feasibility of a correct origami No origamis could be observed in the H 2 ONa 500 buffer, which could be explained by a too high ionic strength hindering the adsorption of origamis on the SPM-treated mica surface, making the observation of possibly formed origamis impossible.

The formation and observation by AFM of tall-rectangle origamis in unbuffered mediums containing between 100 mM and 200 mM of NaCl is therefore possible and we can observe well folded origamis in apparent high yield, but only after a slow thermal annealing process.

However, the folding in those conditions appears to be a slower process than in both TA(E)Na and PB x Na y buffers. It is also important to notice that the D-F samples were observed by AFM in liquid, whereas the A-C samples were observed in dry-state (and thus underwent a MQ H 2 O rinsing step and compressed air drying step). It is therefore possible that the origamis formed in H 2 ONa y buffers are less stable than those formed in buffered environments, due to the overall lower concentration of salts in solution (absence of Tris and acetate, or of PO 4 -ions), and that the rinsing step with MQ H 2 O contributes in breaking adsorbed origamis. Indeed, no origamis were observed on SPM-treated mica in dry state for samples D-F.

Outline of the section

We demonstrated in this section that the formation of origamis was possible in a wide range of experimental conditions inspired by previously described protocols. Compared to conventional protocols, we showed that:

• Mg 2+ ions could be removed from the folding medium

• EDTA could be removed as well

• Tris buffer could be replaced with PB at varying pH or could be simply omitted.

The common features of all the new conditions presented here for the formation of DNA origamis are the presence of NaCl at concentrations of around 100 mM and a slower thermal annealing ramp than within standard conditions [TAEMg + thermal annealing]. In general, the folding in the presence of Na + is admittedly slower than in the presence of Mg 2+ , but the nanostructures obtained are well folded and we conclude that they could be used for all usual DNA origami applications.

Conclusions

In this chapter, I introduced a series of new experimental conditions for the formation of DNA origamis, based on the use of NaCl instead of MgCl 2 in the folding medium. The folding process of DNA origamis is complex and requires, inter alia, the presence in bulk of cations reducing the electrostatic repulsions between the heavily negatively charged, closely packed DNA strands.

Mg 2+ has historically been used since the publication of the first DNA origami paper in 2006 and provides satisfactory electrostatic screening, which contributes to the proper folding of origamis, but the concomitant presence in the folding medium of EDTA (which can chelate Mg 2+ cations)

appears to be irrational in this approach. The general stability of DNA in a wide pH range also renders the use of a buffered environment necessary only in the case where the origamis would be used for applications requiring a buffered environment (such as binding to proteins).

When performing the folding of an origami, it is also necessary to fully consider the thermodynamic and kinetic aspects of the reaction, which could vary depending on the experimental conditions.

The thermal annealing procedure, historically used for DNA origami formation, forces the system to go through multiple interdependent equilibrium states and a proper folding can only occur if the system reaches the equilibrium at each temperature step, or else the system would be kinetically trapped.

The folding of DNA origamis in magnesium-free conditions through a slow temperature ramp and in unconventional buffers (or unbuffered environments) gives evidence that one can adapt the folding medium to one's needs and somewhat move away freely from the original protocol.

With this study, we demonstrated that sodium could be used instead of magnesium in various DNA origami folding mediums. The use of other cations was however not explored. We anticipate that lithium and manganese ions could be used, because of the similar properties of lithium with sodium and manganese with magnesium. Lithium is furthermore a harder Lewis acid than sodium and thus should interact preferentially with the negatively charged oxygen atoms on the phosphate moiety, that could lead to a better stabilisation of the final structure. Using manganese, which is paramagnetic in its +II oxidation state, could also enable the magnetic actuation of origamis in bulk and thus for example open new ways of DNA origami purification, transport or nanoparticle-free transfection in cells.

Chapter 3

Precise, label-free follow-up of DNA origami melting using gel electrophoresis: evidence of a non-monotoneous behaviour

The DNA origami folding and melting processes are highly complex because they require either the hybridisation or the dehybridisation of around 7250 DNA base pairs, meaning the formation or the breakage of around 20000 Hydrogen-bonds (or H-bonds) that can have different bonding energies. The understanding of both processes is crucial in order to fully control them, and a few studies have been conducted in that regard. All aimed at providing a full characterization of those dynamic processes through the use of various methods.

We saw in Chapter 2 that it was possible to modify the environment of the origami and still obtain well-folded structures. Some of the questions we can ask here are: how does the environment influence the melting process of origamis? Would it be possible to tune the system in order to have it melt at a designed temperature? And would it be possible to fully describe the melting process through one or a combination of analysis methods?

In this Chapter, after describing the advantages and limits of the existing methods, I will introduce a new technique used to characterize the melting of DNA origamis referred to as Quantified Gel Electrophoresis (QGE). This method, based on the use of an internal scale in each analysed sample, allows for the quantification of origami migration in a gel during an electrophoresis experiment with unprecedented precision, thus allowing for a precise follow up of origamis melting behaviour. This improved accuracy allowed us to discover a new surprising non monotonous melting behaviour for DNA origamis. 

Existing methods for the measurement of DNA origami melting temperature and their limitations

The purpose of this bibliographic section is to introduce a first definition of DNA origami melting temperature T m and to present the various methods that have been used in order to measure it, either through full population analysis or through microscopy imaging. All the presented techniques have brought new insights on the melting process and therefore constitute an excellent starting point for further studies. However they suffer from a few limitations that can make them not universal and/or precise enough. This overview of the existing literature on the subject also gives evidence of the interest given to this subject by the DNA origami community. A few groups, and in particular the groups of T. Ouldridge and more recently A. Turberfield, have conducted theoretical studies on DNA origami melting. Those works are not the object of this section, but they will be referred to in the following sections of this Chapter.

EXISTING METHODS FOR THE MEASUREMENT OF DNA ORIGAMI MELTING TEMPERATURE AND THEIR LIMITATIONS

Definition of the melting temperature

The formation of DNA origamis occurs when a mixture of rationally designed staples strands and a M13 template in a given medium are gradually brought from high temperature to room temperature, following a decreasing temperature ramp where the system has enough time to reach the thermodynamic equilibrium at each step. A succession of hybridization reactions thus occurs through the formation of multiple H-bonds between the template and the staples, in addition to other weak interactions. Upon heating however, a system constituted of folded origamis in a given medium will gradually evolve toward a complete dissociation at high temperatures. This process, which provokes the unfolding of the M13 template by dissociation from the staples, is known as the melting of DNA origamis and can be followed though various analyical methods detailed herafter (p. 112 and after). Because all staples have a different binding energy to the template and thus require different thermal energies to unbind from the M13, the melting process occurs along a certain temperature range, starting when the first object is unfolded and ending when the last object is melted. This can be compared to the melting curves obtained for double-stranded linear DNA (ds-DNA) on a graph such as in Scheme 3. Typical aspect of a linear ds-DNA melting curve. The melting temperature corresponds to the temperature at which 50% of the total amount of bases are hybridized. The melting temperature range corresponds to the temperature interval during which the melting process occurs and can be detected.

The differences in binding energies of the staples come from various factors, such as the staple length (the longer the staple the higher the thermal energy required to unbind it), sequence (T m is higher for higher GC content, due to a larger number of H-bonds) and position (the system requires less energy to free a staple from a location already depleted from neighbouring staples, because of the entropic gain). Those factors explain the width of the melting temperature range.

USING GEL ELECTROPHORESIS: EVIDENCE OF A NON-MONOTONEOUS BEHAVIOUR

The T m value for a given origami shape also depends on various factors. Previous studies on the effect of the ionic strength on DNA duplexes T m report that a higher salt concentration in bulk leads to a stronger stabilisation of the double helix, and thus to an increase of the melting temperature 182,183 . This increased stabilization was however shown to be limited at high NaCl concentrations, where an increase in salt concentration came along with a stabilisation or a decrease in the DNA melting temperature, attributed to the role of Cl -as a bond-breaking agent at high concentrations 182 . Those reports lead to the formulation of an empirical calculation formula for the determination of T m 182,184,185 : The melting temperature measurements presented hereafter for DNA origamis furthermore tend to show that the melting process is highly cooperative, due to the usual wide range of temperatures at which the melting process occurs. During this process, numerous staples are detached from the M13 template and this complicates the notion of melting temperature of the object. In this frame, is T m :

T m = -
• The temperature at which 50% of all bases of all staples initially bond to the template are detached from the M13?

• The temperature at which 50% of all staples initially bond to the template are completely detached from the M13?
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• The temperature at which 50% of the total amount of M13 molecules become single-stranded again?

The definition of the melting temperature for DNA origamis therefore does not seem to be as straightforward as for DNA duplexes. A new definition, as the one given in the following section 2.3.2, could be of great interest to describe the process.

AFM imaging

Of all the characterisation techniques one can use to study 2D DNA origamis 188 , AFM imaging is the most straightforward, insofar as it provides an actual image of the object adsorbed on a flat surface. One can thus directly observe the evolution of an origami sample submitted to various conditions and having for example a dynamic behaviour. This study showed that the origamis were starting to show structural evolutions at 55 of the origamis at desired temperatures without having to equip the AFM with a temperature controlled sample holder, and without concerns about the contribution of the surface to the dynamic behaviour, because all dynamic processes occur in bulk and not on the surface (the sample is "frozen" on the surface).

However, AFM only gives a partial representation of the sample (even if it is considered as representative of the sample), and the adsorption, rinsing and scanning of the surface by the USING GEL ELECTROPHORESIS: EVIDENCE OF A NON-MONOTONEOUS BEHAVIOUR AFM tip can occasionally damage the sample and send back the image of an object that does not match the ones in bulk. For the analysis of fine changes amidst the origami structure, other complementary methods have therefore been used.

UV-vis spectroscopy

One way to analyse the structural changes happening within the origamis, when submitted to high temperatures for example, is to use full-population analysis methods, i.e analytical methods of which the collected signal averages the behaviour of all individual objects in bulk.

DNA is known to absorb in the UV region of the electromagnetic spectrum and presents two absorbance peaks at 190 nm and 260 nm. One of the specificity of DNA is that those peaks remain at the same wavelength wether DNA is double or single-stranded (no bathochromic or hypsochromic effect), but they can be differenciated by their relative intensities 190 . At 260 nm, the absorbance of double-stranded DNA (ds-DNA) is lower than for single-stranded DNA (ss-DNA). This behaviour is referred to as hyperchromic effect and can be used to monitor the progressive dehybridisation of DNA upon temperature increase, corresponding to the melting process. The follow-up of the evolution of the absorbance at 260 nm during the melting can therefore provide an exploitable melting curve, out of which one can extract a T m value for DNA.

The preparation conditions for DNA origami however include the use of a large excess of staple strands compared to the M13 template, meaning that when the folding is complete, a large excess of ss-DNA molecules remains in the medium. Their presence is therefore problematic for the UV-vis spectroscopy follow-up of DNA origami melting, as this method is concentrationsensitive and the relative concentration of ds-DNA versus ss-DNA does not dramatically evolve.

One possible way is to strongly reduce the excess of staples but, in this case, we do not have access to the T m in conventional conditions (excess of staples). Another possibility is to keep the excess of staples and to remove them from the medium before performing the melting studies. This however changes the equilibrium state of the sample and therefore can influence the measured T m for the system.

Though UV-vis spectroscopy measurements are extremely convenient for the follow-up of linear ds-DNA melting process, it is not suitable for the precise determination of DNA origami melting temperature. The use of other full-population analysis methods for that purpose is therefore required.

EXISTING METHODS FOR THE MEASUREMENT OF DNA ORIGAMI MELTING TEMPERATURE AND THEIR LIMITATIONS

FRET measurements

Another way to monitor the dynamic changes amidst DNA origamis is to indirectly follow those changes through the signal of molecules either directly interacting with DNA (see next section 1.5), or interacting when placed close to each other on an origami. Ideally, this signal would be easy to detect and for that purpose, light is often convenient. The use of luminescent entities has therefore been of great interest for the study of DNA dynamic behaviours.

A first approach is to covalently modify selected DNA strands within the origami in order to attach on two adjacent well defined positions a pair of Förster Resonance Energy Transfer (FRET) donor and acceptor. Upon excitation at a precise wavelength, the donor will emit an electromagnetic signal at a wavelength, which excites the acceptor and triggers a further emission of light in the visible spectrum, easily detectable. The FRET efficiency is strongly dependent on the donor-acceptor distance. As a consequence, the increasing distance within the donor-acceptor pair results in a decrease in the acceptor's emission intensity, allowing for the monitoring of the melting process.

A study of DNA origami melting process using this system has been performed by Liu et coll. 191 . For that purpose, they attached a FRET donor and acceptor 5 nm away from each other using custom-made origami staples and followed the FRET signal along the melting process.

Upon melting, the signal becomes weaker until completely disappearing (see Figure 3. This measurement method with limited invasiveness gives high precision measurement of the origami T m with great reproducibility. The influence of the positioning of the FRET system on T m is however concerning. The measurement here does not provide the global origami T m , but rather the T m of the origami region surrounding the FRET system. This method therefore seems to be extremely precise to establish a map of melting temperature amidst the origami, but not to determine the T m of the whole system. It is a full population analysis method, insofar it averages the detected FRET signal of all objects in solution, but it monitors only a local behaviour. The fact that the measured T m depends on the dye concentration is also problematic and shows that modifying DNA can affect its melting behaviours (or at least the detected melting behaviour).

Fluorescence spectroscopy

Another approach to use light as a sensor for DNA origami melting is to insert a fluorescent molecule inside the origami and follow the evolution of the emitted light upon temperature change. For higher sensitivity, it is preferable to use a molecule that targets DNA selectively through intercalation in the double helix, for example, and of which the fluorescence intensity depends on the hybridization state of DNA.

SYBrGreen, a fluorescent DNA intercalator, has been used by Dietz et coll. to estimate the rates of folding and melting of various DNA nanostructures and thus deduce their transition temperatures 192 . This molecule has a strong affinity for DNA double-stranded regions where it intercalates and emits at a much higher intensity. Upon melting, the detected fluorescence intensity therefore becomes lower and lower, making the follow-up of the process possible. From the evolution of the fluorescence intensity curves, the authors extracted folding and melting rates (see Figure 3.4), and observed that the rising temperature in the first instance did not trigger any dehybridisation process (rate of unfolding stable around 0). In a second stage however, the rate of unfolding dramatically increased until reaching a maximum, and decreased again afterwards for even higher temperatures, indicating the end of the melting process. These variations occurred along a rather wide temperature range for all origami shapes, as previously observed with other methods (see the previous paragraphs in this section).
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Contrarily to the previous FRET method (see p.116), the use of a fluorescent intercalating dye gives doubly averaged informations: on the first hand the average behaviour of all staples amidst a single origami, and on the second hand the one of all origamis in bulk. It is therefore a very interesting full population analysis method. The use of a DNA intercalator is however somewhat problematic. First, in many cases the fluorescence of the dye itself depends on the temperature, which makes the calibration of the system particularly delicate. Moreover, and very importantly as we will demonstrate in the following Chapter 4, the presence on an intercalator in the DNA double helix induces a strong stabilization of the structure against melting, which can sometimes modify the melting temperature by up to 20 • C above the expected T m . Finally, the concentration at which this molecule should be used must be thoroughly adjusted to enable signal detection with minimal background, meaning that the concentration cannot be insignificant.

Using this method, the detected T m might therefore be overestimated.

Gel electrophoresis

Gel electrophoresis is a method in which charged molecules, such as DNA, are placed inside a gel matrix and submitted to an electric potential difference. The resulting electrophoretic force on the DNA molecules induces its migration and for a given DNA molecule after a certain migration time, this migration will depend on its overall shape and the way it interacts with the matrix.

The first term is straightforward, increasing the charge increases the electrophoretic force, but the second term (interaction with the matrix) is more complex and will strongly depend on the size, shape and flexibility of the migration DNA molecule. For a linear ds-DNA, increasing the size will result in a slower migration rate, making it possible to separate DNA molecules according USING GEL ELECTROPHORESIS: EVIDENCE OF A NON-MONOTONEOUS BEHAVIOUR to their size. For origamis however, the situation is more complex and much less documented.

Upon melting staples are released, resulting in a decrease of charge, an extension of the structure and probably a change in the flexibility. All those parameters can influence the migration rate and, as such, electrophoresis seems to be appropriate for the follow up of DNA origami melting.

In order to complement the results obtained though fluorescence spectroscopy measurements, Dietz et coll. performed gel electrophoresis experiments on origami samples submitted to different temperatures during a given time 192 (see Figure 3.5). In order to stop the melting process, all samples were submitted to a cryogenic reaction quench before being inserted inside the gel. The migration of the samples was detected through the use of an intercalating dye, which is the same for all samples and intercalates DNA once inside the gel (it therefore cannot affect the melting process itself). For all origamis, the melting temperature was not measured precisely but rather given as a temperature interval. For example, the T m of the first structure is between 58 • C and 61 • C. In order to precisely determine T m for a given structure, more samples at different temperatures should be analysed. This method is however the most accurate for the measurement of the melting temperature because it analyses a full population of unmodified objects.

EXISTING METHODS FOR THE MEASUREMENT OF DNA ORIGAMI MELTING TEMPERATURE AND THEIR LIMITATIONS

Outline of the section

Despite the existence of various analysis techniques reported in the literature, this section demonstrated that none of them was entirely satisfying to describe the melting process of DNA nanostructures. All suffered from limitations either due to the sampling of the system, the biased data and/or to imprecise measurements. Full population analysis however surpasses other analysis methods in the acuity of the results. Among all suitable techniques, the label-free gel electrophoresis technique is the one that can give the most accurate results, because it does not interfere with the sample until the analysis begins (which is not the case for all other full-population analysis techniques). The first study on this behalf however did not provide enough data to fully characterize the melting process.

The object of the work described in the following section will therefore be to study the melting of DNA origamis using an improved gel electrophoresis protocol in order to provide a full description of the process. 

Necessity of a new method

The first and, to our knowledge, only DNA origami melting study by gel electrophoresis was performed by Dietz et coll. 192 and their results were presented in the previous section (see on p.118). The lack of migration data in the melting region however hindered the precise determination of the origamis melting temperature through this method.

We first enagaged in the determination of the melting temperature of tall-rectangle origamis formed in the TANa buffer (according to the protocol given in Annex D) using a similar method as the one described by Dietz et coll. 192 . The solution or folded origamis was aliquoted in small fractions and each of them was incubated at a different temperature for the same amount of time.

At the end of the incubation process, all samples were rapidly immersed in liquid nitrogen in order to quench the reaction. After unfreezing the samples carefully at low temperature (in an ice/water bath), the samples were loaded in a 1,5% agarose gel (containing the fluorescent intercalating dye GR-Green) in a TBEMg 1x buffer (see Annex G for the detailed buffer composition), and submitted to 100 V electric potential difference for 2 h. A representative gel is presented on Furthermore, if one wants to compare two experiments, both need to be performed with the exact same protocol and migrate in the same time, under the same electric field, at the same temperature and without any unreproducible disturbance (such as a short voltage shortage, or a local increase of the temperature in the gel for example).

It has therefore become necessary to develop a method that gives reliable results by gel elec- 

Principle of the method

The most similar analytical method to gel electrophoresis known by chemists is called Thin Layer Chromatography (or TLC). This method is used to compare the migration of organic molecules on a silica plate through the elution of a solvent (called eluent). A thorough explanation of the technique is given in ref [193]. Here, the migration value depends on the interactions between the molecule and the silica plate, the molecule and the eluent, and between the eluent and the silica plate. For a typical reaction A + B -→ C, the running of a TLC experiment can for example give an insight on whether A and B were totally consumed or whether C is produced as a pure product. Scheme 3.2 illustrates a typical appearance of a TLC plate after the elution. For all published TLC experiments, the authors provide the experimental conditions in which the elution was performed (eluent, deposition technique, nature of the plate) and a retention factor for all samples. This retention factor is a quantity without unit, calculated by:

R f = l L (3.2)
If one uses the same A and B molecules, the same eluent and the same type of TLC plate, regardless of the migration time one should obtain the same R f . With this method, it is therefore possible to compare TLC results from one publication to another, and the retention factor for some compounds can also be found in Chemistry Handbooks. This qualifies it as a reliable characterization technique for organic products.

The idea was therefore to transpose this technique to gel electrophoresis. For that purpose, it is necessary to introduce a lower and an upper migration reference in all gel lanes with which to Principle of the quantified gel electrophoresis method, using an internal scale for each of the samples to be compared with. The migration of the sample is calculated using the l and L distances, respectively representing the distance between the lower internal scale and the sample, and between the lower and upper internal scales.

It is therefore here possible to extract a "retention factor" for the quantified gel electrophoresis experiments, which I will call "Migration" from now on.

M igration = l L (3.3)
The Migration is a quantity without unit. L and l both depend on common parameters, such as the migration time, the composition of the gel or the potential presence of local defects in the gel.

By dividing l by L, all those common influence factors are eliminated, leaving only the shape and charge of the internal scales and the samples to differentiate the migrations, so constitutive parameters instead of external ones. By doing so, it is possible to compare several experiments with each other regardless of the migration time and potential electric field irregularities. If in one lane of the gel and for some random reason, the gel is less porous than somewhere else for example, both the sample and the internal scale will see their migration reduced, and this will be eliminated by calculating the migration. This new method therefore takes into account the experimental irregularities and gives results independent from them. 125
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Another advantage of this method is its accuracy. By calculating the migration of each sample, one can establish a migration curve of the sample in the gel. As we will see in the next section, it is thus possible to reliably reveal slight migration changes in an absolute frame, which otherwise would not be detected. For DNA origamis melting, as we saw previously in Figure 3.6, the migration variations upon melting are small: the release of staples lowers the total charge of the origami, which hinders the migration, but the obtention of a smaller, more flexible object favours its migration in the porous agarose gel. Both phenomenon have opposite contributions on the migration, which is also a reason why the sensitivity of this technique is a great asset for our study.

The quantified gel electrophoresis method was therefore extensively used during this PhD in order to study the melting process of DNA origamis, but also to study other dynamic behaviours, such as DNA origami photocontrol (see Chapter 4) and the isothermal assembly process (see Chapter 5). In the following section, the migration data will be linked and compared with results from other analysis methods, such as AFM or fluorescence spectroscopy.

Application to the measurement of the tall rectangle origami melting temperature

Gel analysis and obtention of the melting curve

Using this new method, I started by characterising the tall-rectangle origami melting behaviour.

The principle of this experiment, more extensively described in Annex G, is rather simple. The origamis were first folded in the desired buffer (TAEMg, for this first study, and from p. 133 for other buffers) and the mother solution was divided in aliquots of the same volume. Each aliquot was then submitted to a different temperature for 30 minutes, after which they were frozen in liquid nitrogen in order to quench the system. Each sample was afterwards unfrozen in a cold environment (an ice-water bath) in order to keep the system with the lowest thermal energy possible and provide it from evolving any further, and then mixed with a previously prepared Internal Scale constituted on ds-DNA strands of 800 bp and 3500 bp, and with a gel loading buffer.

Each sample was then inserted in a different well of an agarose gel (1,5% agarose in TBEMg)

lying in an electrophoresis tank containing the TBEMg buffer and immersed in an ice-water bath to prevent the temperature from rising higher than 20 • C. It is indeed common that the temperature in the tank or in the gel rises during the electrophoresis due to the circulation of ions and the electrical resistance of the system, which could affect the analysed objects by making them further melt. For all presented results, the temperature inside the gel never reached any higher than 17 • C, ensuring that the observed behaviour was indeed the one of the origamis as they were in solution and not as they evolved into during the electrophoresis experiment.

Immediately after the insertion of the samples in the gel wells, the electrophoresis started at 100 

Evidence of a non-monotonous melting behaviour -A new definition of the melting temperature

The same melting experiment was performed on three different tall-rectangle origamis in TAEMg samples, using the same protocol described in Annex G and the same above-described analysis method. The three resulting melting curves are displayed on Figure 3.9 A. 129
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The first striking feature is that all curves are practically identical. They all have very close migration values throughout the temperature range and the exact same evolution. The variations of migration detected with this quantification methods are small (from 0,36 to 0,32 and 0,39) but significant compared to the experimental uncertainties, and reproducible. The accuracy of this method thus appears to be highly satisfactory. The three curves were averaged into the mean curve displayed on Figure 3.9 B, and error bars were estimated with the standard deviation of values at each temperature. Those error bars however do not take into account the possible analysis errors made when estimating where the band migrates in the lane (placing the arrows, as it was done on Figure 3.8 B). The very small differences in migration values make the error bars sometimes so short that they cannot be seen on the graph (at 30 • C for example). Furthermore, this curve shows an evolution in three stages: first at low temperature, the origami is fully formed and the migration does not evolve (stage A), then the migration decreases and reaches a plateau (stage B)

then increases again at high temperature (stage C). When taking both facts into account (same behaviour and small error bars), the reproducibility of this method appears to be very satisfactory.

The melting behaviour unveiled by this series of experiments is furthermore quite singular. for which some staples are still completely hybridized, and there is no guaranty that when 50% of the staples are melted, the other 50% are completely hybridized. Another definition of the melting is in my opinion therefore necessary. The interesting thing about DNA origamis is the fact that they can have a designed and highly controlled shape. All uses of origamis are done when the origamis have this well defined shape. A new definition of the melting temperature could thus be:

T m is the temperature above which the origamis no longer have a defined organized shape and cannot be exploited as such (or the highest temperature at which the origamis have a well defined shape, even if partially damaged).

In the case of the melting of tall-rectangle origamis in the TAEMg buffer, this temperature frontier appears to be at the minimum of the melting curve at 60 • C. Below this temperature, the origamis are still recognizable but not above. We here therefore have:

T m = 60 ± 1 • C USING GEL ELECTROPHORESIS: EVIDENCE OF A NON-MONOTONEOUS BEHAVIOUR
It is interesting to compare this value with the one obtained with FRET measurements (57,7 • C 191 ). However, as we already discussed, this method based on modified origamis is problematic by many aspects. In contrast, the simulations combined with AFM gave T m = 61 • C 133 .

This method was therefore proven to give results comparable to the ones obtained with other methods, but in a very precise and reproducible way. The determination of the melting temperature for modification-free origamis by quantified gel electrophoresis thus appears to be a straightforward, simple and reliable method for the analysis of DNA origamis melting behaviour.

Influence of the buffer on the melting behaviour

The previous Chapter second the migration curve does not have a unique minimum, rather a minimum plateau between 39 • C and 41 • C. Because the minimum is not reached at a unique temperature, it is necessary to adjust the melting temperature determination criteria. We know from previous AFM experiments compared with the melting curves that the increase of migration is obtained when the origamis do not have a defined shape any more: the loss of staples makes the structure more flexible and favours the migration in the agarose matrix. The important point in the melting curve seems to be the temperature at which the migration starts to increase again. T m is therefore defined as the temperature at the migration curve minimum, or at the highest temperature of the migration curve minimum plateau. With this definition, T m = 41 ± 1 • C for tall-rectangle origamis in the TANa buffer. This melting temperature is around 20 • C below the one we determined for the same origamis in the TAEMg buffer, evidencing a strong destabilization of the origamis in the presence of Na + at the explored concentrations. As expected, the salts present in solution have a strong influence on the origami T m , as it is the case for regular ds-DNA 182,183 .

In order to confront those results with the ones obtained from another analysis method, I performed another series of melting experiments and followed the process by fluorescence spectroscopy. For that purpose, the tall-rectangle origamis were first folded in the TANa buffer, and the fluorescent DNA intercalator SYBRGreen was added afterwards (see protocol in Annex I for experimental details). The follow-up of the SYBRGreen fluorescence over temperature increase was then plotted, and the obtained melting curves are presented on Figure 3.12. appears that the melting behaviour of tall-rectangle origamis in those conditions is closer to the behaviour in the TANa buffer than in the TAEMg buffer. Further investigations using the quantified gel electrophoresis method are however necessary to fully characterize the melting behaviour.

From this series of experiments in magnesium-free buffers, it however appears clearly that the melting temperature of DNA origamis can be changed rather drastically not by changing the origami itself but by changing the buffer in which the study is performed. This very interesting property will be put to use in the following Chapters 4 and 5.

Determination of triangle and smiley shapes melting temperatures

After describing the melting behaviour of the tall-rectangle origami in various buffers, I applied the quantified gel electrophoresis technique to the determination of the sharp-triangle and smiley origamis melting behaviours.

Sharp-triangle origamis

For this purpose, a series of three melting experiments were performed on sharp-triangle origamis priorly folded in the TAEMg buffer, following the protocol given in Annex G. A representative gel is shown in Figure 3. we deduce that T m = 61 ± 1 • C for the sharp-triangle origamis in TAEMg. We can here again underline the good precision and reproducibility of the method. The melting temperature of the sharp-triangle origamis in such conditions therefore seems to be very close to the tall-rectangle, but yet perhaps slightly higher. This could be explained by the presence in the sharp-triangle structure of numerous longer staples than for the tall-rectangle [START_REF] Rothemund | Folding DNA to create nanoscale shapes and patterns[END_REF] .

A comparative AFM melting experiment was also performed for the sharp-triangle origamis in the TAEMg buffer, following the protocol given in Annex H, and the resulting images are displayed on Figure 3.15. We observe for this sample the formation of origamis aggregates at I also briefly investigated the melting behaviour of the sharp-triangle origamis in the TANa buffer.

I therefore preformed a quantified gel electrophoresis experiment of the nanostructures folded in 141
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the TANa buffer, following the protocol given in Annex G, and the obtained gel is displayed on Figure 3.16 A. The upper internal scale has visibly suffered from some inhomogeneity during the migration, which will be compensated by the migration calculations. The sample once again did not migrate much more than the lower internal scale. However, it could be well differentiated from it. We also observe at temperatures higher than 40 • C the appearance of bands of higher molecular weight migrating less than the lower internal scale, and at temperatures higher than 43 • C the presence of aggregates too big to migrate outside the gel wells. The melting curve (see Figure 3.16 B) evolved in three stages as usual, and reached a plateau at a minimal migration value, as was the case for the tall-rectangle in the same conditions. There therefore appears to be a general tendency of origamis melting at lower temperatures in the presence of 100 mM of Na + instead of 12,5 mM of Mg 2+ . The detected melting temperature here appears to be T m = 43 ± 1 • C, which is here again slightly higher than for tall-rectangle origamis in the same conditions. This experiment however needs to be repeated, with extra measurements at T= 44 • C for a higher precision. There however appears to be a general tendency of the sharp-triangle origamis to melt at higher temperatures than the tall-rectangle, evidencing a slightly higher stability of those nanostructures. 

Smiley origamis

I furthermore performed a brief investigation of the smiley origamis melting temperature in both TAEMg and TANa buffers using the quantified gel electrophoresis method. Both experiments were conducted using the same protocol described in Annex G. In TAEMg (see Figure 3.17 In summary,

T m in TAEMg T m in TANa ∆T m Tall-rectangle 60 ± 1 • C 41 ± 1 • C 19 ± 2 • C Sharp-triangle 61 ± 1 • C 43 ± 1 • C * 18 ± 2 • C * Smiley 60 ± 1 • C * 30 • C to 43 • C * from 17 • C to 30 • C * * =

to be confirmed by further investigations

Further investigations however need to be performed for the full characterization of the sharp-triangle and smiley origamis. In particular, additional AFM experiments could provide more accurate insight on the melting process and experiments on individual smiley origamis, instead of aggregates, could be more relevant.

In this Chapter, I introduced a new original method for the characterisation and measurement of the melting temperature of DNA origamis. Based on the use of an internal scale in the presence of all analysed samples, this method allows one to calculate an absolute migration value for a given sample in determined conditions with unprecedented accuracy, and compare this value with other experiments performed in the same conditions. As summarized previously, we evidenced a novel non monotonous behaviour for DNA origami migration upon melting and characterise the effects of buffer and shape over T m .

The melting process of DNA origamis is to date a rarely addressed subject despite its general interest. All techniques appear to be complementary for a full comprehension of the process.

Because of the absence of interference with the melting behaviour, the global analysis of a full unbiased population, and the easy implementation of the method, the quantified gel electrophoresis technique however seems to be especially satisfactory for the measurement of the melting temperature of DNA origamis. Supplemented with AFM imaging, it can give a full characterization of the melting process.

All results presented in this Chapter were about DNA origami melting. However, the folding process also goes through various assembly intermediates with different shape and charge. I therefore hypothesise that this technique could be used for the characterization of the folding process as well. Moreover, the study of any dynamic behaviour of DNA nanostructures could be performed with this method, as long as it implies a structural and/or charge change on the which either modifies the equilibrium state or the kinetics of the system to access a dynamic behaviour. Among the available stimuli, temperature modification was shown to be the most straightforward method, giving access to either the formation (see Chapter 2) or the melting of a DNA nanostructure (see Chapter 3). When one wants to use dynamic DNA nanostructures in the presence of thermosensitive moieties such as proteins, or in case one wants to induce movement not on the entire structure but in a localized place, this stimulus is no longer suitable.

Among all possibilities, the use of light as a stimulus appears to be the most ideal because of its tunability (wavelength, power), high spatio-temporal resolution and biocompatibility 194 .

In this Chapter, I will first present the strategies developed to date for the photocontrol of DNA and DNA nanostructures dynamics, before presenting a new molecular tool recently developed in our laboratory for the isothermal photocontrol of DNA hybridization, called AzoDiGua. By using this new molecule on DNA origamis, I will demonstrate the first photocontrol of origamis melting temperature, which allowed me to perform an isothermal melting and reformation of those nanostructures using only light as a stimulus. 

LIGHT-RESPONSIVE DNA NANOSTRUCTURES

Photoswitchable moieties

The DNA molecule is composed of a succession of complex motifs of organic nature, which can the excitation is impossible. The last criteria ( 5) ensures that the system will not have to be irradiated with too powerful light sources, which could be damageable.

Among all possible photoresponsive molecules, only a few meet the four criteria. I will here present three of them, which are some of the most widely used for the reversible photocontrol of DNA structures.

Stilbenes

Stilbenes are a class of molecules composed of two aromatic cycles bond together though a double carbon-carbon bond (see Scheme 4.1). These compounds exist in two conformations: the Z or E isomer (also designated as cis and trans isomers, respectively).

R R R R λ 300 nm λ 280 nm ~O2 R R R R
trans-isomer (or E) cis-isomer (or Z) Dihydrophenanthrene Phenanthrene Scheme 4.1. General structure of stilbene-based photoswitches. The R groups correspond to functional groups which can be placed in any of the ortho-meta-para sites.

Upon UV irradiation at 300 nm, the more stable trans isomer can be converted into the cis isomer, and the reverse reaction can be triggered by irradiation of the system at 280 nm 195 .

Those wavelengths are very close to the absorbance range of DNA, which limits the possible applications. The photoisomerisation of stilbene also generates a dihydrophenanthrene cyclisation product, which can be irreversibly converted to phenanthrene upon oxidation with O 2 . This side reaction is another limitation for the use of stilbene derivatives as photoswitches for the induction of movement in DNA molecules and nanostructures. The isomerisation mechanism is described to involve a rotation along the C=C axis, adding an additional geometric constraint to the system. The main advantage of this system however is the high stability of both isomers, with a very slow rate of thermal trans to cis isomerization, meaning that each isomer is stable in the system until irradiated with the adapted wavelength 196 .

Other systems can be envisioned, which take advantage of the C=C conformational changes.

The only pre-requisite is a possible light-activation of the E ←→ Z isomerisation. Energetically speaking, the trans isomer is more stable than the cis, with an energy difference of 0,6 eV and an energy barrier for the trans to cis isomerisation process of 1,6 eV 200 . The formation of cis azobenzene can therefore be favoured through:

Diarylethenes

• Destabilisation of the trans isomer

• Stabilization of the cis isomer

• Decrease of the trans to cis isomerisation energy barrier.

Because the conformational differences between both isomers induce an increase of the molecules dipolar moment, from 0,52 D in the trans state to 3,08 D in the cis state 201 , the last two points Azobenzene derivatives therefore appear to be especially well adapted as photoswitches capable of inducing a movement in DNA molecules: the isomerisation process results in a drastic conformational change, accompanied by physical properties modifications, and can be easily reversed upon irradiation. The stability of the trans and cis isomers can be tuned by adding functional groups onto the aromatic rings (by tuning the steric repulsions in each state for example) as well as the isomerisation rate (electron-withdrawing groups in para or ortho positions can for example decrease the energy barrier and accelerate the process). Moreover, the isomerisation wavelength can be tuned as well depending on the substituents and occur entirely for wavelengths in the visible spectra 202 . This specific property is in fact the reason why azobenzene gained popularity in the first place as easily tunable fabric dyes. Their colourful properties are however here not the focus of our interest.

In the next part, I will therefore describe some of the use of those photoswichable moieties for the photocontrol of motion within DNA molecules. Several strategies have been to date applied for this purpose, relying either on the covalent functionalisation of DNA with such molecules or on a non-covalent approach.

Photocontrol through covalent modification of DNA strands with photosensitive entities

The covalent functionalisation of DNA with a photoresponsive moiety ensures a thorough control over the local action of the molecule. With this approach, they are most commonly found 203 :

• Attached to a nucleoside

• Replacing a nucleoside

• Inserted in the DNA backbone

This requires a modification a priori of the DNA molecule before any dynamic study can be performed. Among all performed studies, it is possible to distinguish two categories: the ones that trigger movement within a DNA nanostructure through an irreversible process, and the ones using reversible reactions.

Irreversible processes

Irreversible light-triggered processes induce local reconfigurations within the DNA nanostructure which cannot be reversed. Several example of such systems were described in Chapter 1. Though very efficient, the movement can be observed only once. In order to create functional DNA nanomachines, it is more relevant to work with reversible systems.

Reversible processes

Among the strategies employed for the photocontrol of DNA nanostructures, the most widely used is undoubtedly the covalent modification of DNA with an azobenzene moiety. After pioneering this strategy in 1998 208 , Asanuma et coll. extensively studied the dynamic behaviour of ds-DNA and RNA molecules functionalised with azobenzene molecules. Selected studies are shown in Figure 4.2. The general idea was rather simple: obtain a system for which the melting temperature would be at a certain value when the azobenzenes are in the trans state, and at another value when in the cis state. One could therefore envision to find a temperature for which it would be possible to switch from one state to another at a constant temperature and, depending on the wavelength, have the DNA hybridized or not. The authors reported a melting temperature difference for an 8 bases long DNA duplex of 6 • C between the cis and trans states, and emphasised the advantage of using such a compound over azobenzene-derivatives: no thermal back isomerisation was observed and the system was 1. LIGHT-RESPONSIVE DNA NANOSTRUCTURES solely controlled by light. As we however demonstrated before, much larger melting temperature differences than 6 • C can be obtained with azobenzene derivatives.

All the strategies presented in the last part relied on the photocontrol of DNA melting temperature, with the goal to find a temperature for which an isothermal photocontrol of DNA hybridization was possible. The limitation of this aspect is inherent to the fact that DNA is covalently modified: the action of the photoswitch is necessarily confined in a restricted area.

Furthermore, the necessary a priori covalent modification of the DNA molecule with photosensitive moieties is a clear experimental drawback. In order to apply a photocontrol strategy to a broad range of DNA nanostructures technologies and shapes, non-covalent approached must therefore be taken into account.

Toward a non-covalent light-powered actuation of DNA nano-objects

Using a non-covalent approach for the photo-actuation of oligonucleotides is mainly advantageous for the possible universality of the techniques. Another important feature of the supramolecular approach is the possibility to induce new kinds of dynamic behaviours. As we already mentioned, the covalent modifications of DNA molecules with photoswitches only lead to dynamic applications involving either a partial or a complete localized melting of a ds-DNA strand. A more global movement amidst the DNA chains could to our knowledge not be demonstrated with this approach.

Would it be possible to achieve a photoreversible bending or folding of DNA? When working with DNA not as the support of the genetic information but as a building block for nanomaterials, one uses DNA as a linear and unconstrained molecule. In living organisms however, DNA never has this type of conformation. Within cell nuclei, DNA is highly compacted to fit inside a confined environment. The fundamentals and applications of DNA compaction ex-vivo with custom-made compaction agents has extensively been studied over the years [216][217][218][219][220][221] , and the application of such techniques in a photoreversible manner would be of great interest in the DNA nanotechnology field.

A. Venancio-Marques, a former PhD student in our group, dedicated part of her PhD work to the synthesis and study of photosensitive DNA compaction agents for the reversible photocontrol of DNA compaction. Her strategy relied on the use of azobenzene-based photosensitive surfactants with a polycationic head. Because of the highly cooperative interaction of cationic surfactants with DNA, the required concentration for the compaction of DNA is much lower than for cations of the same charge. Indeed, when surfactants interact electrostatically with DNA, they favour the approach of another surfactant molecule to a neighbouring site through stabilizing hydrophobic interactions between the hydrophobic tails of both molecules, and therefore, the more hydrophobic the tail is, the higher the compaction efficiency is 221 . It is therefore possible to envision a hydrophobicity control over DNA compaction: at low hydrophobicity of the surfactant, DNA

would not be compacted and in the reverse case it would. The goal here was however not to change the chemical environment to induce compaction, but to use light as an external stimulus to do so.

Because azobenzene derivatives have a conformation-dependent dipolar moment (see p.152), their hydrophobicity changes upon isomerisation, making them ideal candidates for the reversible photocontrol of DNA compaction. In the trans more hydrophobic form, the required concentration for DNA compaction could therefore be lower than for the cis more hydrophilic isomer. It could therefore be possible to find a concentration for which DNA would be compact in the presence of
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the trans isomer and decompacted in the presence of the cis isomer.

In a publication from 2014, A. Venancio-marques, D. Baigl et coll. therefore reported the synthesis and compaction studies of three photosensitive polyamines: AzoEn, AzoDeta and AzoTren (see structures on Figure 4.5 A) 222 . Each molecule had the same hydrophobic tail but a different polyamine cationic head with charges ranging fundamentally from +2 to +4.

Compaction studies showed that a higher positive charge on the surfactant led to a lower required concentration for DNA compaction (AzoTren compacted DNA a lower concentrations than AzoDeta, which compacted DNA at lower concentrations than AzoEn). Moreover, the compaction efficiency for the cis isomer of each molecule was shown not to be as high as for the trans isomer, with the required compaction concentration being always higher. (Figure 4.5 B).

It was therefore possible to find for each photosensitive polyamine a concentration for which DNA would be compacted in the presence of the trans isomer (globular shape) but uncompacted in the presence of the cis isomer (linear shape) (see The application of this technology to the DNA nanotechnology fields has not yet been reported, but could result in the reversible suprafolding of 2D origamis into 3D objects for example, which I believe could be of great interest.

Very few other studies tend to reproduce the effects observed with covalently modified DNA for the photocontrol of DNA melting temperature 223,224 , but relied on the stabilization by intercalation of a DNA molecule containing GC mismatches. To date and to our knowledge, only one approach was proven to be successful enough for the photocontrol of DNA melting temperature, with no pre-requisite on the DNA molecule sequence or size. It relies on the use of an azobenzene-based photosensitive DNA intercalator, named AzoDiGua 225 , which when intercalated within DNA has the same effect as the previously presented azobenzene nucleosides surrogates. The presentation of this molecule and its effects on DNA melting temperature is the subject of the next section 2.

LIGHT-RESPONSIVE DNA NANOSTRUCTURES

Outline of the section

In this bibliographic section, we saw that it was possible to induce movement within DNA molecules using light as a stimulus. Because DNA itself cannot have a dynamic behaviour upon irradiation (it moves randomly in solution, whether irradiated or not), photoswitches have to be used for this purpose, such as stilbene, diarylethene or azbenzene derivatives.

Each of those molecule exists under two geometrically different shapes accessible through different irradiation wavelengths, and when covalently attached to DNA, they can induce local constraints on DNA. Several studies therefore demonstrated that two different melting temperatures could be measured for one DNA + photoswitch system depending on the wavelength with which the system was irradiated. It was therefore possible to find one temperature between the two T m for which the DNA duplex would be completely hybridized in the presence of one form of the photoswitch and completely melted in the presence of the other form. Non-covalent approaches however offer the possibility for a universally applicable method insofar it does not rely on a pre-functionalisation of DNA and can in certain cases not depend on the DNA sequence. With such an approach, it is possible to control the compaction of DNA in a photoreversible way, which paves the way to new applications.

One of the key objective of my PhD was to achieve a dynamic control over DNA origamis by using light as a stimulus. The goal was to be able to control the hybridization of DNA strands within the origamis, regardless of its shape or sequence, at a constant temperature in a photoreversible manner. As shown in the previous section, the photocontrol of the hybridization process has been demonstrated with DNA strands covalently bound to photosensitive entities. This type of approach however requires chemical modifications, which limit the possible universality of the method: for each new sequence or shape one wants to apply those systems to, one needs to get hold of new modified DNA strands. A solution to this drawback is to use photosensitive molecules that have an action on DNA hybridization and interact with DNA in a non-covalent manner. To be ideal, this interaction should happen regardless of the strand length and/or sequence, which would broaden the field of possible applications.

In acceptor (see Figure 4.7, A). When the distance between those two entities increased (when the melting occurs), the FRET signal disappeared and came back again upon hybridization. This system was shown by the authors to be also stabilized upon intercalation of AzoDiGua and to have a different T m when the intercalator is in the trans or cis conformation. The melting studies revealed that 30 • C was the ideal working temperature (Figure 4.7, B) and the FRET signal was followed for the system in the presence of AzoDiGua at 30 • C, and submitted to UV/blue cycles.

The molecule showed exquisite response over irradiation, undergoing photoinduced repeated melting and hybridization cycles almost without efficiency loss (Figure 4.7, C). This was to our knowledge the first report of an isothermal photocontrol of DNA hybridization without covalent modifications on the DNA strands and without any pre-requisite on the DNA sequence.

In order to unveil the interactions between AzoDiGua and DNA, the authors also performed Two main informations are to be extracted from those analysis. First, the interaction between AzoDiGua and DNA was strongly evidenced by the appearance of induced CD signals in absorption regions of both DNA and AzoDiGua 226,227 . Second, the different CD spectra for DNA in the presence of various excesses of trans-AzoDiGua revealed that this molecule had different binding modes to DNA depending of the DNA:AzoDiGua ratio (which was not the case for cis-AzoDiGua, revealing the existence of only one predominant binding mode). Linear dichroism experiments furthermore revealed that the interaction of trans-AzoDiGua with DNA was due to the intercalation between DNA chains and not in one of the double helix grooves (Figure 4.9 A).

The interaction of cis-AzoDiGua with DNA was shown to be different, with no negative LD peak in the absorbance region of the molecule, evidencing a non-localized interaction with the DNA backbone most probably. The spectra also revealed that some of the trans isomer remained even after UV irradiation. AzoDiGua therefore appears to intercalate DNA in its trans form and not in its cis form, but this isomer still keeps interacting with DNA probably through electrostatic interactions between the guanidinium entities and the phosphate groups. The interaction is being driven by two factors: a stabilizing Π-stacking interaction between the aromatic cycles of AzoDiGua and of the DNA bases and a favourable charge screening upon intercalation/interaction. This locally reduces the electrostatic repulsions between DNA chains, which stabilizes the double helix as well. Both factors probably contribute strongly to the observed stabilisation of DNA against melting in the presence of both AzoDiGua isomers, and the differential stabilization between cis and trans. 

Evidence of a wavelength-dependent melting temperature for rectangular DNA origamis

The study presented in the previous section paved the way for broader applications of AzoDiGua's unique properties. Because it intercalates in DNA of any sequence, length or origin, the intercalation in a DNA origami structure should be entirely possible, and so would the light actuation. My strategy during this PhD was therefore to implement the AzoDiGua technology to DNA origami and achieve for the first time a photodependent melting of the folded structure at constant temperature without modifying the DNA backbone. In this section, I will first describe the photophysical properties of AzoDiGua in conditions which will be relevant for the following study. I will then address the role of magnesium in the AzoDiGua/DNA interaction amidst DNA origamis, before giving the first evidence of a photodependent melting temperature of rectangular origamis.

Photophysical study of AzoDiGua

As previously described, AzoDiGua can undergo an isomerisation process when irradiated with UV light (λ = 365 nm) and go from its trans to cis state. The reverse process happens upon Similarly, AzoDiGua in the TANa buffer at 20 • C is isomerised in a short time under UV irradiation (λ = 365 nm), with the photostationary state reached between 10 and 55 seconds (see Figure 4.10 B). In our working conditions, a short irradiation of the AzoDiGua solution is therefore sufficient to reach the photostationary state. For AzoDiGua incorporated inside the origamis, it is however probable that the isomerisation process takes a longer time, due to the multiple interactions between the intercalator and the DNA strands (Π-stacking and electrostatic interactions).

The temperature-induced cis to trans conversion is also a concern. As we will see in the 

On the role of magnesium

The first tests on AzoDiGua and origamis were performed before the beginning of my PhD by a former intern of our team called Lucie Nurdin, with origamis folded in the standard conditions [TAEMg + thermal annealing], meaning in the presence of magnesium. The melting temperature of such objects was determined to be T m = 60 ± 1 • C (see Chapter 3), and should the addition of AzoDiGua have a stabilizing effect on T m , the origamis should not be melted at this temperature.

A regular gel electrophoresis experiment was therefore performed for origamis in the presence of various concentrations of AzoDiGua and heated to 60 • C for 20 minutes (Figure 4.13 A).

This experiment revealed no apparent differences in migration among origamis with or without AzoDiGua for concentrations up to 150 µM. At higher concentrations, the sample seemed to be disturbed and many additional bands appeared in the gel at a higher molecular weight than the origamis, perhaps evidencing the formation of aggregates, or the very efficient charge screening in origamis by AzoDiGua which affect migration. The origamis at 60 • C in the presence of 150 µM of AzoDiGua furthermore seemed to be undergoing the melting process and appeared rather broken (Figure 4 
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origamis in the presence of AzoDiGua at various concentrations also revealed the absence of intercalation-induced stabilization (see Figure 4.13 C-D).

Why does AzoDiGua stabilize ds-DNA and not origamis? On paper, this experiment should have worked without difficulty but it obviously did not. The main hypothesis for this is the fact that origamis are already well stabilized in the presence of magnesium, and could not be stabilized any further by the addition of an intercalator. We therefore hypothesise that Mg 2+

ions and AzoDiGua are competing in the stabilization of the double helix, and that the effect of AzoDiGua can therefore not be evaluated. One solution to this problem would be to remove magnesium from the folding buffer and form the origamis in a medium in which they are less stable but can still be obtained. In such conditions, the addition of AzoDiGua should increase the stabilization and a photocontrol of the origamis T m could therefore be obtained.

Photocontrol of the melting temperature

The ultimate goal was to be able to determine a working temperature for which the origamis would be fully formed in the presence of trans-AzoDiGua and fully melted in the presence of cis-AzoDiGua, in order to be able to switch between both states just by irradiating the system at different wavelengths. Among the explored folding buffer for origamis (see Chapter 2), one stands out for its effect on tall-rectangle origamis melting temperature. In the TANa buffer, those nanostructures have a melting temperature of T m = 41 ± 1 • C, which is almost 20 • C below the melting temperature measured for the same origamis in the TAEMg buffer (see Chapter 3).

This provides sizeable room for AzoDiGua-induced stabilization, and we therefore decided to investigate this effect on this system.

I first evaluated the effect of AzoDiGua concentration in the medium on the stabilization of origamis against melting by quantified gel electrophoresis (see on p. 127 for the description of the QGE method). The goal was to find an optimal concentration for which the melting temperature of the objects would be increased to a maximum value and still allow for its characterization (for high AzoDiGua concentrations, the melting is disturbed, as shown on The obtained migration curves gave evidence of a possible stabilization of tall-rectangle origamis because of the differences observed between the sample without AzoDiGua and in the presence of the intercalator. We observe for samples from 50 µM to 130 µM that the melting temperature was every time above 45 • C, which is very encouraging. For AzoDiGua concentrations above 70 µM however, it was not possible to observe the sample on the gel after the migration for temperatures above 50 • C, and the effect of the intercalator could therefore not be fully evaluated.

An important effect at 90 µM was however detected until 50 • C, even if the sample could not be observed at higher temperatures. I therefore decided to investigate the possible stabilisation of tall-rectangle origamis in the TANa buffer by AzoDiGua at a concentration of 80 µM. This should provide a strong enough stabilization in the trans form of the intercalator, and allow for the sample to be analysed even at high temperatures.

In order to evaluate the possible T m modification upon AzoDiGua intercalation, I conducted a series of QGE experiments for which the tall-rectangle in the TANa buffer would be mixed with At T = 41 • C more precisely, the melting process is well engaged in the presence of cis-AzoDiGua, but is barely starting in the presence of the trans isomer. This temperature therefore appears to be adapted for photocontrol tests. At higher temperatures, the melting would admittedly be more advanced with the cis isomer, but also with the trans one, meaning that the system could not start from a fully folded origami which is not satisfactory.
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Outline of the section

In this section, the photophysical studies of the isomerisation process evidenced a fast conversion between the trans and cisAzoDiGua isomers under UV irradiation happening in less than 10 seconds for AzoDiGua at 80 µM in the TANa 1x buffer. The reverse thermal process at 41 • C was however shown to be much slower, with a characteristic isomerisation time of 167 minutes, which proves that even when working with cis-AzoDiGua at 41 • C, the isomerisation does not happen in the experiment's timescale, especially when working under constant UV irradiation. The possibility of a reverse cis to trans isomerisation was also envisioned, with a rapid conversion in conditions adapted to origami studies (for AzoDiGua at C= 80 µM in TANa at 41 • C).

I also demonstrated that AzoDiGua can interact with DNA origamis and that its effect on the melting temperature was affected by the presence of Mg 2+ ions. Working with origamis folded in the TANa buffer enables the observation of the stabilizing effect of AzoDiGua, whether in the trans or cis state, which is evidenced by an increase of the melting temperature compared to the case where the origamis are not in the presence of any intercalator. The effect of AzoDiGua was shown to be maximal and detectable for [AzoDiGua] = 80 µM, inducing a T m shift of + 6 • C for origamis interacting with trans-AzoDiGua and of + 2 • C with the cis isomer. This constitute the very first evidence of a photocontrolled melting behaviour for unmodified origamis in the presence of a photosensitive intercalator.

This series of experiments paved the way for primary tests on reversible photocontrolled melting and formation at constant temperature of DNA origamis, using AzoDiGua and light as a trigger.

Isothermal melting and reformation using light

The different interaction of cis-and trans-AzoDiGua with DNA origamis, evidenced by a shift in melting curves, allowed us to determine a working temperature T W = 41 • C for which it would be possible to have folded origamis in the presence of trans-AzoDiGua and melted (or partially melted) origamis in the presence of cis-AzoDiGua. We can therefore envision the obtention of a dynamic system, which would switch from folded to melted state at constant temperature Strikingly, the migration first brutally increases among the samples at 0 minutes and 10 minutes of irradiation. An increased migration is a synonym of a higher amount of charges on the analysed object and/or a smaller size. We know from ref [225] that the interaction of cis-AzoDiGua with DNA is weaker than for trans-AzoDiGua. Upon isomerisation, the cis isomer is ejected from the double helix and the molecules that remain in the vicinity of DNA interacts only electrostatically with the DNA strands. It is therefore possible that the total apparent charge of the origamis is increased upon isomerisation and ejection of AzoDiGua, explaining the increase
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of migration observed. The migration afterwards decreased regularly with increasing time up to 100 minutes of UV irradiation. The migration seems to stabilize itself between 100 and 180 minutes of irradiation. It is therefore possible that the photo-induced isothermal melting is the most advanced it can get after this time.

In order to confirm those results, I performed the same experiment on the same system (tallrectangle origamis in TANa with AzoDiGua) and observed the effects of UV irradiation on the origamis' shape by AFM (see Figure 4.17 observe that the origamis are still folded (which is not the case for origamis without AzoDiGua in the same buffer, see Figure 4.15), and have in general a more pronounced accordion-like shape than at 20 • C, evidencing the beginning of the melting process. After 60 min of UV irradiation (λ = 365 nm) at 41 • C, we do not observe a significant change in the origamis' shape, but after 90 minutes of irradiation, the tall-rectangles appear to be more broken than before, evidencing an ongoing melting process. After 160 minutes of irradiation, the origamis clearly appear with a pronounced accordion-like shape and all objects are at least partially melted. This experiment was performed twice and cross section profiles for origamis of the second experiment confirmed what could be noticed by eye: the origamis undergo an elongation process upon UV irradiation, most probably due to the partial dehybridisation of some staples from the template. The shape of the origamis also strongly resembles the shape obtained for origamis during the melting process at temperatures close to T m (see Figure 3.10). It is therefore possible for tall-rectangle origamis intercalated with trans-AzoDiGua in the TANa buffer to induce a partial melting within the structure upon UV irradiation at T W = 41 • C . I would like to emphasize here that all samples were analysed without purification, meaning that the origami solution contains the origamis intercalated with AzoDiGua, free AzoDiGua molecules, and the usual staple excess (39:1 free staple to origami ratio).

I therefore investigated whether the reverse process could happen. For this purpose, I separated a solution of tall-rectangle origamis in the TANa buffer at 41 • C after 160 min of UV irradiation (λ = 365 nm) into two and submitted each sample to a different cis to trans isomerisation trigger. Because the conversion process can happen through a thermal isomerisation process, I incubated the first in the dark at 41 • C for 3 h in order to shift the equilibrium toward the formation of trans-AzoDiGua. Because all samples contain a large excess of free staples and the working temperature is close to the melting temperature, we can expect that an isothermal reformation of origamis can happen (see Chapter 5). The AFM image obtained after this process is presented in Figure 4.18 B and shows that origamis indeed regained a more compact shape, evidencing an isothermal reformation process. We however know from Figure 4.11 that the back conversion from the cis to trans isomer at 41 • C is not completed after 3 h for "free" AzoDiGua (in the absence of origamis). It is therefore possible that it is slower in the presence of origamis, which is why this experiment needs to be repeated for other incubation times. Because the cis to trans GENERIC APPROACH USING A PHOTOSENSITIVE INTERCALATOR isomerisation can also and mostly happen upon blue irradiation, the other sample was incubated at 41 • C under blue light (λ = 440 nm) overnight. The AFM image obtained after this process is presented in Figure 4.18 C and shows that the origamis regained a very compact shape, here again evidencing an isothermal photo-induced reformation process for tall-rectangle origamis. This first experiment evidenced that it is therefore possible for tall-rectangle origamis intercalated with cis-AzoDiGua in the TANa buffer to induce a morphological reconfiguration within the structure upon blue irradiation at T W = 41 Using a photosensitive DNA intercalator named AzoDiGua, which can switch from a trans to a cis state upon UV irradiation and back to the trans state upon blue irradiation, I demonstrated that it was possible to control the melting temperature of tall-rectangle origamis using light and to find a temperature at which the isothermal melting and reformation of origamis was possible upon irradiation with UV or blue light respectively. With this method, I could achieve an isothermal photocontrol over the hybridization/dehybridisation processes within DNA origamis, thus paving the way for the obtention of a new type of morphological reconfiguration involving the whole origami structure, as opposed to previous reports. The effects detected within this study were however limited and I could not obtain a complete isothermal photoinduced melting of the origamis at temperatures for which the photocontrol could work. One way to improve this aspect would be to find conditions for which the difference between T m (trans) and T m (cis) would be more significant, thus allowing for the origamis in the presence of cis-AzoDiGua to be completely melted at a temperature for which origamis in the presence of trans-AzoDiGua would be well folded and stable, as schematically represented in Scheme 4.5.

From those first promising results, we can however envision a certain range of possible applications of the origamis' photocontrolled elongation at constant temperature. One of the main application of DNA origamis is their use as a nanoscale scaffold onto which it is possible to position entities such as enzymes or nanoparticles with unprecedented precision (see Chapter 1).

What used to be only a static scaffold could become with this method dynamic and drive away or closer entities in a photoresponsive manner with an accordion-like movement.

Temperature Migration

Ideal situation with cis-AzoDiGua with trans-AzoDiGua

Completely melted origamis

Well folded origamis

Temperature Migration

Present situation with cis-AzoDiGua with trans-AzoDiGua

Folded origamis

Partially melted origamis

Blue UV Scheme 4.5. Migration curves for origamis with AzoDiGua in the present situation (this PhD) and in an ideal one, where the switch from fully folded to fully melted and back could be envisioned.

Another possible application would be the light-controlled release of loads from DNA origamis.

For that purpose, entities could be attached onto an origami scaffold through hybridization with a protruding staple. Then, upon AzoDiGua intercalation and isomerisation, it could be possible to selectively melt the bond between the origami and the load, at constant temperature, which would drive it away from the origami scaffold. In order for it to work, it is necessary to have T m (bond + trans-AzoDiGua) < T m (origami) (see Scheme 4.6 for the principle of the experiment). This particular aspect was the object of the internship of L. Chocron, which I contributed to supervise (results not shown).

UV (365 nm)

Scheme 4.6. Photocontroled release of loads from a DNA origami scaffold. The blue spheres can correspond to nanoparticles, enzymes or other proteins such as streptavidin for example.

The photocontrol of the hybridization process could also be performed with other photosensitive DNA intercalators. One idea would be to bind the azobenzene motif to entities capable of interacting with DNA and possibly change its melting temperature. As we will see in the next of cis-and trans-azobenzene derivatives, it would be possible to obtain a differential control over the melting temperature of DNA with AzoDiForm and perhaps obtain a dynamic control over DNA origami formation/melting. To ensure maximal interactions with DNA, it could also be necessary to work with the bicationic form of the molecule (as it was the case for AzoDiGua).

Furthermore, the investigation of the effect of photosensitive DNA compaction agents such as AzoTren (see p.162) on DNA origamis could be of great interest. It is possible that such molecules could induce a 3D folding of a 2D origami in a photoreversible manner.

The field of possible direct applications of photocontrolled hybridisation/dehybridisation is therefore rather broad, and I wish the best of luck to the researcher(s) who will continue with this challenging project.

Chapter 5

Spontaneous isothermal self-assembly of 2D

DNA nanostructures at room temperature and constant composition

When it comes to DNA origami formation, the large majority of research papers use the same method, described in Chapter 2: the M13 template and the staples are mixed together in a magnesium-containing buffer (usually TAE 1x + 12,5 mM MgCl 2 ) and submitted to a temperature ramp starting with a denaturing step at high temperature (typically 90 • C) and going down to 20 • C. This temperature ramp allows the system to go through several distinct equilibrium states, each of which stable at a given temperature. But what happens when the primitive system (meaning the template and the staples in the buffer, before annealing) is incubated at a constant temperature? Can the system self-organize to create a flawless origami structure after a certain incubation time? In other words, is it possible to form DNA nanostructures by replacing the thermal annealing with an isothermal annealing, and what would be the advantages of such a technique?

In this chapter, we will describe a new original method for the isothermal formation of DNA nanostructures at room temperature, that doesn't involve any structural modification of the DNA, nor any environment modification before, during or after the isothermal folding process.

We will demonstrate the versatility of our method by describing the formation of many different origami shapes at room temperature (25 • C) and at 30 • C, we will describe the kinetics of the folding process and, as the most significant result, we will show the first in situ-real-time observation by AFM of the isothermal folding process at room temperature.

Existing methods for the isothermal formation of DNA nanostructures

The purpose of this bibliographic section section is to give an overview of the existing methods developed to prepare DNA nanostructures through an isothermal process. By first addressing the stakes of such research, we will show the importance of those techniques for a broad range of applications, going from DNA nanostructure functionalisation to in-vivo self-assembly. I will then present the various methods that have been developed since 2008 to create DNA nanostructures at constant temperature T, for T varying from 15 • C to 60 • C, each of which giving new insights on the folding process of those objects. Since the first papers on DNA nanotechnology, only a few teams around the world have successfully reported the isothermal folding of DNA objects.

One of the aims of this section is to present the strategies chosen to date to observe and tune the isothermal folding to reach well-defined criteria.

EXISTING METHODS FOR THE ISOTHERMAL FORMATION OF DNA NANOSTRUCTURES

The stakes of isothermal formation

The formation of nanostructures with a simple, yet highly controllable process bears the promise of multiple and very interesting applications, going from nanomedecine to nano-electronics and beyond, as discussed in the introductory Chapter 1. The creation of user-defined highly complex nanostructures relies on formation processes that, however very powerful and precise, could show imperfection when creating large objects. Creating a DNA nano-object involves the formation of several thousands of hydrogen bonds (around 20000 for the tall-rectangle origami for example), with perfect specificity and within a well-defined time scale. The challenge is thus the following: creating objects involving several hundreds of molecules binding together to form a perfect object, meaning that this object should have no defects. Thermodynamically, this means that the final product should correspond to the most stable state of the system. The usual folding process that involves a decrease of temperature over time does not take into account this thermodynamic factor, and if the changes of temperatures are faster than the time needed to reach the equilibrium at each given temperature, then the system will generate an object that isn't the most stable, but rather the most rapidly formed. However, in the case of small DNA nano-objects like regular DNA origamis, the thermal folding process gives exquisite results, letting us think that the thermal ramp matches the thermodynamic requisites of the system.

When one however wants to create an object that is less stable than DNA origami formed in a magnesium-containing buffer, the new stability of the object must be taken into account.

The folding of larger objects, with higher complexity and/or lower stability requires longer folding times in order to reach a flawless structure (allowing the system to reach the thermodynamic equilibrium and not be limited by kinetics). Here comes the first advantage of isothermal folding: by giving the system an infinite time to reach the equilibrium state at a certain temperature, the resulting object will correspond to the most stable state of the system at that given temperature.

The chemical system would therefore no longer be under kinetic control but under a thermodynamic one. Apart from giving the system time to reach its equilibrium, the isothermal folding process is also highly convenient and requires less experimental steps than the usual thermal one. The idea to be able to create more complex objects through a much simpler experimental process is therefore rather appealing.

It is however not (only) the simplicity of such a process that has driven several research teams around the world to develop methods for the isothermal folding of DNA nano-objects, it is rather the range of possible applications such processes could have. DNA nanostructures are widely used as nanoscaffolds for nanoparticles or enzymes, as discussed in Chapter 1. The NANOSTRUCTURES AT ROOM TEMPERATURE AND CONSTANT COMPOSITION fonctionalization often occurs after the folding process, one of the reasons being that a large number of proteins and enzymes are thermosensitive and lose their integrity and/or properties when heated above a certain temperature. The pre-functionalisation is therefore often impossible with the regular thermal annealing process. An isothermal annealing process could therefore not only allow the assembly, but also the simultaneous fonctionalization of the DNA nanostructures.

One of the points of making such structures is to have a specific activity [START_REF] Fu | Interenzyme Substrate Diffusion for an Enzyme Cascade Organized on Spatially Addressable DNA Nanostructures[END_REF][START_REF] Ke | Directional Regulation of Enzyme Pathways through the Control of Substrate Channeling on a DNA Origami Scaffold[END_REF] or to study the effects of proximity between active functions [START_REF] Fu | Interenzyme Substrate Diffusion for an Enzyme Cascade Organized on Spatially Addressable DNA Nanostructures[END_REF] . The self-assembly at constant temperature of such structures would therefore not only depend on the temperature, but also on the assembly time, making them active only after a characteristic time that can be tuned. It is also possible to imagine the self-assembly of large objects in cells or cell-like surroundings, if the assembly temperature is adequately tuned. This paves the way to molecular clocks, that would show a characteristic activity only after a pre-determined time and/or after a trigger (if the isothermal folding happens after a change of composition for example).

Furthermore, the lack of temperature control over time, necessary for the regular thermal annealing, paves the way for user-friendlier ways for in situ imaging of the folding process, allowing us to better understand the kinetic parameters of DNA hybridisation in DNA nanostructures under well defined thermal conditions, thus giving insights on the folding mechanism and allowing for a better understanding of the process.

For all the above mentioned reasons, a few research teams have developed various methods to form DNA nanostructures at constant temperatures. In order to present those works, I have divided them into two categories: the methods that do not involve any chemical modification of the nanostructure's environment before, during or after the folding, and the methods involving such modifications.

EXISTING METHODS FOR THE ISOTHERMAL FORMATION OF DNA NANOSTRUCTURES

Isothermal formation without chemical modification of the DNA nanostructure's environment

When investigating for the first time in DNA origami's history the isothermal formation of such objects, Simmel et coll. showed that isothermal folding was impossible at room temperature in the usual TAEMg buffer, even after several hours 228 . An explanation of this observation will be given in section 2.1 of this Chapter. Dietz et coll. thus investigated the folding and melting processes for a variety of DNA nanostructures by fluorescence spectroscopy in order to determine the optimal temperature for the isothermal process to occur 192 (see Figure 5.1 A).

They showed that the isothermal folding of a tall-rectangle origami in the usual TAEMg buffer was possible after a pre-denaturing step at 65 • C, when incubating at a well chosen temperature, corresponding to the low-temperature boundary of the peak on the folding curve, here 53 • C (see As discussed in the previous section, the denaturing step can be a problem when one wants to perform a simultaneous isothermal folding and functionalisation by thermosensitive moieties.

Fritzsche et coll. thus investigated the folding efficiency under isothermal conditions for the tall-rectangle origami, without any denaturation step 230 . They showed that the folding was possible with measurable yields between 43 • C and 57 • C, and that the best yields could be obtained when the system was incubated between 50 • C and 55 • C, the highest yields being obtained at 54 • C. Outside of this optimal temperature range, the structures obtained were not satisfyingly folded, as shown in Figure 5.1 D. The folding however required a longer time, and the AFM images that are shown were taken after 60 minutes of incubation. Furthermore, the authors did not do any optimization of the folding time, nor did they discuss the increased amount of time needed to form origamis at 53 • C when no denaturation step was performed compared to when it was (as in the work of Dietz et coll. 192 ). We hypothesise that this difference is due to the presence in bulk before annealing of non-specific H-bonds that force the system to reconfigure itself before reaching the final folded shape. This process will be described in this Chapter's part 3.

The characterization of the folding kinetics is therefore quite interesting in order to be able to optimize the process. Dong, Besenbacher et coll. investigated the time required to hybridize NANOSTRUCTURES AT ROOM TEMPERATURE AND CONSTANT COMPOSITION
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3 4 gives an entropic advantage to the system compared to a system where the template would not be pre-organized. Indeed, the folding of the template induces a loss in entropy, which does not occur in such expand when the template is pre-folded. 

k = κk B T h e -∆ ‡ H RT + ∆ ‡ S R (5.2)
The folding rate is therefore higher when the formation of the transition state involves a decrease in ∆ ‡ H and an increase in ∆ ‡ S. Therefore, the folding of a pre-organized template on the surface will necessary be faster than the folding of an unfolded template. Furthermore, the adsorption itself also reduces the entropy of the system a priori by immobilizing it, which also accelerates the reaction rate. Yin et coll. later proved that the isothermal assembly of 3D DNA brick crystals, designed by assembly of SST structures, was also possible 165 . They showed that the transition temperature for the DNA crystal formation happened at a well-defined temperature (Figure 5.1 E 1)), and that this temperature was optimal for the crystallisation of the 3D structure. As for the previous study, no denaturation step was needed to perform the isothermal folding.

All the above-mentioned studies gave new insights on the isothermal formation of DNA origamis and Single-Stranded Tiles, such as the necessity or not to perform a denaturation step before the annealing process, the kinetics of the isothermal assembly, and the tuning of structure that can lead to a programmed isothermal folding temperature. For origamis however, those studies show that the isothermal formation must happen at relatively high temperature (minimum 53 • C), limiting the possible range of applications to systems insensitive to temperature. Furthermore, the use of a heater to maintain a constant high temperature in bulk is much less convenient and cost-efficient than a room-temperature incubation, and complicates the imaging of the process.

EXISTING METHODS FOR THE ISOTHERMAL FORMATION OF DNA NANOSTRUCTURES

For all those reasons, it is interesting to develop methods to form DNA nanostructures isothermally at room temperature. A few groups have developed methods for that purpose, all based on the use of denaturing agents or other specific conditions designed to modify the melting and folding temperatures of the DNA nanostructure.
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Isothermal formation at room temperature using denaturing agents or other specific conditions

The only way to lower the isothermal folding temperature for a given DNA nanostructure is to decrease its melting temperature by modifying its structure and/or its chemical environment. The latter can be done for example by folding the objects in an environment containing denaturing agents, or in other words any molecule that can compete with DNA bases in forming H-bonds with other DNA bases 187,232 . By undermining the overall base-pairing in the structure, the general stability of the DNA compound is thus reduced, inducing a drop in melting temperature.

The competition can however only be taken into account if the competitive molecule interacts

with DNA bases at least as much as another DNA base. The denaturing agent could therefore be any kind of molecule that interacts with DNA through multiple H-bonds. This technique has therefore been used by several groups in different ways, through the use of formamide, urea, betaine or glycholine, for isothermal assembly at room temperature.

The first paper ever published on DNA origami isothermal assembly was actually describing conditions allowing isothermal assembly at 25 of urea in bulk 187 . For the isothermal assembly at room temperature, the authors incubated the template and the staples in a 1x TAEMg buffer + 85% of denaturing agent at room temperature, without any additional thermal denaturation step. The formamide or urea concentration was then progressively lowered by dialysis over 24 h, as described in Figure 5.2 A1). The origamis resulting from this annealing protocol were then purified and imaged by AFM (see Figure 5. streptavidin by using biotinylated staples. This protocol was thus shown to be efficient for the creation of a large variety of DNA nanostructures through a user-friendly and rapid process (around 16h for 2D origamis, 2 days for SST), and did not require any thermal denaturation process either. The use of urea was also investigated, like in the work of Simmel et coll. 228 , also giving satisfying results though the same protocol. Interestingly, the authors also showed that the folding in denaturing conditions reduced significantly the aggregation of DNA structures in bulk, thus demonstrating that when the system was not under kinetic control, the most stable structure was a single, non-aggregated DNA nano-objects, perfectly folded. This can be explained by the reduced stability of the objects in denaturing conditions, which renders non-specific H-bonding even less favourable, as well as inter-origami bonding, because of the subsequent entropic loss.

This argument strongly supports the idea that isothermal folding processes could facilitate the construction of larger and more complex structures.

Though claiming to perform the isothermal folding of origamis avoiding denaturing conditions, reaction speed. This process paves the way for the isothermal formation and use of DNA nanostructures, but requires the use of a deep-eutectic solvent, which are known to be very unstable with time and especially to dramatically change their properties through water absorption from the air humidity. Moreover, the non-standard conditions strongly limits the use of this method for biological applications.

Outline of the section

This section outlined the importance of developing versatile, efficient and user-friendly methods for the isothermal self-assembly of DNA nanoconstructs, whether at room temperature or at higher temperatures, using denaturing agents or not. All the ground breaking studies presented here brought new knowledge on the stability of those objects, on their folding mechanism and on the kinetics of the folding in various environments. They bear the promise of being able to form DNA objects with respect to the thermodynamic equilibrium, thus reducing the flaws in the structures, and providing the aggregation of objects by favouring "intramolecular reactions" over "intermolecular" ones.

This section also outlined the fact that the isothermal folding at room temperature can only occur in denaturing conditions, due to the necessity to decrease the melting and folding temperatures of the DNA objects by reducing their stability. The denaturing agents used in the presented studies however bear the inconvenience of a necessary removal after the folding process, that happens in different denaturing conditions according to the object that one wants to form.

One of the challenges is thus the following: to develop a new method for one-pot isothermal self-assembly process that allows for the folding of various DNA nano-objects in an aqueous buffer composed of conventional biocompatible entities and without any denaturating agent. Such a method would therefore be extremely convenient to use, versatile and cost efficient.

202 More interestingly however, the strong destabilization makes the RTIFP possible, meaning that one can fold, functionalise and study the DNA nanostructures in a unique, unchanging and denaturant-free buffer.

CHAPTER
In this section, I will first discuss the kinetic traps faced by the system in magnesium-containing buffers. I will then demonstrate the versatility of the RTIFP in magnesium-free buffers with the formation of a large variety of structures and shapes, alongside with the study of the effect of the competition between staples in the isothermal formation of DNA origamis. For the tall-rectangle in TAEMg, the experiment was carried-on for over 144 h. The AFM images show that the system tends to self-assemble over a short period of time, and such structures with undefined shapes can be seen after 1 h of incubation at room temperature. The AFM images of the system after 2 h of incubation and more however show the formation of isolated structures, which I hypothesize are what I call "primitive DNA origami structures", corresponding to the 204
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Magnesium-containing buffers -strong kinetic traps for the system
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M13 template unspecifically bound to staples, forming an object of undefined shape, a random coil, but with characteristic dimensions close to the dimensions of a single origami, ie around 100 nm on the long axis. Shortly after the beginning of the incubation, the system seems to form a large amount of random coils and we first observe on Figure 5.3 that the coils do not have a unique shape, but rather all have the same typical long axis length (around 100 nm) and the same height (1,5 nm), which is close to the typical height of double-stranded DNA. Some of the coils present what could be seen as some folded origami parts. The structure of those primitive origamis however seems to evolve over time, and more and more coils tend to show partially folded origami structures (that one can identify as being part of a rectangle).

After 144 h, the system does not show any drastic change from what can be observed after 96 h; we still observe random coils with folded rectangle parts, but still no totally folded DNA origami.

The same observations can be made for the sharp-triangle origami. The system self-assembles in random coils after a very short time (1 h, as shown in Figure 5.4), and the objects also have the same typical long axis length (around 100 nm) and the same height (1,5 nm). From those images however, it seems that a larger proportion of the random coils are partially folded in triangle origami parts compared to what was observed for the tall-rectangle, which could indicate a higher stability of the triangle origamis in the TAEMg buffer at 25 • C compared to the tall-rectangle.

After 44 h of incubation however, no properly folded origamis could be detected.

In the case of a thermal annealing, the folded origamis are stable at 25 • C, meaning that their shape and structure does not change. It however appears that the thermodynamic equilibrium state of the system composed of M13 and staples incubated at 25 • C for even a long time is not the folded origami, but rather a random coil of misfolded DNA. For a same given composition, the equilibrium state seems to be different from one reaction path to the other. I hyppothesize this as the result of a lack of thermal energy for the system to be able to reconfigure itself, as explained in Chapter 2. In the case of isothermal incubation at 25 • C, the system is thus not under thermodynamical control (otherwise the most abundant product would be the folded origami), but under kinetic control: the most abundant product is the one that is formed the most rapidly. The presence and formation of random coils, kinetic products of the annealing in the TAEMg buffer at 25 • C, can be explained by the large excess of staples compared to the M13 template present in solution. In the usual protocol, [M13] = 1 nM and [staple] i = 40 nM, which means that the probability for the template to come across a staple with even limited complementarity to the template section is high, as well as the probability for multiple copies of a given staple to bind at different binding sites of the template. This can force the M13 to fold by 205 interactions with the surrounding staples, even if the interactions are not specific, and create a random coil of DNA with no specific shape. The lack of thermal energy required to ensure strand reconfiguration or strand displacement thus creates a kinetic trap for the system. This effect was described in a few studies [START_REF] Pfeifer | From Nano to Macro through Hierarchical Self-Assembly: The DNA Paradigm[END_REF]129,169,234 and characterizes the inability of the system to reconfigure itself due to a too large gap of energy between the misfolded intermediate structure and the transition state leading to the well-folded structure, as schematically represented in Scheme 5.1.

The AFM images from however quite unlikely in light of the similar observation made for both rectangles and triangles on samples prepared and observed on different days. On the other hand, it is possible that the energy gap ∆ ‡ G is just slightly higher than k B T , giving the system a possibility to reconfigure itself, but in a very long time-scale. The latter hypothesis is more probable, even if the former remains valid.

This last set of experiment shows that the formation of DNA origamis isothermally at room temperature in a magnesium-containing buffer is impossible. It raises the question whether this could be possible with another type of nanostructures. We decided to investigate the feasability of an isothermal formation of the R4 SST at room temperature in the magnesium-containing buffer TEMg used in the first SST paper [START_REF] Wei | Complex shapes self-assembled from single-stranded DNA tiles[END_REF] . We thus incubated all the necessary staple strands for the R4 SST in the TEMg buffer at 25 • C for different amounts of time, following a protocol identical to the one used for origamis and described in Annex N. The incubation process was followed by AFM imaging of the samples on dry untreated mica plates, according to the method previously described in Annex E, and the results are displayed on Figure 5.5. This set of experiments was performed by K. Nakazawa. This experiment was carried on for 210 h and shows some similarities with what we already observed with origamis: after 24 h of incubation at 25 • C (which corresponds to the time needed for the thermal annealing ramp used to form SST, as previously described [START_REF] Wei | Complex shapes self-assembled from single-stranded DNA tiles[END_REF] ), and over time, we observe that the DNA strands tend to self-assemble to form aggregates. After 24 h however, at least one tile has been formed, and the number of tiles does not increase significantly over time. From the formation of DNA "bands" that could correspond to a small portion of the final R4 SST that is not totally formed, it seems that this system can partially self-organize in the magnesium-containing buffer, but in a very inefficient way. The R4 SST is much smaller than the tall-rectangle and the sharp-triangle origamis, meaning that it requires the formation of less hydrogen bonds to be fully formed, and that a reconfiguration would be less unfavourable 208 CHAPTER 5. SPONTANEOUS ISOTHERMAL SELF-ASSEMBLY OF 2D DNA NANOSTRUCTURES AT ROOM TEMPERATURE AND CONSTANT COMPOSITION enthalpically. It is therefore possible that in the case of SST and even in the presence of magnesium, the energy barrier ∆ ‡ G that the system has to cross is roughly at the same energy as the thermal energy k B T . We conclude from this set of experiments that the isothermal formation at 25 • C of SST in the TEMg buffer is possible but slow and inefficient.

ISOTHERMAL FORMATION AT ROOM TEMPERATURE OF VARIOUS DNA NANOSTRUCTURES

This series of experiments thus proved that a mix of M13 and staples in the TAEMg buffer or DNA strands incubated at room temperature cannot organize to form a perfectly folded origami or SST, but rather forms random coils with artitrary shapes. The system faces multiple kinetic traps that can only be overcome by thermal energy. As demontrated by several studies, it is possible to isothermally form DNA origamis in TAEMg, but at temperatures close to the origami's melting temperature 134,192,230 . This elevated temperature provides the necessary thermal energy to overcome the kinetic traps and allow the system to reconfigure itself and reach the final equilibrium state corresponding to the well-folded origami. In the case of isothermal assembly at room temperature however, working solely in TAEMg does not give satisfactory results. Another approach is thus necessary.

ISOTHERMAL FORMATION AT ROOM TEMPERATURE OF VARIOUS DNA NANOSTRUCTURES

Sodium-containing buffers -a versatile method for a facile obtention of a large variety of nanostructures

In order to perform the isothermal folding of DNA nanostructures at room temperature, we shall therefore work on a system for which the melting temperature is closer to 25 • C than in the standard system in TAEMg, but still higher so that the formed objects would be stable at 25 • C.

To that end I decided to investigate the feasibility of an isothermal folding of DNA nanostructures in a generic buffer where those structures would slightly be destabilized. To be satisfactory, this generic buffer should allow for the folding of different DNA nanostructures, regardless of the shape or technology (origami or SST), in a short time-scale, with good efficiency and without need to change the bulk composition nor the DNA nanostructure's backbone before, during or after the folding process. This would result in a new formation method for DNA nanostructures at constant room temperature, that are stable and that could be used for all generic applications, just like the standard conditions [TAEMg + thermal annealing] have been used to form operational DNA nanostructures.

In order to meet those criteria, we must then use a buffer that does not contain any denaturing agent. The only way to lower the melting temperature of the DNA nanostructures is thus to affect its bulk stability. One way to achieve that is to enhance the electrostatic repulsions amidst the DNA nanostructure itself by modifying the ionic constitution of the bulk.

Given the proximity of DNA bases amidst DNA nanostructures, enhancing electrostatic repulsions between DNA base pairs means increasing the number of effectively charged base pairs and decrease the charge-screening effect. For a given system with a constant number of base pairs, this can therefore be done by changing the valency of counter-ions (and thus f ef f , see 72). This can for example be done by replacing Mg 2+ with Na + in the DNA nanostructure's containing buffer.

I demonstrated in the three previous chapters that the formation of DNA origamis and SST was possible in magnesium-free buffers (TANa, TAENa, PB x Na y , H 2 ONa x ), and that for the TANa and PB 6,8 Na 100 buffers, the resulting nanostructures were less stable against temperature than their magnesium-containing counterparts (see Chapter 3). The obtained melting temperatures for the rectangular origamis in those buffers was 41 ± 1 • C for the former and between 41 • C and 43 • C for the latter. I thus decided to investigate the feasibility of a RTIFP of DNA nanostructures in sodium-containing buffers, following a simple protocol described in Figure 5.6,
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where "RT-Buffers" refers to either TANa or, as we will describe in the following section, TAENa buffer. PB 6,8 Na 100 was also briefly investigated, as well as H 2 ONa 100 .

2) Incubation at 25°C

RT-Buffer 

Formation of different shapes

TANa buffer

The first RTIFP was demonstrated for several origami shapes (tall-rectangle, sharp-triangle and smiley [START_REF] Rothemund | Folding DNA to create nanoscale shapes and patterns[END_REF] ) and for the R4 SST motif 45 in the TANa buffer. For that purpose, either the staples of the desired origami shape and the M13 template or the R4 staple strands were mixed together at 25 • C in the TANa buffer, and were incubated at the same temperature for several hours, according to the protocol described in As for the thermal annealing process, we observe that not all the obtained shapes are perfectly folded (which is also the case for the standard conditions [TAEMg + thermal annealing] and [TANa + thermal annealing]). We can however observe on Figure 5.7 A -C that the shape integrity for each of the structures is very well preserved, meaning that the folded origamis are perfectly well folded. A closer look at the origami structure with high-resolution AFM on Figure 5.8 shows that, even when the folding process is not completed, the substructure of the folded parts of the sharp-triangle, tall-rectangle and smiley origamis (A, B and C respectively) is perfectly well defined. Large-scale AFM images of the DNA nanostructures obtained after the RTIFP moreover show that the process yields well formed nanostructures in an efficient way. As shown in Figure 5.10 for DNA origamis, most of the observed objects after 18 h of RTIFP are well formed origamis and only a small proportion of objects corresponds to the misfolded ones. Figure 5.10 B moreover shows the presence on the mica plate of DNA condensates, rods and toroids, as we saw in many other origami experiments. The proportion of misfolded structures however seems to be rather low in comparison to the well folded ones.

Besides the successfull isothermal DNA nanostructure folding at room temperature, another striking feature is the lack of inter-structures stacking. In the standard [TAEMg + thermal annealing] conditions, the tall-rectangle and the smiley origamis both tend to assemble and create chains of origamis (so does the sharp-triangle, but at a smaller extent), as discussed in Chapter 2. In our TANa annealing conditions and for all the experiments involving rectangle, we removed the staples from the edges of the rectangle to avoid stacking, as described in Annex B. We however did not proceed in the same way for the other nanostructures and we kept the staples sequences as they were in the original publications [START_REF] Wei | Complex shapes self-assembled from single-stranded DNA tiles[END_REF][START_REF] Rothemund | Folding DNA to create nanoscale shapes and patterns[END_REF] . When we compare RTIFP to the standard conditions [TAEMg + thermal annealing], the most significant difference is found for the smiley origamis. The isothermal process yields solely individual origamis, whereas the standard conditions [TAEMg + thermal annealing] results in chains of two to six objects, and a minority of individual origamis.

ISOTHERMAL FORMATION AT ROOM TEMPERATURE OF VARIOUS DNA NANOSTRUCTURES

This series of experiments therefore illustrates several important achievements. The first crucial one is that the new conditions [TANa + isothermal annealing at 25 • C] render as possible the isothermal formation of various DNA nanostructures (DNA origamis ans SST) of different shapes at constant temperature. Notably, the working temperature for these new standard conditions is the room temperature ( 25• C), and there is no need for thermal denaturation prior to the RTIFP.

From this first achievement, we can hypothesise that the fully formed structures correspond to the thermodynamic equilibrium of the systems at 25 • C . By letting it self-assemble at a

given temperature, we ensure that the system reaches its final thermodynamic equilibrium. The working temperature is this time much closer to the melting temperature than it was in TAEMg, and this gives the system enough thermal energy to reconfigure itself. A full discussion on this phenomenon will be done in this chapter's part 3.1. A second achievement is that the DNA nanostructures that were formed by RTIFP are well formed and present in acceptable amounts.

This leads us to believe that the new conditions [TANa + isothermal annealing at 25

• C] could be used as a generic method to produce DNA nanostructures of various types, in the way the other standard conditions [TAEMg + thermal annealing] have been used until now. Finally, the RTIFP provides the formation of aggregates, in striking contrast with the standard conditions [TANa + thermal annealing], which is more convenient for further use of the nanostructures as individual scaffolds.

TAENa buffer

During this PhD, I was awarded a JSPS "Summer Program" fellowship that allowed me to start a collaboration between the laboratories of Prof. Damien Baigl in ENS Paris (France) and Prof.

Hiroshi Sugiyama at iCeMS Kyoto (Japan), where I could spend 2,5 months devoted to research.

The project we chose to work on was in relation with the study of the RTIFP, with the aim of being able to observe the process in situ with high-resolution AFM (see this chapter's part 4).

The first experiments on RTIFP were conducted in France in the laboratory of Prof. Damien Baigl, where I made my own buffers according to the protocols displayed in Annex C. When I started working in iCeMS, the team kindly provided me with industrially pre-prepared buffers to use for all my experiments. All the industrially available buffers contained EDTA. Because of the lack of source materials in the lab to elaborate my own buffers and the short time of the research stay, I chose to investigate the feasibility of the isothermal formation process at room
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temperature using a TAENa buffer. As I already discussed in Chapter 2, the presence of EDTA is not justified for the formation of DNA nanostructures and in the absence of divalent cations in the buffer, its role is reduced to bringing extra charges in bulk. This contribution is however negligible due to the low concentration at which EDTA is employed. Its effect should therefore not be significant. Further experiments in the next part 3.1 will show that the sharp-triangle are in fact obtained much sooner. Figure 5.11 C and D however show that after 16 h of RTIFP for the CN7 and 68 h for the ON7, the formation is not complete. The AFM images show a few well-formed rectangles belonging to a single necklace, but never 7 in a row that could belong to the same object. The RTIFP for those structures therefore seems to be ineffective in those conditions.

A closer look at the formed origamis structures on Figure 5.12 shows that once again the RTIFP yields well-folded objects with a well-defined sub-structure. In particular for the sharptriangle, the folded objects are perfectly well formed and the substructure is flawless. Both the tall-rectangle and the sharp-triangle origamis can therefore be obtained by RTIFP in the TAENa buffer, without any striking structural difference with the previously described conditions [TANa + isothermal annealing at 25 217
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coil of DNA (as we saw in the TAEMg buffer for the tall-rectangle and the sharp-triangle). It is therefore possible that the system needs more energy to be able to reconfigure itself into the desired final origami shape. Working at 30 • C thus provides the system with more thermal energy, without being too far from the 25 • C room temperature.

I thus performed the same type of experiment but the staples of the desired origami shape and the M13 template were incubated at 30 • C in the TAENa buffer. I investigated the formation of the sharp-triangle, the CN7, ON7, CN6 and ON6 origamis with this protocol, I followed the formation of the objects by AFM performed on liquid substrates, and the results are displayed on Figure 5.13.

The first observation we can make from this set of experiments is that the sharp-triangle origamis also form at 30 • C in the TAENa buffer, as shown in Figure 5.13 A. The obtained origamis are mainly well formed and the proportion of formed structures compared to unfolded objects is high. This observation is somewhat surprising, because it was anticipated that the triangle origamis had a similar melting temperature in the TANa buffer than the tall-rectangle

(T m = 41 ± 1 • C). At 30 • C
, the working temperature is not far from the hypothetical melting temperature, which would make the objects less stable and presumably shatter their integrity.

It thus seems surprising that the objects obtained after 25 h of IFP at 30 • C have such a well-defined structure with apparently no defects. However, we know from the melting studies in Chapter 3 that the sharp-triangle origamis do not undergo major structural changes during the melting process. It is therefore possible that the IFP at 30 • C yields well-folded objects, even if they are at a temperature at which the melting usually starts.

The IFP at 30 • C for the CN6 and CN7 (on Figure 5.13 B and C respectively) also showed promising results. The AFM images display for both samples the right number of fully formed rectangles belonging to identifiable objects, after 25 h for the CN7 origami and after 41 h for the CN6 origamis. The difference between those experiments and the one from Figure 5.11 C is striking; it is here much clearer that the IFP is efficient at 30 • C for both CN6 and CN7. There however seems to be more structural flaws in the CN6 than in the CN7 origamis. Structurally, CN7 origamis are more constrained than their CN6 equivalent, first because of the folding of a longer part of M13 and second of the strict circular organization required for the object to exist. The CN6 has a structure that relieves this constraint a little by folding a shorter part of M13 and not having a strict circular shape due to the free single stranded M13 part closing the circle of rectangles. The loss of entropy induced by the creation of the CN7 origami is therefore 
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higher than for the CN6 origamis, making the formation of the former less thermodynamically favourable. Because the system is under thermodynamic control, it is therefore surprising to see more structural integrity in the CN7 origamis than in the CN6 origamis. One explanation can be that the CN6 origamis were observed after 41 h of incubation, whereas the CN7 origamis were observed after 25 h of incubation at 30 • C. I did not observe both samples at different incubation times, so I do not know whether those structures are stable over time at 30 • C. It is therefore possible that we observed the CN7 origamis after enough time for them to be formed and not furthermore degraded (after 25h at 30 • C), but that we observed the CN6 after a time when they were no longer stable at 30 • C (after 41 h).

The same observation cannot however be made for the ON6 and ON7 origamis. The AFM images of the samples after respectively 41 h and 25 h of IFP at 30 • C are displayed on Figure 5.13 D and E respectively, and show many misfolded structures. It is furthermore difficult to attribute one rectangle to one object because of all the objects being superimposed. We can only guess from Figure 5.13 E that one ON6 origami was formed (see white circle). In comparison, the circular counterparts were adsorbed on the mica surface as individual objects and not as stacks of origamis. It is not the case for the ON6 and ON7 origamis, even after respectively 41 h and 25 h of IFP at 30 • C (same incubation time as for the circular counterparts). The IFP at 30 • C for ON6 and ON7 origamis is therefore not efficient.

In H 2 ONa 100

Knowing that neither magnesium nor the thermal annealing process was necessary to form origamis, one can legitimately wonder: what else is regularly used to form origamis but that might not be necessary? After removing EDTA, magnesium and the thermal annealing process, only the pH-stabilisation component of the buffer remains "unchanged" (apart from the saltchange, but that does not affect the pH of the buffer). I showed in Chapter incubation at 25 • C. Both results allow us to draw important conclusions. First, a control of the medium's pH during the IFP is not really necessary and origamis can form isothermally in unbuffered solutions. Second, the total absence of Na + and Mg 2+ prevented the formation of origamis by RTIFP, which can be attributed to the too low stability of DNA base-pairing interactions in such an environment. We can thus conclude that a sufficient concentration of NaCl in bulk is necessary for the (isothermal) formation of origamis. In the last experiments, I performed RTIFP with 100 mM of NaCl but did not try other concentrations. I however hypothesize that lower NaCl concentrations could be used, because of the fact that we observe the formation of tall-rectangle origamis in the PB 6,8 Na 75 and the PB 6,8 Na 50 buffers by thermal annealing (see Chapter 2). In light of those results, one can therefore choose to perform the RTIFP in buffered or unbuffered conditions, according to one's needs.

In the PB 6,8 Na 100 buffer

The very first RTIFP experiment was actually made by mistake, when I prepared a solution containing the M13 and the staples mix for the tall-rectangle in the PB 6,8 Na 100 buffer and did not submit the solution to a thermal annealing ramp. The "mother solution" was a solution made on 22/01/2016 composed of 1 nM of M13 and 40 nM of the tall-rectangle staples in the PB 6,8 Na 100 1x buffer. I carelessly left this solution on my bench for 10 days (temperature varying between 15 • C and 22 • C, but I did not measure the temperature carefully. Those temperatures correspond to the typical temperature range obtained in a laboratory in Paris in the winter), thinking that the isothermal formation was impossible. When I observed the sample on 01/02/2016 (see Figure 5.15), I saw many objects that looked like random DNA coils, but one structure (pointed by the arrow on the AFM image) resembled the tall-rectangle origami
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shape. We can see from this image that the size of the object corresponds to the size of the tall-rectangle (length around 150 nm) and also to its shape. I did not investigate the RTIFP in this buffer any further, but it seems possible that the isothermal folding at room temperature occurs in those conditions. However, the fact that I observed only one object after 10 days at room temperature does not seem very encouraging.

-0,25 0,5 nm 0,125 500 nm Furthermore, we saw in Chapter 3 that the melting temperature of the tall-rectangle origamis in the PB 6,8 Na 100 buffer was slightly higher than in the TANa buffer (41

• C to 43 • C compared to 41 ± 1 • C).
It is therefore possible that the origamis in this PB 6,8 Na 100 buffer find themselves in a situation halfway between the one in the TANa buffer and the one in the TAEMg buffer, meaning that the working temperature is closer to the melting temperature in the PB 6,8 Na 100 buffer than in the TAEMg buffer, but still too low. The thermal energy provided to the system could therefore not be sufficient to allow enough reconfigurations of the system to go from the random coil to the fully folded origami. Further studies could unravel these interrogations.

Competition between two shapes

We saw in Chapter 2 that the competitive formation of two different DNA origamis in the conditions [TANa + thermal annealing] led to the exclusive formation of one of the two origamis, as also demonstrated in the standard conditions [TAEMg + thermal annealing]. The product obtained after thermal annealing was in both cases considered to be the kinetic product of the reaction because of the relatively fast temperature changes in the case of thermal annealing that do not leave the system enough time to equilibrate at each temperature. In the case of isothermal annealing however, the system is thermodynamically controlled and the objects have all the time necessary to reach their equilibrium shape (which we hypothesize is the folded origami). When an IFP is finished, the system has reached the thermodynamic equilibrium and this equilibrium state is different from one origami shape to another. When mixing M13 with the sharp-triangle origami staples, the only folded origamis we observe are triangles, and when mixing M13 with the tall-rectangle origami staples, the only folded origamis we observe are rectangles, showing that both the tall-rectangle and the sharp-triangle origamis are thermodynamic products of the reaction from a batch of M13 and the corresponding set of staples. Competitive RTIFP of origamis however offers a different perspective: the stating system now consists in a mix of M13 (1 nM) and the staples of both the tall-rectangle and the sharp-triangle origamis in the same proportions (40 nM of each staple) in the TANa buffer. The whole system is then incubated at 25 • C for a certain time and the reaction is followed by AFM (see Figure 5.16 and Annex O). Strikingly, we can observe that the only well folded objects after 29,5 h, 96 h and 122 h are triangles, and that no rectangle can be seen. Even more interestingly, we can see that all the partially folded objects contain origami parts that correspond to one or more of the sides of the sharp-triangle origami, but no partial rectangle can be observed, even after 122 h.

In the case of competitive folding by RTIFP, we thus obtain the "same" result as for the competitive folding in the conditions [TANa + thermal annealing], meaning that we solely observe the formation of triangles and not rectangle when the staples of the tall-rectangle and the sharp-triangle origamis and M13 are mixed together in the same proportions. For this system at 25 • C, we can thus say that the thermodynamic product is the triangle. If the sharp-triangle and the tall-rectangle origamis had been equally stable in those conditions, we would have obtained a system where 50% of the well-folded objects would be rectangle and the other 50% triangles.

Because we obtained 100% of the well-folded objects that are triangles and no trace of even 223
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partially folded rectangle, we conclude that the sharp-triangle origamis are more stable than the tall-rectangle origamis in TANa at 25 • C.

This experiment also shows that the RTIFP can selectively produce the most stable origami from a mix of staples-cocktails and M13. Because of this result, and the ones obtained for competitive formation with thermal annealing, we know that the sharp-triangle origami is both more stable and more rapidly formed than the tall-rectangle origami in those buffer conditions.

All those results consequently brought us to the following question: because the triangles are more rapidly formed than the rectangles and are more stable, would it be possible to change the shape of an origami in bulk, and go from the tall-rectangle to the sharp-triangle origami?

I therefore folded tall-rectangle origamis in the TANa buffer (1 nM of M13 and 40 nM of each staple, as always) by thermal annealing and afterwards added 40 equivalents of the sharp-triangle staples in solution in TANa 1x as well in the origami solution and incubated the resulting system at 25 • C for 3 months. The result of this experiment is displayed on Figure 5.17 and

shows two important aspects. First, there are no tall-rectangle origamis left in bulk. Second, one sharp-triangle origami was observed after 3 months of incubation, and all the observed objects either had no defined shape or the shape of a triangle's edge. This last observation is very interesting, because it means that at least one tall-rectangle origami (and probably more) underwent a series of strand displacement reactions at room temperature that led to the complete replacement of all the tall-rectangle staples by the sharp-triangle staples. This experiment is therefore quite promising for the isothermal complete shape-remodelling of DNA origamis at room-temperature. It should be repeated and improved, but it paves the way for reconfigurable DNA nanostructures at constant temperature. The principle of this system would thus rely on the thermodynamic stability of the initial and final target shapes in the TANa buffer at 25 • C. The driving force of the system would then be the formation of a more stable object from a less stable one. I hypothesize that the reverse reaction would not take place in those conditions and could only be done by changing the staples ratio between the two shapes by adding a strong excess of the less stable shape's staples in solution to drive the system towards the formation of this shape. Such a system would therefore have two levels of programming: the first with the staples sequence that defines the possible final shapes and the second with the thermodynamic control that results in the formation of only one object.
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Outline of the section

This section clearly demonstrated that an isothermal formation of DNA nanostructures in a generic, simple, denaturing agent-free buffer is possible, and without any prior thermal denaturation step. This result is achievable by changing the standard conditions traditionally used to form DNA nanostructures (meaning [TAEMg buffer + thermal annealing] or [TEMg buffer + thermal annealing]), that tend to stabilize the objects in a way that the thermal energy at 25 • C is not sufficient to allow the system to form well folded structures. By defining new conditions [TANa + isothermal annealing at 25

• C]
for the formation of various DNA nanostructures (DNA origamis and tiles), I showed that it was possible to obtain stable objects at room temperature, where the thermodynamic equilibrium of the system corresponds to a state where the DNA nanostructure is well formed and not facing kinetic traps due to a too strong stabilization. The isothermal formation also evidenced that the sharp-triangle origamis are thermodynamically more stable in those conditions than tall-rectangle origamis, which leads us to believe that it would be possible to perform an isothermal shape changing from the rectangle to the triangle at 25 • C. Besides, those new conditions can be extended to the TAENa buffer at 25 • C and at 30 • C, and to the H 2 ONa 100 buffer at 25 • C, which broadens the fields of applications even more.

One of the key parameters of those new conditions is however the time-scale needed to form the objects. The following section will therefore be fully devoted to the characterization of the kinetics of the RTIFP of origamis and SST structures in the conditions identified in the present section.

AFM characterisation

The direct microscopic observation of a sample is the most convenient way to describe the structures and estimate the small variations between individual objects. For DNA nanostructure, AFM is therefore a precious tool for the characterization of many processes, and more specifically here for the characterization of the folding kinetics of the isothermal folding process.

In the TANa buffer

As demonstrated in the previous section, TANa is a well-suited buffer for the isothermal formation of DNA nanostructures. In order to fully characterize the process, I conducted a series of isothermal folding experiments at 25 • C and observed the system at different incubation times.

The results of those experiments are displayed on Figure 5.18 for the tall-rectangle origami, in Figure 5.19 for the sharp-triangle origami and in Figure 5.20 for the R4 SST (experiment performed by K. Nakazawa).

The AFM images taken during the RTIFP of the tall-rectangle origamis at various folding times (see Figure 5.18) show that the origamis are obtained after 16 h of incubation at 25 • C.

The images at 1 h and 4 h of incubation however show some interesting features: DNA aggregates form in the early stages of isothermal formation, corresponding to the "random coils" previously described in this chapter. After 1 h of incubation, the coils only have undefined shapes that cannot be attributed to any specific origami shape (it is therefore impossible at this stage and only by observing this sample to know the final origami shape), but the self-assembly process has however begun. After 4 h, the coils are more distinct and contain partially folded sections, but it is still not possible to clearly distinguish a rectangular shape. This image is however strikingly different from the other AFM images taken throughout this PhD. It must therefore be interpreted carefully, and its pertinence can be questioned. Nevertheless, the structures here shown are the only ones I observed for this sample after 4 h of incubation on several replicates, which is the reason why I decided to show this AFM image anyway. No AFM images of the RTIFP were taken between 4 h and 16 h of incubation, but we can hypothesize that the first appearance of the tall-rectangle happens before 16 h, because of the numerous well folded origamis observed after 16 h. The images at 18 h, 96 h and 144 h all show well-folded tall-rectangle origamis and no detectable degradation, which demonstrated that the tall-rectangle origamis formed by the RTIFP are stable at 25 • C over time for at least 6 days. There are therefore two main conclusions that can here be drawn. Firstly, the system needs 16 h (or less) to completely fold into tall-rectangle origamis. One can therefore fold tall-rectangle origamis with 
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the new conditions [TANa + isothermal annealing at 25 • C] overnight. Secondly, the isothermally folded tall-rectangle origamis are stable for a relatively long period of time, which means that the system does not undergo isothermal reconfiguration processes once the origamis are well folded. Contrarily to the case where origamis were formed by thermal annealing, where the folded origami was the kinetic product of the reaction, those objects are here the thermodynamic product of the isothermal annealing process. This makes them interesting objects to work on for experiments requiring considerable time, such as inter-origamis assembly or post-functionalisation and characterization studies.

The AFM kinetic study of the sharp-triangle origamis formation by RTIFP in the TANa buffer is presented in Figure 5.19 and shows that the process starts in the same way as for the tall-rectangle origamis isothermal formation, meaning that the first structures that we can observe by AFM are DNA aggregates (or "random coils"). The first triangular shapes however appear much earlier than for the tall-rectangle, after only 40 minutes (see black arrow). After this incubation time, the large majority of objects are however still random coils with no specific shape that can be attributed to a triangle. It is still the case after 50 and 60 minutes of incubation at 25 • C, even if a few triangles can be seen. 120 minutes after the beginning of the incubation however, many sharp-triangle origamis can be seen, and most of the unfolded objects have partially folded parts that resemble triangle edges. After 4 h, the majority of objects are well-folded triangles, and the images at 16 h and 44 h show that the sharp-triangle origamis are stable at 25 • C for at least two days. The RTIFP is therefore much quicker for the sharp-triangle origami than for the tall-rectangle origami. The same conclusions can be drawn for sharp-triangle as for tall-rectangle origamis concerning the possibility to form those objects isothermally using the conditions [TANa + isothermal annealing at 25 • C] and their long-term stability.

In consequence, both systems (tall-rectangle and sharp-triangle origamis) are very interesting, and the kinetic studies show several important features. Firstly, they show that the tall-rectangle and the sharp-triangle origamis do not form at the same rate and that the sharp-triangle forms much faster than the tall-rectangle, which is quite surprising considering that both structures require the formation of the same amount of H-bonds and the folding of the same M13 molecule into objects with similar dimensions. What changes however is the exact final shape adopted by the M13 molecule. If we consider Eyring's equation 5.2, ∆ ‡ H depends on the formation of the H-bonds and ∆ ‡ S depends on the constraint of the M13 in the formed object. Because the reaction rate is higher in the case of the sharp-triangle than in the case of the tall-rectangle origami formation, we can deduce from the experimental data that ∆ ‡ S tall-rectangle < ∆ ‡ S sharp-triangle . 230 Secondly, and that is maybe the most surprising result, we can see in both cases that the system first forms random DNA coils before reorganizing itself into the fully folded origamis. This means that on each M13, staples can bind and unbind until reaching the final origami shape. In a medium where the M13 molecule is surrounded by 40 equivalent of each of the ∼ 200 staple strands, it is easy to imagine that each M13 molecule at the beginning of the RTIFP binds to
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random staples and possibly to several copies of the same staple. In the DNA origami design however, each staple at the end of the annealing process in bound to two or three distinct parts of the M13 molecule. In a specific situation where the M13 would not be folded (it would not be bound to the same staples in more than one locus), it is therefore possible that it would be bound to three copies of all the staples of an origami cocktail. After folding, there would therefore be three-times less staples in the final object than in the original object, which means that some staples that used to be bound to the M13 were replaced by other staples also bound to the M13 (see Scheme 5.2). This process is therefore highly similar to the strand displacement processes described in Chapter 1, only this time the process is an intramolecular process instead of an intermolecular one. Indeed, the usual strand displacement process happens in the presence of a tremendous excess of the replacing strand compared to the replaced one, and the replacing strand can attach at the right position thanks to a short single stranded "toehold" sequence. In our case however, even in the absence of specified "toehold" loci on the M13 but in the presence of a massive excess of each of the staples, intramolecular hybridization happens through strand displacement processes. Because in that case the number of H-bonds remains the same, I hypothesize that the driving force of the reaction is the entropy gain caused by the release of a large number of staples in bulk per folded M13 (as shown in Scheme 5.2). The strand displacement process is however possible only if the system has enough thermal energy to reconfigure itself, otherwise the pre-bound staples, even if not at the right place, would remain bound to the M13 and the system would not evolve (as it is the case for the IFP in the TAEMg buffer, see Figure 5.3 and Figure 5.4). Because we observe first the reconfiguration of the system and second the formation of well-folded origamis with the RTIFP, we can thus say that the system has in the TANa buffer enough energy to reconfigure itself and perform intramolecular strand displacement reactions. the position on the mica plate where the more tiles could be found. In addition to tiles, we can observe on every image the presence of either shapeless DNA agregates (after 1 h) of rod-like structures (from 4 h to 168 h) that can correspond to partially folded R4 SST. It is possible that those rods assemble in order to form a larger structure eventually leading to the fully folded SST through a seeding mechanism, as previously described 168 . Those results also show that the tiles formed by RTIFP are stable in solution for at least 168 h (around 1 week), and that the assembly process is slower than for origamis. This could be related to the fact that tiles form in stoichiometric conditions and origamis with a massive excess of staples compared to the M13. It is therefore kinetically less favourable to form the SST than the origamis.

In the TAENa buffer

I showed in the previous section that the isothermal formation of origamis was also possible in the temperature. The effect of EDTA on this system is therefore not striking and seems to be non-existent. Further investigations (notably on folding times between 4 h and 20 h) could however confirm or invalidate this conclusion.

The same experiment conducted on sharp-triangle origamis (Figure 5.22) reveals that the system first assembles in random DNA coils as usual (images at 10 to 30 minutes), and that the first organized substructures can be observed after 40 minutes of incubation at 25 This result thus shows that the folding of the sharp-triangle origamis by RTIFPis faster at higher temperatures, thus folowing Arrhenius law. When one wants to favour well folded origamis over room-temperature assembly, it therefore seems to be more advantageous (time wise) to fold sharp-triangle origamis at 30 • C through an isothermal folding process. Indeed, this method allows to obtain well-folded origamis in a very short time (from 90 min) and in high yield. One inconvenient however is the necessity to thoroughly control the temperature during the folding process, whereas an RTIFP could be conducted simply by leaving the sample on a bench for a few hours. NANOSTRUCTURES AT ROOM TEMPERATURE AND CONSTANT COMPOSITION which would make the direct observation a very long and challenging experiment. Secondly, the partial folding occurs at 30 • C, which is higher that the "room temperature" 25 • C. We did not investigate the isothermal partial folding of those structures at 25 • C because of the unsatisfactory results obtained with the isothermal complete folding at 25 • C (see previous discussion).

To shorten the folding time, we decided to work on a less constrained structure. We thus investigated the possibility to isothermally fold the 7 th rectangle of the ON6 motif to obtain the final ON7 motif. For previously discussed reasons (see p. 220), this folding reaction should be thermodynamically less unfavourable and therefore be faster. As we did in the previous experiment, we started by forming the ON6 origami with the conditions [TAENa + thermal annealing], that we incubated at 30 • C, and we then added the staples of the missing rectangle, following the protocol detailed in Annex P. We incubated the system at 30 • C for 108 h and followed the evolution by AFM over time. The results are displayed on Figure 5.25, and the indicated times correspond to the time passed after the addition of the staples of the missing staples in the origami solution.

The AFM image at t = 0 is unfortunately not so informative about the certainty or not that we have native ON6 after the thermal annealing process in TAENa, because we cannot 240 CHAPTER 5. SPONTANEOUS ISOTHERMAL SELF-ASSEMBLY OF 2D DNA NANOSTRUCTURES AT ROOM TEMPERATURE AND CONSTANT COMPOSITION distinguish whether two groups of three rectangular tiles belong to the same object or not. The further images at 120 min and 270 min however confirm hat the original sample was in fact ON6 origamis. After 120 min of incubation at 30 • C following the addition of the missing staples, we see on the AFM image many groups of three tiles, and some of them seem to bond with partially folded M13, as it was the case for the previous experiment. The image taken 270 min after the beginning of the experiment shows no major difference with the image after 120 min. We still see groups of three tiles, some of them seem to bound to each other with partially hybridized M13 (indicated by black arrows), but we do not see any fully formed ON7 origami. The process is therefore not completed after 270 min. 108 h after the addition of the missing staples however, the AFM images show that some origamis are composed of 7 rectangles arranged in a linear pattern, that we can now call ON7 origamis. The central rectangle tile is however not very well folded in all the cases, and not all the structures have a 7 th rectangle. The process is therefore partially completed after 108 h. I did not investigate this partial folding of the ON6 into the ON7 origami any further, even if the results are promising for the obtention after a longer time of well folded ON7 origamis. Because of the long time required to partially fold the ON6 origami into the ON7 and the CN6 into the CN7 origami and the fact that this experiment was done at 30 • C, the conditions were not optimal for the in situ direct observation of a partial DNA origami folding. Ideally, it should work in a few hours, and at room temperature.

From Λ-to ∆-origamis I then decided to change the experimental system and to investigate the partial folding of a lambda-shape origami (Λ-origami) into a delta-shape origami (∆-origami) in other words, the partial folding of a two-sided "triangle" into a full sharp-triangle origami by complete folding of an independent edge. The detailed structure of the Λ-origami can be found in Annex B. For the sample with eight equivalents of the 3 rd side's staples: 1 h after the addition of the 3 rd side's staples, the AFM image shows that there are no Λ-origamis left in bulk, but more surprisingly that a few fully formed ∆-origamis are already present in bulk, which was not the case at 25 • C. For the other objects, we see that the 3 rd side's formation is well advanced, which is a very encouraging result. After 2 h of incubation at 30 • C, we observe no significant evolution of the system; the ∆-origamis are still well formed and the partially folded ones seem to be at the same stage of formation as they were after 1 h of incubation. Strikingly, the system does not seem to be different from the one with four equivalents of staples after 2 h at 30 • C. I did not carry this experiment on for a longer time, so I can only hypothesize from those experiments that the equilibrium state for the Λ -→ ∆ origami transition at 30 • C is a system with around half of the objects well formed and the other half in the process of folding, and that this equilibrium state does not depend strongly on the excess of staples.

Outline

This series of experiments showed promising results at 25 • C and 30 • C, with the possibility to partially fold one side of the sharp-triangle isothermally and in a short time. The absence of evidence of an influence of a larger excess of staples on the rate of isothermal folding infers that the process follows a kinetic law where the concentration of the staples can be considered constant (Ostwald's method) and does not affect the folding rate. The accelerated partial folding at 30 • C compared to 25 • C furthermore shows that the partial RTIFP follows the Arrhenius law, as it was already shown for the complete folding of sharp-triangle origamis by RTIFP (see p. 237). The moderated efficiency after 2 h is both encouraging and a drawback: some origamis are folded after this time at 20 • C and 30 • C, but not all of them, which means that the process still needs time to be completed (if the thermodynamic equilibrium is not yet reached, as I hypothesized it would be at 30 • C). I thus chose to work at 25 • C with the Λ -→ ∆ origamis system, in order to investigate the possibility to observe directly and in situ the partial folding of a DNA origami by AFM. The results of those experiments will be given in this Chapter's part 4.

Full-population analysis

AFM observations of the DNA nanostructures give precious information regarding structures and their evolution over time, in order to estimate the efficiency or the kinetics of dynamic processes such as the isothermal folding processes. This mean of observation however suffers from inherent limitations, as discussed previously in Chapter 3 part 1.2. The only way to know the behaviour of a full sample during any dynamic process is to use analysis methods that allow for the analysis of a full population, such as gel electrophoresis or UV-vis spectroscopy.

Gel electrophoresis study

One of the main results of Chapter 3 was the development of an original method for the precise and reliable quantification of the migration inside agarose gels (see Chapter 3 part 2). This method was used to determine the melting temperature of DNA origami samples in various conditions, and showed high sensitivity and reproducibility. Because of the precise determination of the migration and thus the possibility to detect the slightest variations between two samples, this method is well suited to study any dynamic process for DNA nanostructures, such as the isothermal formation. I thus investigated the isothermal folding kinetics through gel electrophoresis. All the following experiments were performed on samples folded by RTIFP in the TANa buffer, and the experimental details for the sample preparation and gel electrophoresis can be found in Annex Q.

Tall-rectangle origamis

The room-temperature isothermal folding kinetics of the tall-rectangle origamis in the TANa buffer was characterized through a series of four experiments, following the protocol given in Annex Q, each of them bringing new insights on the folding process. The obtained electrophoresis gels and associated migration curves are displayed on (5.4) The evolution of the relative band intensities are displayed on Figure 5.29 C and show that B1

I rel (B i ) = I(B i ) i I(B i ) -I Internal scales
and B7 contribute the most to the total band intensity. Strikingly, the evolutions of B1 and B7 are highly symmetrical, with B1 decreasing rapidly from the intensity of the pure M13 molecule (I rel (M 13) = 1) to around 30% of the total intensity, and B7 appearing as soon as the M13 is in contact with the staples, with a relative intensity increasing over time from 30% to 70% at its to B8, meaning that many intermediates of high molecular weight tend to form rapidly and disappear after a long time (B1 is still present after 150 minutes). We however do not observe aggregates by AFM after 18 h of RTIFP (see Figure 5.10), which means that those aggregates are scarce or eventually disappear. The presence of such aggregates during the early stages of RTIFP could be explained by the fact that I did not remove from the staples mix the staples from the edges of the smiley face, which are responsible for the formation of "chains" composed of multiple origamis (see Figure 2.1), and that may favour the formation of aggregates of high molecular weight at short incubation times. We furthermore see that B7 does not become predominant over B1 at 150 minutes, meaning that the folding process is far from being completed, even though the obtained characteristic time is close to what was obtained for the sharp-triangle origamis and smaller than what was obtained for the tall-rectangle origamis.

Comparison between shapes

We can summarize the previous results in one graph displayed on Figure 5.32, and hypothesize from the previous results that the rates of RTIFP for the three origami shapes are as follows:

v rectangle < v smiley < v triangle
Those results show that, whatever the conditions used for the annealing of those origamis ([TANa + isothermal folding], [TANa + thermal annealing] (see Chapter 2 p. 97) or [TAEMg + thermal annealing] (see Chapter 2 p. 90)), the same relative order of folding rates can be observed.

The previous experiments furthermore showed that all origami shapes tend to fold into the final origami shapes after different folding times and all through the formation of intermediate structures of similar composition (n.M13 molecule(s) with various amounts of staples), and that the rate of the RTIFP is correlated to the rate of disappearance of those intermediates. 

By UV-vis spectroscopy

Another method that could be used for full population analysis is UV-vis spectroscopy. As shown in previous studies 235,236 , the extinction coefficient at λ = 260 nm of hybridised base-pairs is less than the sum of the extinction coefficients of the composing two bases. The absorbance of a unhybridised DNA solution is thus higher than the absorbance of a fully hybridised DNA solution.

In the case of DNA origamis however, the presence of a 40 fold excess of each staple compared to the M13 template renders the follow-up of the hybridisation through RTIFP by absorbance impossible. In the case of SST however, all single-stranded oligonucleotides in solution are present in stoichiometric conditions and the system could go from 100% unhybridised to 100% hybridised DNA strands. It is therefore interesting to follow the absorbance at λ = 260 nm of a solution initially composed of the unhybridised strands for the SST in the TANa buffer that evolves over time when incubated at 25 • C. The following experiments were performed by K. Nakazawa following the protocol given in Annex R, and the results are displayed on Figure 5.33. For all experiments, t = 0 corresponds to the instant the oligonucleotides for the SST were mixed in the TANa buffer (before this step, all oligonucleotides where stored as a mix in pure MQ water).

We can observe from the three experiments that the sample have similar behaviours, where the absorbance at λ = 260 nm first rapidly decreases before reaching a more stable value at long incubation times (typically after 2500 minutes). The modelisation parameters of the absorbance decrease by an exponential law following equation 5.3 are given in Table 5.2. values of the curve.

The values of the different parameters for each experiments are given in Table 5.1. This section demonstrated that the rates of room-temperature isothermal folding process of DNA origamis is shape and temperature dependent. Both AFM and gel electrophoresis experiments showed that the isothermal folding of the tall-rectangle origamis was much slower than the IFP of the sharp-triangle origamis, leading us to conclude that the sharp-triangle origamis are both thermodynamically more stable (see p. 226) and more rapidly formed than the tall-rectangle origamis. Gel electrophoresis experiments highlighted that the folding mechanism involves the formation of various intermediate structures that evolve into the final origami shape through self-reorganization by internal strand displacement. The partial folding of DNA origami structures was also demonstrated at 25 I demonstrated at the beginning of this chapter that the isothermal folding process of DNA origamis occurred at room temperature in the TANa buffer, which is a magnesium-free medium.

As previously demonstrated by Zozime et coll., the presence of monovalent cations in bulk is not sufficient to ensure the adsorption of DNA on a mica surface 241 . In order to observe DNA origamis formed by RTIFP, we thus have two solutions:

• Solution N • 1: Perform a buffer exchange procedure on the sample at the end of the folding process and thus replace the TANa buffer with the TAEMg buffer, before preparing the AFM sample with the usual method described in Annex E

• Solution N • 2: Modify the surface state of mica to create a positively charged surface before adsorbing the DNA nanostructures Solution N • 1 brings Mg 2+ into the system, which would make the adsorption on mica possible. I however demonstrated in this chapter's section 2.1 that the RTIFP was not possible for origamis in the presence of Mg 2+ cations. Upon buffer exchange, the system would thus be fixed in its current composition by kinetic trapping and no further evolution could therefore be observed.

Even if the RTIFP was possible in this buffer, the strong adsorption of DNA nanostructures on mica mediated with Mg 2+ could hinder the observation of dynamic behaviour on the surface. One would thus need to observe different kinetically trapped systems at different folding times, which would actually be a more complicated technique than what I already used for the observation of isothermally folded origamis over time (see this chapter's part 3.1).
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Solution N • 2 would allow for the adsorption of DNA nanostructures on a modified mica surface without the need to add magnesium in the system. In order to see dynamic behaviours on the surface however, one either needs to ensure that the adsorption is not too strong and allows for on-surface reconfigurations, or that the surface itself can adapt to dynamic behaviours by being mobile.

In order to observe the room-temperature isothermal folding process of individual origamis along time, I thus chose to use solution N • 2 in its two variants: by adsorbing the DNA origamis on an immobile surface where the adsorption is strong enough to happen but weak enough to allow for reconfigurations (on SPM-treated mica), and by adsorbing the origamis on a soft surface (on a mica-supported lipid bilayer) to ensure the maximum reconfigurability degrees of freedom of the adsorbed origamis.

In situ, real-time AFM imaging of origami folding on SPM-treated mica

The observation of dynamic behaviours of DNA on a solid surface depends either on the ability of DNA to move on this surface or on the ability of this surface to move with DNA. In order to observe with in situ AFM imaging the folding of an individual origami by RTIFP, I investigated whether it would be possible to see such behaviour in the usual conditions used to observe origamis prepared without magnesium. In the absence of Mg 2+ cations, so when the origamis are formed in any buffer (detailed in Annex C) other than TAEMg, the adsorption on a mica plate is possible only after a pre-treatment of the plate by a positively charged molecule, ie SPM 4+ or PLL. The following results were obtained for systems adsorbed on SPM-treated mica plates. We can notice several important features on this first movie. Firstly, we see structural changes as early as 9 minutes after the addition of the staples, where the third side starts to appear on several Λ origamis. Figure 5.35 displays AFM images from Movie 2 taken at various times after the addition of the A-side staples. We can see on the origami in the white circle that the third side grows over time, but that the formation is not complete at the end of the experiment. The two origamis pointed by the green and the blue arrows also have a growing third side, but that does not evolve significantly over time. The other origamis on this sample either seem to have a very small portion of the third side growing or no portion at all. This first observation thus demonstrates that dynamic behaviours of DNA origamis can occur on an SPM-treated mica plate, and that this can be observed by AFM. Secondly, we observe that the origamis tend to disintegrate over time. This degradation seems to start almost immediately after the beginning of the experiment and can truly be noticed after 21 minutes. We can indeed observe that all adsorbed structures are initially flawless (at t = 0), but have more and more holes over time, indicating the loss of staples. This can be explained by the experimental conditions in which the experiment was performed. The origamis were originally adsorbed on the SPM-treated mica plate, according to the protocol given in Annex S. After adsorption, the system was rinsed with the TAENa buffer and a drop of TAENa was left on top of the sample. After addition of the A-side staples, the solution covering the mica plate (and so the adsorbed Λ origamis) was thus composed of TAENa buffer (1x solution in water) and the A-side staples. Because we NANOSTRUCTURES AT ROOM TEMPERATURE AND CONSTANT COMPOSITION can observe on this Movie 2 that dynamic behaviours are possible on SPM-treated mica, we can deduce that the system can reconfigure itself on the surface, meaning that the adsorption is weak enough for that to happen. Because of the composition of the solution covering the mica plate (depleted from the staples composing the two sides of the Λ origamis, namely the B-and C-sides), a concentration gradient is created and shifts the equilibrium toward the solubilisation of the staples in the bulk. In order to prevent this, I added after 42 minutes the same quantity of B-and C-side staples as I originally did for the A-side staples on top of the sample. The situation however did not improve, but this prevented further degradations (see origamis on As for the previous experiment, we can here witness the folding of an individual origami (in the white circle on Figure 5.36) in a more complete way than was the case previously. For this particular origami, we observe that the folding mechanism seems to be executed stepwise, with one half of the missing side first being formed (with an abrupt evolution between 90 and 93 minutes), followed by the other half. Although the folding is not complete after 278 minutes, we observe that the sharp-triangle origami obtained has a practically flawless substructure 265 (apart from the partially folded A-side) where only a few staples are missing. We can also notice that the origamis are much less damaged after 290 minutes in those conditions (with the staples of all three sides in bulk) compared to the origamis after only 42 minutes in the previous conditions (see p. 264), which validates the hypothesis that the lack of staples in bulk drives the equilibrium toward the desorption of staples from the surface and the unbinding from the M13 template. This also constitutes a strong direct evidence that the system is able to reconfigure itself in those conditions, which confirms that the system is thermodynamically driven.
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The origami pointed by the green arrow (see Figure 5.36) first has the inner border of the missing side forming, then the outer border. We notice that this origami undergoes many degradations over time, eventually leading to the detachment of sides B and C from each other after 200 minutes. The blue arrows point out origamis that were not originally in the scanning area of the AFM but that appear over the course of the experiment, due to the mica plate derivation over time. Other objects also have a partially folded third side either at the end of the experiment or before (see Movie 3), but none of them have a complete A-side at any moment of the experiment. Those objects were not pointed out on Figure 5.36 to keep the figure clear.

Another important event we can notice from movies 2 and 3 is that the continuous scanning of the same position can damage the origamis over time, but more importantly, it allows us to follow the evolution of an important number of objects over time (around 15 for Movie 2 and around 30 for Movie 3). For both experiments, we observe that among all the observable objects, only a small fraction undergoes significant folding of the missing side, and not within the same time-scale. We should here underline the role of the surface in the folding process. When the Λ-origami is adsorbed on the SPM-treated mica, both the folded and unfolded parts of the M13 template interact with the positively charged surface. The unfolded M13 (constituting the upcoming A-side) is also adsorbed on the surface and thus needs to be at least partially desorbed to interact with staples and fold (if the M13 is adsorbed, the folding is hindered by the lack of mobility of M13). The observed folding kinetics on the surface thus cannot correspond to the folding kinetics characterized in bulk (see this chapter's section 3). The direct observation however allows us to observe the folding mechanism of individual origamis. If the interaction between the M13 template and the staples only occurs when M13 is partially desorbed, then it raises the question of the similarity between an observed mechanism on the surface and the bulk mechanism(s). In bulk, the unfolded M13 part of the Λ-origami is constrained only by its two attachment points to the folded origami, and can freely interact with the surrounding staples.

Once adsorbed however, how does the interaction happen? Does the M13 first desorb before words, what is the driving force of the desorption-hybridization-adsorption sequence? In any case, the role of the surface and the adsorption cannot be overlooked in the characterization of the folding mechanism. In order to observe the exact folding mechanism, we thus need to work with a system where the unfolded M13 would not be adsorbed when unhybridised, but would adsorb on the surface upon hybridization. This will be shown in the next section (see p. 276).

This last series of experiment however gave a first insight on the folding process on a surface of single DNA origamis by RTIFP. Strikingly, we can observe on this movie that, as early as 3 minutes after the addition of the sharp-triangle origami staples, a triangular-like shape can already be observed on the bottom-right corner of the frame. Even if incomplete and with many flaws, this triangle already possesses all the features that allow us to identify this objects as a sharp-triangle origami without doubt. The evolution of this object over time is also quite surprising. It first appears in the earliest moments of the experiment, before disintegrating partially and reforming into two almost perfectly folded triangle sides (see Figure 5.37). Surprisingly, this object first seemed to fold entirely and reconfigures itself on the surface to form a better folded structure, which contains only two of the three triangle sides. It is unfortunately impossible to identify which of the three triangle sides those two sides correspond to. We also observe that the scanned area is first quite smooth, with only a few 
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irregularities that I attribute to be adsorbed single-stranded M13. Over time however, we observe the formation of many objects that grow on the surface. None of them reaches the final triangular shape, but we can observe on Figure 5.37 that those objects are triangle parts, such as edges or tips of the sharp-triangle. At the end of the experiment, the surface is covered in such small origami parts and also probably in single-stranded DNA strands (unhybridised M13 and staples).

One of the reasons the objects nucleated on the SPM surface do not grow any bigger could be the lack of possibility to further adsorb on the surface. If the object is not adsorbed, it cannot be observed by AFM. Another reason could be that I did not observe the sample for a long enough time. At the beginning of this movie, we observe that the scanned area is rather "dirty", but is cleaned over time by repetitive scanning and reveals single-or double-stranded M13 templates on the surface that move upon hybridization and form small origami parts along the course of the experiment (highlighted by coloured arrows on Figure 5.38). Surprisingly, those objects seem to appear suddenly on the surface in their observable folded state, and practically do not evolve to form bigger objects over time (they evolve to form better folded objects), but rather deteriorate and disappear. Even more surprisingly, an entire well-folded origami appears in the scanning area after 400 minutes of experiment (see Movie 5 and the white circle on Figure 5.38). It unexpectedly adsorbs on a visibly crowded surface and remains in that position until the end of the experiment. Its evolution is also very interesting: when adsorbed, the origami shows a few flaws that evolve (meaning that the holes in the structure change position over time: new holes form while other are filled). The reconfigurations are especially visible on the bottom tip of the triangle between 531 minutes and 597 minutes (see Movie 5), where a small portion of the triangle tip is unwoven from the origami, probably to allow a local reconfiguration, before being reattached to the main object. The origami eventually reaches its better folded structure (at 605 minutes) before the repetitive scanning (probably) starts to affect the structure. The 

DIRECT IN-SITU OBSERVATION OF THE ISOTHERMAL FOLDING AT ROOM TEMPERATURE

sudden apparition of this object on the surface means that the triangle must have formed in bulk. The bulk however does not intentionally contain M13 templates (all are adsorbed on the SPM-treated mica surface). An entire M13 template must thus have detached from the surface, probably upon hybridization, folded in bulk and then adsorbed on the surface.

Outline

This series of experiments on SPM-treated mica surfaces showed that DNA adsorbed on an SPM-treated mica surface can undergo reconfigurations and eventually fold into either totally formed or partially formed DNA origamis. The entire folding on the surface could not be observed because of the timescale of the experiment and/or the impossibility for the origami to fold entirely on the otherwise crowded surface (with many DNA strands already adsorbed).

More significant evolutions were observed for partially folded origamis that do not cover the entire surface and thus leave some space for the folding to happen and for the folded parts to further adsorb. This showed us that the folding mechanism on the surface was stepwise and different from one origami to another, but the role of the surface should not be overlooked. In order to characterize the folding mechanism of origamis by RTIFP, we thus need to minimize the role of the surface by working on a surface where single-stranded DNA does not (or not significantly) adsorb and double-stranded DNA does.

In situ, real-time AFM imaging of origami folding on a mica-supported lipid bilayer

The other method one can use in order to observe dynamic behaviours of DNA on a surface is to adsorb the DNA objects on a surface soft enough to allow motions and reconfigurations. In As discussed previously (see p. 261), the presence of magnesium in our system is a problem, because it prevents the isothermal folding of DNA origamis at room temperature (which is the key for the observation of the folding mechanism). I thus modified the protocol for the preparation of such bilayers, avoiding the use of magnesium in the final preparation steps, as

shown in Annex T. In the absence of Mg 2+ ions however, I was not able to observe by AFM any DNA origami adsorbed on the surface. We thus devised another adsorption pathway by using a few cholesterol-modified staples to anchor parts of the origamis to the surface. We chose to modify only a few staples from the staples mix and not the M13 template for this method to be more easily applicable to other systems. The adsorption of unmodified single-stranded M13 in those conditions (in the absence of magnesium) was thus very difficult, so we decided to attempt to observe the folding pathway on the Λ -→ ∆-origami transition at room temperature. Hence I first adsorbed on the lipid bilayer Λ-shaped origamis prepared by thermal annealing in our is not constrained to follow one specific folding pathway. As a matter of fact, those folding pathways have already been observed in Movies 2 (pathway 2) and 3 (pathway 1). It thus seems that some similarities between the two experiments can be found. The effect of the surface when origamis are adsorbed on a mica-supported lipid bilayer however seems to be less restrictive than was the case for SPM-treated mica. We indeed do not observe single stranded M13 on the surface before the addition of staples, which can mean that it either does not adsorb or is too mobile to be detected by the AFM tip. Either way, M13 seems to interact with the surface in a less constrained way, which gives it more degrees of freedom to bind to the staples in bulk.

Upon hybridization, DNA becomes double-stranded and geometrically more constrained, which NANOSTRUCTURES AT ROOM TEMPERATURE AND CONSTANT COMPOSITION either helps the adsorption by locally increasing the charge density or forces the formed side to remain in the same place over time, which allows the observation. The effect of the surface should however not be neglected: even if the binding of the single-stranded M13 to the surface is not observable (thus probably weak), it is still possible that the negatively charged M13 interacts with the positively charged ammonium DOPC head. The observed mechanisms thus however could be closer to what effectively happens in bulk than what was observed on SPM-treated mica. We also suggest that the multitude of folding mechanisms can be found in bulk as well, meaning that the observed mechanisms could be surface-dependant, but that the fact there are multiple mechanisms is certainly not. This can easily be justified by the abundance of staples in bulk compared to the M13, that can encounter any staple at any moment and start to fold from one part or another. It however seems that the folding follows mechanisms that always minimize the step by step entropic loss, meaning that the system folds from nucleation points that locally decrease the entropy of the system, thus locally lowering the entropic cost of the folding. The growth from nucleation point(s) is thus entropically more favourable that the folding from multiple distant locations. The possibilities of nucleation points in the folding of one of the sharp-triangle origami sides are not infinite, and judging by the attachment points of the unhybridised M13 to the Λ-origami structure (see Figure 5.41), the nucleation points that would induce the less entropic loss are the ones next to those attachment points, thus justifying the observation of pathways 1 and 2. The existence of pathway 3 is, in that regard, more surprising.

However, the attachment of staples of the M13 portion further away from the Λ-structure could be favoured by a less important obstruction of the binding sites compared to the ones next to the already folded origami.
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Outline of the section

This section demonstrated that the room-temperature isothermal folding process (RTIFP) can easily be observed in the absence of magnesium both on SPM-treated mica-surfaces and on mica-supported lipid bilayers. This allowed us to observe for the first time and in situ the partial folding of individual DNA origamis at room temperature and to obtain the first movies of this folding process. The analysis of the obtained images revealed that individual origamis followed markedly different folding pathways, all originating from a nucleation point that locally lowers the entropy of the system, thus allowing the progressive formation with minimal entropic cost. The possibility of the system to reconfigure itself on the surface is the key parameter for the in situ observation of dynamic processes, but is also a source of possible degradations of the system (establishment of concentration gradient between the adsorbed origamis and the bulk if the bulk is depleted from some of the origami's staples). One must thus pay a special attention to the thermodynamic parameters when considering using this observation method. This however allowed us to describe by direct observation the folding mechanism of individual origamis, which I believe could be of great interest for the origami community.

Those last results also are an additional proof that the RTIFP of DNA origamis is a thermodynamically driven process that, even in non-optimum conditions (origamis adsorbed on a surface, limited access to staples), produced well-folded origamis.

Conclusions

In The possible folding of origamis in an unchanging medium at constant room temperature indicates that the system evolves under thermodynamic control in order to form the most stable structure, which corresponds to the folded DNA object. This was furthermore demonstrated by shape-competition experiments, where only the most stable of the two origami shapes can be obtained after RTIFP. This paved the way for the exploration of shape-changing experiments,

where the system could transform from one less stable origami shape to another more stable one only by adding the right staples and letting the system incubate at 25 • C. In this thermodynamically driven system, all reactions are governed by the equilibrium only and, with enough thermal energy, the system can reconfigure itself to produce the most stable product.

The study of the process' kinetics showed that the timescale necessary for the obtention of various shapes and nanostructures types could vary dramatically. I thus showed that the formation of tall-rectangle origamis was slower than the formation of both sharp-triangle and smiley origamis. This result, coupled with the thermodynamic study, showed that tall-rectangle origamis were both less stable and less rapidly formed than sharp-triangle origamis. The formation of SST was also shown to be overall slower than the formation of origamis. The study of the influence of various parameters revealed that the kinetics accelerated at high temperature, but are not influenced by an increased amount of staples, indicating that the concentration of staples in bulk can be considered to be constant over the course of the reaction. 279

CONCLUSIONS

Gel electrophoresis experiment evidenced that the folding process of origami usually starts with the formation of many different types of aggregates that further evolve into the formation of individual DNA origamis, meaning that the system can undergo reconfigurations corresponding to internal strand displacement reactions, without need to engineer special toehold sequences in the system. The eventual formation of individual origamis further proves that the system is under thermodynamic control, because it favours intramolecular reactions over intermolecular ones and specific H-bonding over unspecific ones.

The fact that DNA origamis can fold in an unchanging buffer at room temperature made the direct observation of the process by AFM possible and rather simple, only by adsorbing either the M13 template or a partially folded origami on a surface that allows dynamic behaviours of DNA (either SPM-treated mica or mica-supported lipid bilayers) and subsequently adding the missing staples to fold the entire origami. The movies obtained with this technique are to my knowledge the first and only movies showing in real-time and in situ the folding of individual origamis. They revealed that the folding mechanism of DNA origamis by RTIFP on a surface goes through a nucleation process, that does not start from the same location on the M13 for all the objects. There is thus a multitude of possible folding mechanisms, but all have the nucleation process in common, because of the entropic gain caused by the binding of a staple on a pre-organized template. The role of the surface must however not be overlooked in the observed folding mechanisms, which is why one should rather work on a surface with the fewest interactions possible (on a lipid bilayer).

Further investigations should focus on three main points. Firstly, on evidencing the shapechanging phenomenon of various origami shapes. If for example the tall-rectangle is less stable than the smiley, which is itself less stable than the sharp-triangle, I hypothesize that it should be possible to go from the tall-rectangle to the smiley and then to the sharp-triangle by successive one pot incubations at 25 

General conclusion

This Future studies will focus on several aspects. The formation of DNA nanostructures in the presence of several other metal cations such as Li + or Mn 2+ should be explored, with the expectation to obtain objects having different physical properties. The isothermal photocontrol of DNA origamis melting temperature using AzoDiGua should be optimized and investigated for other origami shapes such as the sharp-triangle or the smiley, as well as for SST systems. Using this approach, we also envision the possible photocontrol of DNA origami functionalisation by selectively melting short DNA strands binding nanoparticles or enzymes to the origami scaffold.

It would furthermore be both interesting and challenging to be able to observe in situ and in real time the isothermal melting and reformation processes induced by light on a single object. This would bring more insight on the reconfiguration mechanisms, which is of great interest for further applications. Furthermore, the melting temperature measurement, photocontrol and isothermal formation of 3D DNA nanostructures should be investigated to better understand their dynamic hybridization processes and broaden the field of possible applications.

"What are the possibilities of small but movable machines? They may or may not be useful, but they surely would be fun to make". Richard Feynman 242 was most certainly right. In the past three years, I often got asked the same question: "What is the application of your research?".

And my answer has always been the same: "I don't know". Well, actually I do for the DNA nanotechnology field, but for everyone's everyday life, I have absolutely no idea. And I always say it is perfectly fine, that it might be a giant step for me, but one tiny leap for mankind. 

B Structures of the DNA origamis and SST studied during this PhD

General informations

In this Annex are presented the DNA origami and Single Stranded Tiles structures studied during this PhD. The presented structures are:

• The tall-rectangle origami (p.289)

• The sharp-triangle origami and the Λ origami (p.290)

• The smiley origami (p.291)

• The CN7, ON7, CN6 and ON6 origamis (p.292)

• The R4 and Hollow R4 SST (p.293)

For origamis, the following pages contain for each structure:

• Folding paths (for the tall-rectangle, the sharp-triangle and the smiley)

• The staples sequences for all staples used for each origami shape Samples were analysed adsorbed on a freshly cleaved mica plate glued to a metal disc and previously treated with 10 µL of a poly-L-lysine hydrochloride solution (10 mg/mL in MQ-H 2 O) for 10 minutes. The treated mica plate was then rinsed with 200 µL of the H 2 ONa y 1x buffer and left with a thin layer of the buffer on its top. 10 µL of the origami solution was afterwards adsorbed on the treated mica plate for 10 minutes. The sample was then rinsed with 1 mL of H 2 ONa y 1x buffer and left with a thin layer of the buffer on its top. AFM images were obtained in H 2 ONa y 1x at room temperature.

Protocol N • 10

Samples were analysed adsorbed on a freshly cleaved mica plate. 50 µL of the SST solution diluted to 10 µM was adsorbed on the treated mica plate for 10 minutes inside an atmospherecontrolled chamber (a sealed container containing a piece of Kimtech wipe dampened with MilliQ water). The sample was then rinsed with 1 mL of the TEMg 1x buffer, 200 µL of MilliQ water and immediately quickly dried under a compressed air stream and stuck on a metal disk using double-sided tape prior to AFM observation. AFM images were obtained in air at room temperature.

Protocol N • 11

Samples were analysed adsorbed on a freshly cleaved mica plate previously treated with 10 µL of a spermine tetrachloride solution (0,1 mol.L-1 in MilliQ water) for 10 minutes. To prevent the drying of the substrate, the treatment was carried out at room temperature in an atmospherecontrolled chamber (a sealed container containing a piece of Kimtech wipe dampened with MilliQ water). The treated mica plate was then rinsed with 1 mL of TANa 1x buffer and left with a thin layer of the buffer on its top. 50 µL of the SST solution diluted to 10 µM was afterwards adsorbed on the treated mica plate for 10 minutes inside the atmosphere-controlled chamber.

The sample was then rinsed with 1 mL of the 1x buffer, 200 µL of MilliQ water and immediately quickly dried under a compressed air stream and stuck on a metal disk using double-sided tape prior to AFM observation. AFM images were obtained in air at room temperature.

F Shape competition -Thermal annealing

Origami solution preparation: for a final volume of 100 µL

In the TAEMg buffer In the TANa buffer Electrophoresis: The electrophoresis cell was placed 1 h before the experiment started in an ice-water bath to ensure a mildly cold working environment during the experiment (T < 20 • C).

The experiment was carried out at 100 V for 210 min .

AFM characterisation of the isothermal UV-induced melting

Origami solution preparation: for a final volume of 300 µL The buffer solution was prepared and placed inside a quartz cell (1 mm of optical path length), and the strands for SST were added afterwards (marking t = 0).

UV-vis characterisation of the isothermal folding: After adjusting the baseline with a measurement of a TANa 1x solution absorbance, the quartz cell containing the previously prepared solution was placed in a temperature-controlled UV-vis spectrometer and incubated at 25 A freshly cleaved mica plate was first stuck on a magnetic metal disk with glue before being incubated in an atmosphere-controlled chamber with 2 µL of a 0,1 M SPM solution for 10 minutes. The plate was then rinsed extensively with MQ H 2 O to remove unadsorbed SPM molecules. 2 µL of the Λ-origami solution were then placed on the treated mica plate and left for adsorption for 10 minutes within the atmosphere-controlled chamber. At the end of the adsorption process, the sample was rinsed with 100 mL of TAENa 1x buffer to ensure that there will be no remaining unadsorbed origamis or staples on the sample, and left with a drop of buffer on its top to avoid drying. The surface was then directly imaged at room A freshly cleaved mica plate was first stuck on a magnetic metal disk with glue before being incubated in an atmosphere-controlled chamber with 2 µL of a 0,1 M SPM solution for 10 minutes. The plate was then rinsed extensively with MQ H 2 O to remove unadsorbed SPM molecules. 2 µL of a 10 nM solution of M13mp18 were then placed on the treated mica plate and left for adsorption for 10 minutes within the atmosphere-controlled chamber. At the end of the adsorption process, the sample was rinsed with 100 mL of TAENa 1x buffer to ensure that there will be no remaining unadsorbed M13 molecules on the sample, and left with a drop of buffer on its top to avoid drying. The surface was then directly imaged at room temperature (T = 26 

For Movie 5:

A freshly cleaved mica plate was first stuck on a magnetic metal disk with glue before being incubated in an atmosphere-controlled chamber with 20 µL of a 0,1 M SPM solution for 10 minutes. The plate was then rinsed extensively with MQ H 2 O to remove unadsorbed SPM molecules. 20 µL of a 10 nM solution of M13mp18 were then placed on the treated mica plate and left for adsorption for 10 minutes within the atmosphere-controlled chamber. At the end of the adsorption process, the sample was rinsed with 1 mL of TANa 1x buffer to ensure that there will be no remaining unadsorbed M13 molecules on the sample, and left with a drop of buffer on its top to avoid drying. The surface was then directly imaged at room temperature 
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 1 Emergence of the supramolecular chemistry fieldMolecular chemistry[...] has established its power over the covalent bond. The time has come to do the same for non-covalent intermolecular forces. Beyond molecular chemistry based on the covalent bond there lies the field of supramolecular chemistry, whose goal it is to gain control over the intermolecular bond. It is concerned with the next step in increasing complexity beyond the molecule towards the supermolecule and organized polymolecular systems, held together by non-covalent interactions. It is a sort of molecular sociology! 1

Figure 1 . 1 .

 11 Figure 1.1. Helicoïdal molecule obtained from a succession of hydrazone motifs inter-groove stacking. Adapted from ref [4].

Figure 1 . 3 .

 13 Figure 1.3. Synthesis by self-assembly of Circular helicates. A Pentanuclear circular helicate. B Hexanuclear circular helicate. Adapted from ref [7].

Figure 1 . 4 .

 14 Figure 1.4. 2-dimentional supramolecular assembly of complexes with three different metal centers (Copper, Mangenese and Molybdenum). Adapted from ref [8].

  Figure 1.6. Molecular machines for which a controlled movement is obtained upon pH actuation of the medium. A Molecular muscle. Adapted from ref[12]. B Molecular elevator. Adapted from ref[13].

Figure 1 . 7 .

 17 Figure 1.7. A The double-helix structure of DNA originally published by J. Watson et F. Crick. Adapted from ref[17]. B X-ray diffraction pattern of calf-thymus B-DNA. Adapted from ref[18].

Figure 1 . 8 .

 18 Figure 1.8. A DNA strand is composed of a succession of nucleotides composed of a phosphate group (red), deoxyribose sugar (blue) and nitrogenous base (yellow).

Figure 1 . 9 .

 19 Figure 1.9. Structures of the four nitrogenous bases adenine, thymine, guanine and cytosine. The red nitrogen atom corresponds to the attachment point between the bases and the 1' carbon of the ribose

Figure 1 . 10 .

 110 Figure 1.10. Base pairing between two DNA strands. Adenine pairs with thymine and guanine with cytosine.

Figure 1 . 11 .

 111 Figure 1.11. Representation of DNA double helix with emphasis on characteristic inter-helical and inter-helical turn distances.

1 .

 1 Scheme 1.1. DNA hairpin formation upon hybridization of two complementary domains on a single oligonucleotide.

junction 29 (Figure 1 . 13 .

 29113 Figure 1.13. The Holliday junction. A Representation from the original publication involving DNA strands of two homologous chromatides. Adapted from ref[29]. B An example of a Holliday-like four-arm junction between four partially complementary DNA strands. Adapted from ref[30].

Figure 1 . 14 .

 114 Figure 1.14. Overview of N. Seeman et coll. achievements in the DNA nanotechnology field. Construction of complex DNA nanomaterials. A DNA cube constructed from six three-arm junctions. Image from ref[31] adapted from the original publication in ref[32]. B DNA truncated octahedron. Adapted from ref[33]. C Borromean rings constructed from DNA. Adapted from ref[34]. D Six-helix bundle constructed from DNA. Overview of the structure (left) and front view (right). Adapted from ref[35]. E 3D DNA crystals constructed from triangular DNA motifs. Adapted from ref[36]. F 3D DNA crystals encapsulating electroactive and pH sensitive guest molecules. Adapted from ref[37].

CHAPTER 1 .

 1 FROM SUPRAMOLECULAR CHEMISTRY TO STIMULI-RESPONSIVE DNA NANOMATERIALS the possible formation of complex DNA nanostructures, some of which are presented on Figure 1.14.

. 15 B

 15 ) of which the sequence can be divided into four domains (Figure 1.15 A) and each one of the bricks has a unique sequence. Each domain can bind to another unique domain on another brick and therefore each brick can be bound to four other bricks in a two dimensional array. The final

Figure 1 . 15 .Figure 1 . 16 .

 115116 Figure 1.15. Construction of Single-Stranded Tiles from a cocktail of unique ss-DNA of 41 bases. A Each ss-DNA is divided into four domains, each of them binding selectively to another unique domain on another ss-DNA. B 2D arrangement of strands in a SST, forming a "brick wall" diagram. Adapted from refs[45, 46] 

3 .

 3 DNA AS A BUILDING BLOCK FOR NANOMATERIALS size of the nanostructure therefore depends on the DNA strands cocktail one uses. In order to avoid unpaired sequences on the edges of the structure, sorter DNA strands of 21 bases (labelled "L" on Figure 1.15 B) are added to the mix.From the brick wall diagram, the authors envisioned the creation of many complex shapes through one simple principle: a full rectangle corresponds to a full brick wall and other shapes could be obtained by selectively removing some of the bricks (Figure1.16 A). 3D DNA tubes could be obtained by using 42 bases long L "side" strands to force the wall to fold on itself and create a tube-like shape (Figure1.16 B). With this technique, they reported the creation of over 100 different shapes, all displayed on Figure 1.16 A and C-D. In order to form such nanostructures, specific experimental conditions are necessary. All strands were designed by minimizing strand symmetry and the SST motif was populated with random sequences matching this unique criteria. All individual strands were afterwards mixed together in stoichiometric proportions in a Mg 2+ containing buffer (Tris-EDTA, with [Mg 2+ ] = 12,5 mM or 25 mM) and submitted to a thermal annealing ramp (consisting of successive incubations at pre-defined temperatures) from 90 • C to 25 • C over 5 h to 73 h (longer annealing times were required for larger objects). The intense heating at 90 • C is a thermal denaturation step ensuring that the DNA strands mix is originally only composed of single-strands and that no undesired brick assemblies are formed (see this PhD's chapter 3 for further details). The resulting solution was afterwards submitted to agarose gel electrophoresis for purification and the band corresponding to the formed structure was extracted. The images of the structures presented on Figure 1.16 all come from the purified samples. The yield of assembly was estimated from the agarose gel electrophoresis experiments by comparing the band intensity of the target band to the intensity of a reference compound in the gel (1500 bp DNA strands in the gel ladder).

Figure 1 . 17 .

 117 Figure 1.17. 3D SST technology. A The 3D structures are composed of ss-DNA of 32 bases divided in four domains. Each domain can selectively bind to another domain on another strand. B The assembly of two strands on each 8 bases long domain results in an assembly where the strands are oriented at 90 • from each other. C Molecular model showing a 3D assembly composed of all different DNA strands. D LEGO-like model of the 3D cube from Cwhere each brick is a strand with a unique sequence. As for 2D SST, half-bricks are present on all faces of the cube to avoid unpaired bases. E By mixing a selected set of strands, it is possible to obtain any desired 3D shape. F Other representation of the 3D cube as a 3D canvas composed of vowels. Each voxel is a DNA brick and has dimensions of 2.5 x 2.5 x 2.7 nm (the cube has dimensions of 25 nm x 25 nm x 27 nm). G Overview of the obtained 3D nanostructures. Adapted from ref[47].
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 118 Figure 1.18. Folding a circular (rectangle, Smiley and both triangles) or linear template intro defined shapes. Adapted from ref [49].
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 120 Figure 1.20. Formation of 3D DNA origamis by stacking sheets of helices on top of each other. A Principle of the method for the formation of honeycomb lattices. B Examples of model shapes obtained with this method. Adapted from ref[53]. C Principle of the method for the formation of square lattices. B Examples of model shapes obtained with this method. Adapted from ref[54].
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 121 Figure 1.21. Increasing number of citations on DNA nanotechnology over the years and the progresses of the field. Adapted from ref [72].

Figure 1 .

 1 Figure 1.23. DNA map for the obtention of a smiley DNA origami.The sequences in white belong to the M13 scaffold, and the colored sequences to the staples. For a given identified position on the folded origami, it is possible to know the exact sequence of the scaffold as well as the involved staples. 1 and 2 are close-up views on the sequences for clarity. Adapted from ref[49] 

Figure 1 .

 1 Figure 1.24. Patterning of DNA origamis using "dumbbell hairpin" modified staples. A-B D.N.A letters and a drawing of the double helix. C-D Drawings of various shapes. E-I Map of the Americas at various scales. Scale bars: 1 µm. Adapted from ref [49].
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 125 Figure 1.25. Precise positioning of proteins on DNA nanostructures. A Streptavidin decoration of a DNA nanogrid mediated by biotin-modified DNA strands. Adapted from ref[76]. B Orthogonal protein deposition on a DNA origami scaffold. Adapted from ref[77]. C Orthogonal protein chemical release from a DNA origami scaffold. Adapted from ref[78].
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 126 Figure 1.26. Precise positioning of nanoparticles on DNA nanostructures. A DNA-mediated agregation of nanoparticles. Adapted from ref[79]. B Site-specific DNA origami functionalisation with gold nanoparticles. Adapted from ref[85]. C Crystal-like structures obtained from nanoparticles and DNA nanostructures. Adapted from ref[80]. D Octahedral arrangement of gold nanoparticles on a DNA origami nanostructure. Adapted from ref[81]. E DNA origami templated growth of a gold nanoparticle. The origami acts like a nano-mold. Adapted from ref[84]. F Satelite-like arrangement of nanoparticles around another nanoparticle. Adapted from ref[82]. G Precise positioning of various nanoparticles in a selective manner on a DNA origami scaffold. Adapted from ref[83].
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 127 Figure 1.27. Enzymatic cascades organized on DNA origamis. A Study of the effect of inter-enzyme distance for the GOx/HRP enzyme pair positionned on a rectangular DNA origami scaffold. Adapted from ref[89]. B Enzyme pathway regulation on a DNA origami. Adapted from ref[92]. C A 3D DNA origami nanoreactor for enzymatic activity. Adapted from ref[90]. D Enzyme nanocage for an enhanced enzymatic activity and protection against protease. Adapted from ref[91].

BFigure 1 . 28 .

 128 Figure1.28. Biophysical studies using DNA origamis. A Chracterisation of the interactions existing between two nucleosomes attached on the two arms of a 3D origami device enabling the positioning at precise distances with Borh radius resolution. Adapted from ref[93]. B Cryo-EM characterisation of the p53 transcription factor anchored inside a 3D origami chamber. Adapted from ref[94].
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 129 Figure 1.29. DNA origami for biomedical purposes. A Doxorubicin loaded DNA origami. Adapted from ref[95]. B Gold-nanoparticle-loaded DNA origami. Adapted from ref[97]. C DNA origami mediated therapeutic gene delivery. Adapted from ref[96].

53 5Figure 1 .

 531 Figure 1.30. A DNA nanothermometers. Adapted from ref [98]. B Temperature-controlled encapsulation and release of an HRP enzyme from a DNA cage. Adapted from ref [99]. C Nanoscissors opening and closing mediated by temperature. Attachment principle and FRET characterisation of the morphological reconfiguration. Adapted from ref [100].
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 131 Figure 1.31. A perylene-modified DNA strand displaying a more ordered structure upon heating of the system, and recovering a less ordered structure at low temperatures. Adapted from ref [101].
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 132156133 Figure 1.32. Toehold-mediated strand displacement process. Adapted from ref [102].
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 1591601 Figure 1.34 A). Three systems have been studied: a first system where the two branches interacted through the hybridization of three bases on each connection site (represented by triangles on the figure), a second system where 16 stacking bonds existed between the two branches (circles) and a third one with 12 stacking interactions (diamonds). This series of experiments demonstrated that the stronger the interaction between the two strands (ranging from base pairing interactions as the strongest to 12 stacking interactions as the weakest), the lower the Mg 2+ concentration

Figure 1 . 35 .

 135 Figure 1.35. Irreversible motion of DNA nanostructures triggered by light. Use of photocleavable molecules. A 1-3D DNA sphere closed by ortho-nitrobenzyl groups. 2-Upon irradiation at λ = 302 nm, both hemispheres are no longer constrained to remain close to each other and separate. 3-TEM images of the sphere before (left) and after irradiation (right). Scale bars: 100 nm (zoom out) and 50 nm (zoom in). Adapted from ref [125]. B A photocleavable DNA nanocapsule which can be dissociated upon irradiation at λ = 365 nm. Adapted from ref [124]. C BMEPC loaded DNA origami irreversibly degraded upon light irradiation at λ = 365 nm. Adapted from ref [126]. D Light-triggered release of bioactive molecules from a 3D DNA origami cavity. Adapted from ref [127]. E A light-activated DNA-based walker. Iradiation at λ = 350 nm provides the energy for a pyrene-assisted photolysis of disulfide bridges inserted in DNA molecules, thus allowing for the anchorage of the walker to another site. Adapted from ref [128].
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 21 Figure 2.2.
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 2121 Figure 2.1 A, B and C respectively show the tall-rectangle, smiley and sharp-triangle origamis (see Annex B for structural details) previously described in Rothemund's original paper 49 . All three shapes were obtained in the same conditions (see Annex D), i.e:
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 218222 Figure 2.2. Various DNA origami shapes obtained during this PhD in magnesium-containing buffers -part II. A CN7 origamis. B ON7 origamis. C CN6 origamis. D ON6 origamis. See Annex B for the structure of all origamis. All samples were prepared with the protocol of Annex D in the TAEMg buffer. All samples are observed on non-treated mica in TAEMg with AFM N • 2.

Figure 2 . 3 .

 23 Figure 2.3. Various SST shapes obtained during this PhD in the TEMg buffer. A R4 rectangle in the TEMg buffer. B Hollow-R4 rectangle in the TEMg buffer. See Annex B for SST structural details. All samples were prepared with the protocol of Annex D and observed on non-treated mica in dry state with AFM N • 1. Images performed by K. Nakazawa.
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 24 Figure 2.4 A.

Figure 2 . 4 B

 24 Figure 2.4 B for the tall-rectangle and C for the sharp-triangle origamis.
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 248624 Figure 2.4 C), which means that the system can reach the thermodynamic equilibrium at each step of the temperature ramp, even in the presence of a low excess of staples. From those results, we can hypothesize that the sharp-triangle origamis form with a higher reaction rate than the
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 5 Formation of a majority of properly folded tall-rectangle origamis • Formation of a majority of properly folded sharp-triangle origamis • Formation of origami chimera and properly folded origamis Consequently, I performed a set of three experiments of competitive folding of two possible origami shapes by mixing together and in the same proportions the staples (40:1 staple to M13 ratio) of either the tall-rectangle and the sharp-triangle origamis, or of the sharp-triangle and the smiley origamis, or of the tall-rectangle and the smiley origamis with the M13 template in the TAEMg buffer (see Annex F for experimental details). The resulting objects of this shape competition were observed by AFM and the images are displayed respectively on Figure 2.Strikingly and for all three systems, we identified the formation of only one origami shape and no chimera, contrarily to what had been previously reported 169 . The competitive formation of tall-rectangle and sharp-triangle origamis yields only sharp-triangle origamis (Figure 2.5 A), as for the competition between sharp-triangle and smiley origamis (Figure 2.5 B), whereas the competition between tall-rectangle and smiley origamis yields only smiley origamis (Figure 2.5

Figure 2 . 5 .

 25 Figure 2.5. A single origami shape is obtained from the competitive thermal annealing between the M13 template and two different sets of staples programming for the formation of two different origamis. A Sharp-triangle origamis are obtained with a mix of sharp-triangle and tall-rectangle staples. B Sharptriangle origamis are obtained with a mix of sharp-triangle and smiley staples. C Smiley origamis are obtained with a mix of tall-rectangle and smiley staples. All samples were observed on non-treated mica in dry state with AFM N • 1. Images in B-C recorded by L. Chocron.

Figure 2 . 6 .

 26 Figure 2.6. Various DNA origami shapes obtained during this PhD in the new Mg 2+ -free conditions [TA(E)Na + thermal annealing]. See Annex D for experimental details. ATall-rectangle origamis. Sample observed on PLL-treated mica in dry state with AFM N • 1. B Tall rectangle origamis obtained in the presence of EDTA. C Sharp-triangle origamis obtained in the presence of EDTA. D Λ-origamis obtained in the presence of EDTA. E-F Respectively CN6 and ON6 origamis obtained with EDTA. See Annex B for structural details of all presented shapes. All previous samples B-F were observed in TAENa on SPM-treated mica with AFM N • 2 and prepared with a 2:1 staples excess.
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 27 Figure 2.7. Competitive thermal annealing between the M13 template and two different sets of staples programming for the formation of two different origamis. A Ill-folded sharp-triangle origamis are obtained with a mix of sharp-triangle and tall-rectangle staples. B Undefined origami shapes are obtained with a mix of sharp-triangle and smiley staples. Samples observed on SPM-treated mica in dry state with AFM N • 1. Images recorded by L. Chocron.
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 228 Figure 2.8. Tall-rectangle origamis folded in the PB 7,2 Na 100 buffer. Sample observed on PLL-treated mica in dry state with AFM N • 1.

Figure 2 . 9 .

 29 Figure 2.9. Origamis folded in the Pb 6,8 Na x buffer, with x the concentration of NaCl in bulk. All samples are observed on PLL-treated mica in dry state with AFM N • 1.

Figure 2 . 10 .

 210 Figure 2.10. Origamis folded in the Pb x Na 100 buffer, with x the pH of the buffer. All samples are observed on PLL-treated mica in dry state with AFM N • 1.

  folding in a medium containing only MQ H 2 O and various concentrations of NaCl to ensure the origamis stability. For each sample, the staples mix of the tall-rectangle and the M13 template were mixed together in a 40:1 ratio in various H 2 ONa y buffers, where y is the NaCl concentration ranging from 50 mM to 500 mM, submitted to a thermal annealing ramp of -1 • C/10 min (12 h) (Figure 2.11 samples A-C) or -1 • C/40 min (2 days) (samples D-F). Experimental details are given in Annex D.
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 22211 Figure 2.11 displays AFM images of the samples, and we notice that no origamis could be observed in the A-C and F conditions, but that well folded origamis are present in the D-E samples. We can observe on Figure2.11 A that only undefined DNA aggregates are present on the mica surface and that no specific folded area can be found. The folding of tall-rectangle origamis in those conditions is therefore unsuccessful. The sample images in B was obtained in H 2 ONa 100 and seems to be constituted only of DNA aggregates of undefined shapes. In the same buffer conditions but after a slower annealing procedure of two days instead of 12 h, well folded origamis could however be observed (seeFigure 2.11 D). A similar observation can be made for samples C and E, both prepared in the same H 2 ONa 200 buffer but with different thermal annealing procedures. The origamis of sample C, prepared with the shorter annealing procedure, are mostly only partially folded and solely one completely folded origami can be observed. The

1 .

 1 Scheme 3.1. Typical aspect of a linear ds-DNA melting curve. The melting temperature corresponds to the temperature at which 50% of the total amount of bases are hybridized. The melting temperature range corresponds to the temperature interval during which the melting process occurs and can be detected.

  16, 6 log[S] + 41, 5(χ GC ) + 81, 5(3.1) where[S] is the salt concentration and χ GC the fraction of GC bases in the molecule. With this formula, we can determine the melting temperature of a double-stranded M13 molecule in the TAEMg buffer (T m = 83, 1 • C) or in the TANa buffer (T m = 84, 9 • C). In DNA origamis, the M13 template is completely hybridised, not with a single complementary strand but with around two hundred short staple strands. The melting temperature of DNA can also be modified by adding in the medium organic molecules called denaturing agents, such as formamide or urea for example186,187 , which lower the melting temperature by destabilizing the double helix upon competitive H-bonding and/or Pi-stacking with the DNA bases. This will be discussed in Chapter 5. The origami structure is furthermore the result of a strong folding of the template into a closely packed and highly negatively charged structure. Both objects however contain the same number of stabilizing interactions (H-bonds). All results presented in this chapter (previous reports and results obtained during this PhD) are however very different from those calculated values and give melting temperatures of under 70 • C in all buffers, due to the increased electrostatic repulsions in the origami compared to the double-stranded DNA molecule.

Figure 3 . 1 .

 31 Figure 3.1. AFM follow-up of an individual tall-rectangle origami melting, adapted from ref [133]. A Schematic representation of the temperature-controlled AFM. B Overview of the tall-rectangle origami structure. C AFM image of tall-rectangle origamis, observed at 50 • C. D In situ AFM images of the same origami ensemble at different increasing temperatures. Follow-up of the melting process. E Height profiles as scanned along the line sketched in D.
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 32 Figure 3.2. AFM characterisation of the melting process of tall-rectangle origamis in the TAEMg buffer, adapted form ref [137]. Each image corresponds to a different sample at the indicated temperature. All samples were submitted to the same temperature ramp and prepared following the same protocol. and at 59 • C, no completely folded origamis remained, though some objects still looked like extended rectangles. At 63 • C, all the observed objects had undefined shapes, but a characteristic height comparable to the height of double-stranded DNA (around 2 nm), indicating that a certain number of staples was still not detached from the template. At 70 • C, the melting seemed to be complete, as the measured height of the objects decreased. The temperature range for the melting of tall-rectangle therefore seems to be between 55 and 70 • C. If we consider the mean temperature, T m ∼ 62, 5 • C. The main interest of this technique is that one can observe an image
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 33 Figure 3.3. Measurement of the tall-rectangle origami melting temperature using an integrated FRET system, adapted from ref [191]. A Principle of the method. Upon melting, both donor and acceptor are driven away from each other, thus reducing the FRET signal until extinction. B Study of the effect of the FRET system position and of the local staple depletion on T m . The green and red dots schematically represent the position of the FRET donor and acceptor on the origami.
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 34 Figure 3.4. Follow-up of DNA origamis melting process through fluorescence spectroscopy, adapted from ref [192]. The graphs represent the rates of folding and unfolding of the represented origamis. The temperature at which a rate reached a maximum is considered as the transition temperature (folding or melting).

Figure 3 . 5 .

 35 Figure 3.5. Gel electrophoresis follow-up of DNA origamis melting processes, adapted from ref [192]. The letters U and F respectively refer to Unfolded and Folded states of origamis.
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 33637 Figure 3.6.

2 .

 2 Scheme 3.2. Representation of a TLC plate after elution. A, B and C correspond to the chemical entities involved in the A + B -→ C reaction. P is the mixture obtained at the end of the reaction (here constituted of only C for example). L is the total distance travelled by the eluent. l is the total distance travelled by each sample during the experiment.

  Scheme 3.3. Principle of the quantified gel electrophoresis method, using an internal scale for each of the samples to be compared with. The migration of the sample is calculated using the l and L distances, respectively representing the distance between the lower internal scale and the sample, and between the lower and upper internal scales.

VFigure 3 . 8 .

 38 Figure 3.8. Gel electrophoresis analysis procedure for the obtention of melting curves. The process was here carried on for the analysis of tall-rectangle origamis melting temperature in the TAEMg buffer. A Picture of the gel at the end of the migration. The sample migrated between the Internal Scales, which allows one to extract the l and L values. B User interface of the GelAnalyser software, where the same gel is being analysed. The software provides two informations: the migration of the detected bands in an arbitrary frame (identical for all gel lanes), and their intensity (not used here). C Data analysis for the calculation of each sample migration. D Resulting melting curve.
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 39 Figure 3.9. Melting behaviour of tall-rectangle origamis in the TAEMg buffer. A Three melting curves obtained by three different experiments. All curves display the same behaviour. Two point however seem to be aberrant and were not taken into account for the following analysis. B Mean melting curve obtained by averaging the migration for each temperature in the three experiments. The error bars correspond to the standard deviation centred on the mean value. Error bars are displayed when they are larger than the symbol size.

FromFigure 3 .Figure 3 .

 33 Figure 3.10). We observe that the origamis at 50 • C seem to be rather well formed, but start to display an accordion-like shape in their center. They also appear to be longer (around 110 nm versus around 100 nm at 20 • C) ; the unfolding has thus started at this temperature. Upon increasing temperature up to 59 • C, the shape of origamis is more and more ill-defined, but it however still resembles a rectangle. At 61 • C, the objects we observe have lost their overall rectangular shape. Origami-type folded parts cannot be detected and more and more objects are composed of coils of partially double-stranded (see black arrows) and single-stranded DNA, evolving upon temperature increase toward only ss-DNA entangled in random coils. From 63 • C to 70 • C, the objects do not evolve dramatically, but only seem to be slightly more compact

From 20 •

 20 C to 45 • C (stage A), the origamis are stable and do not undergo any structural change. The migration remains constant. From 45 • C to 60 • C (stage B), the nanostructures start to be locally depleted from staples and to become bigger. The thermal energy is still not sufficient enough to completely dehybridise the staples from the M13, which probably results in the formation of a soft "cloud" of partially hybridized staples around the nanostructures that can still be recognized as rectangular origamis. The charge of the objects is reduced each time a 2. A NEW GEL ELECTROPHORESIS QUANTIFICATION METHOD FOR THE PRECISE DETERMINATION OF DNA ORIGAMI MELTING TEMPERATURE staple is completely detached from the template, and the size of the object grows, which both disfavour the migration, explaining the global decrease of migration observed on the melting curve. From 60 • C to 70 • C (stage C), a sufficient number of staples are dehybridised fromthe template, leading to the unfolding of the object, which does not have a recognizable shape any more ; one cannot estimate whether those were once rectangles or not. The M13 remains partially hybridized to fewer and fewer staples over the temperature increase, hence the decrease of the total charge. However, the size of the objects decreases over dehybridisation and at high temperatures, the single-stranded more flexible portions of M13 are more numerous, thus favouring the migration in the agarose matrix. This effect is obviously more significant than the charge loss, because of the strong migration increase observed in this stage.How can we now define the melting temperature? The shape of the melting curve is not similar to previous experiments with other techniques, therefore we cannot extract the T m value in the same way. Furthermore, the definition of the melting for DNA origamis is problematic.Unlike ds-DNA, for which the melting of 50% of base pairs was a good indicator of the melting temperature, DNA origami is composed of many staples of various length and various individual melting temperatures. If we want to follow the usual definition of DNA T m , what should we consider? The temperature at which 50% of all initially bond staples are completely dehybridised from the template? The temperature at which all staples bond to the template are 50% hybridized? Because of the sometimes important differences between staples, both definitions cannot be satisfactory. Some staples are completely detached from the M13 at temperatures
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 311 Figure 3.11.Melting behaviour of tall-rectangle origamis in the TANa buffer. A Picture of the gel at the end of the migration process for experiment N • 2, typical look of a gel in those conditions. B Four melting curves obtained by four different experiments. All curves display the same behaviour, with however some important differences in the migration values. C Mean melting curve obtained by averaging the migration for each temperature in the three or four experiments (not all experiments were performed at the same temperatures, but each temperature was analysed at least three times). The error bars correspond to the standard deviation centred on the mean value.
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 312313 Figure 3.12. Melting curves for the tall-rectangle origamis in the TANa buffer, obtained by fluorescence spectroscopy using the SYBRGreen DNA intercalator. Both experiments were performed using protocols described in Annex I. The fluorescence intensity is represented as a normalized value to facilitate comparison between the two experiments.

137 2 .

 2 A NEW GEL ELECTROPHORESIS QUANTIFICATION METHOD FOR THE PRECISE DETERMINATION OF DNA ORIGAMI MELTING TEMPERATURE and 43 • C. It is not possible here to precisely determine T m in those conditions. It however

14 A

 14 and the resulting melting curves are plotted on Figure3.14 B. We can first observe that the sharp-triangle origamis migrate less than the tall-rectangle origamis in those conditions(see on p. 129). This could be explained by the overall shape of the triangle, which is larger on all sides than the short side of the tall-rectangle (160 nm for the triangle edge, versus 60 nm for the rectangle short edge), all charges being equal otherwise. The mean melting curve, displayed on Figure3.14 C shows that the migration typically starts at a value of around 0,2 and remains stable until 50 • C (stage A). It then decreases until reaching a sharp minimum at 61 • C (stage B), before increasing again between 61 • C and 70 • C. According to the previously given definitions and characterizations of the melting temperature (see on p. 132 and p. 135),
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 52314315 Figure 3.14. Melting behaviour of sharp-triangle origamis in the TAEMg buffer. A Picture of the gel at the end of the migration process for experiment N • 1, typical look of a gel in those conditions. B Three melting curves obtained by three different experiments. All curves display the same behaviour, with few differences in the migration values. C Mean melting curve obtained by averaging the migration for each temperature in all experiments experiments. The error bars correspond to the standard deviation centred on the mean value.
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 316 Figure 3.16. Melting behaviour of sharp-triangle origamis in the TANa buffer. A Picture of the gel at the end of the migration process. B Melting curve obtained in those conditions.
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 317318 Figure 3.17. Melting behaviour of smiley origamis in the TAEMg buffer. A Picture of the gel at the end of the migration process. B Melting curve obtained in those conditions.
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  absorb in the UV region of the electromagnetic spectra. When irradiated with high energy UV beams (UV-C from 200 nm to 280 nm and UV-B from 280 nm to 315 nm), the molecule can undergo photochemical reactions, which either consist in the formation or rupture of a covalent bond. In living organisms, a modification in the DNA backbone can result in a malfunction of the transcription chain or in the appearance of mutations, both potentially problematic for the host. Upon UV irradiation at λ =280 nm typically, it is for example possible to trigger a photo-cyclisation reaction between two thymine bases belonging to two DNA strands, thus creating a covalent link between them. This reaction is reversible upon irradiation at λ = 240nm, and does not induce a detectable movement within DNA. It however changes the interaction strength between the strands of the double helix and thus increases the melting temperature of the duplex. The only way to obtain a light-triggered movement within a DNA molecule is therefore to introduce photoresponsive molecules within the DNA. With the objective to obtain dynamic DNA nanostructures with controlled motion over time and space, those molecules should match some criteria: • (1) Possible interaction with DNA • (2) Reversible switch between at least two different states upon irradiation • (3) Geometrically different accessible states • (4) Interaction with light at wavelengths for which DNA does not absorb • (5) High quantum yield The first criteria (1) is straightforward. The second and third criteria (2) and (3) introduced the fact that the molecule should be able to reversibly switch from one geometric state to another. Different geometries are necessary for the induction of movement, by either changing the distances between DNA strands or changing the nature of the interaction of the molecule with DNA. The fourth criteria (4) ensures minimal damages inflicted to the DNA molecule and is also a practical one: if DNA absorbs light at the wavelength to with the photosensitive molecule is responsive,
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 41 Figure 4.1. A Molecular orbitals diagram for the azobenzene system. Adapted from ref[199]. B Proposed isomerisation mechanisms. c-and t-AB = cis-and trans-Azobenzene. Adapted from ref[196] 
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 424344 Figure 4.2. Selected examples of Asanuma et coll. work on azobenzene-mediated hybridation of oligonucleotides. A The covalent modification of one of the two DNA strands of a duplex with an azobenzene moiety leads to a photocontrolled destabilisation of the duplex and thus a modification of the melting temperature. Adapted from ref [204]. B 1-Multiple covalent modifications of DNA strands with azobenzene can lead to a complete disassociation of the two DNA stands upon UV irradiation. 2-Location in the strands of the azobenzene moieties. Adapted from ref [205]. C Covalent modification of RNA molecules with azobenzene molecules and photocontrol of the duplex formation. Adapted from ref [206]. D Photoregulation of a DNA-zyme for the digestion of RNA molecules. Activation of the catalytic activity upon UV irradiation and isomerisation of the azobenzene molecules from trans to cis. Adapted from ref [207].

Figure 4 . 5 CCFigure 4 . 5 .

 4545 Figure 4.5. Photosensitive polyamines and their effect on DNA compaction. A Structures of AznEn, AzoDeta and AzoTren. B Compaction curves of T4-DNA in the presence of each molecule. Purcentage of compacted molecules as a function of trans or cis AzoX concentration. C Fluorescence microscopy images of t4-DNA molecules stained by the YOYO dye for increasing AzoX concentration before (dark) and after (UV) irradiation at λ = 365 nm. Adapted from ref [222].
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 46 Photodependent melting curves

Figure 4 . 7 .

 47 Figure 4.7. Reversible photocontrol of a DNA hairpin melting at constant temperature, followed by FRET. A Hairpin structure and FRET efficiencies in the hybridized and melted states. B Melting curves for the hairpin in the presence of trans-(-UV) or cis-AzoDiGua(+UV). C At 30 • C, the DNA hairpin can melt and hybridize again following UV-blue cycles.
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 48 Figure 4.8. Circular dichroism spectra for DNA in the presence of trans-(A) of cis-AzoDiGua (B).

Figure 4 . 9 .

 49 Figure 4.9. Linear dichroism and absorbance spectra for DNA in the presence of trans-(A) of cis-AzoDiGua (B).
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 410 Figure 4.10. Absorbance of AzoDiGua with increasing time of inrradiation at 365 nm. A C = 31, 6 µM in H 2 O, T= 26 • C. Adapted from ref [225]. B C = 80 µM in the TANa buffer, T= 20 • C (see experimental details in Annex M.
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 411 Figure 4.11. Thermal conversion form cis-to trans-AzoDiGua at C= 80 µM in the TANa buffer at T= 41 • C. Absorbance data obtained over 18 h and plot of the absorbance at 360 nm (A 360 ) as a function of time, with fit.
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 412 Figure

Figure 4 . 13 .

 413 Figure 4.13. Study of the effect of trans-AzoDiGua on tall-rectangle origamis melting temperature. A Gel electrophoresis experiment with origamis folded in the TAEMg buffer, onto which a certain concentration of AzoDiGua was added (see on the gel, in µM). B AFM images of the samples indicated by the red and blue arrows. Samples were observed on bare mica in dry state with AFM N • 1. C Fluorescence spectroscopy measurement for origamis with SYBrGreen in the presence of trans-AzoDiGua at various indicated concentrations. D Derivative of the fluorescence intensity with the temperature. Experiments performed by L. Nurdin.
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 413 ). I therefore prepared tall-rectangle origamis in the TANa buffer, using the usual protocol described in Annex D, which I separated into 36 sub-samples of 15 µL each, thus constituting 6 series of 6 samples. For each series, I added the same concentration of AzoDiGua in each sample, ranging from 0 µM to 130 µM and incubated the samples at 20 • C for 3 h. After the incubation process, one sample from each series was incubated at a controlled temperature ranging from 20 • C to 60 • C for 30 minutes. Therefore and at each temperature, one sample at each AzoDiGua concentration was incubated. All samples were afterwards frozen in liquid nitrogen to quench the melting process and the resulting samples were analysed by QGE. All the experimental details for this experiment can be found in Annex J. The migration was carried on for 2 h and the results are displayed onFigure 4.14. 

Figure 4 . 14 .

 414 Figure 4.14. Effect of the AzoDiGua concentration on the melting temperature of tall-rectangle origamis in the TANa buffer. A Image of the gel after the 2 h of electrophoresis at 100 V. B Partial melting curves obtained for all tested AzoDiGua concentrations.

Figure 4 . 15 .

 415 Figure 4.15. Effect of trans-and cis-AzoDiGua on the melting temperature of tall-rectangle origamis in the TANa buffer. A Average melting curves in the absence (orange) or presence of the trans (grey curve) or cis isomer (blue curve). Each curve was obtained by averaging data from 3 experiments performed in the same conditions. B Normalized melting curves from A.

  through a light stimulus. The possibility of UV-induced melting at 41 • C for tall-rectangle origamis intercalated with trans-AzoDiGua was investigated by QGE. For that purpose, folded origamis were first incubated with trans-AzoDiGua at 20 • C for 2 h and then heated to 41 • C for 30 minutes. The sample was afterwards irradiated with UV light (λ = 365 nm) and fractions of the sample were collected and analysed after different irradiation times (from 0 (no irradiation) et 180 minutes). The resulting gel is presented on Figure 4.16 A and the migration curve on Figure 4.16 B.

Figure 4 . 16 .

 416 Figure 4.16. Isothermal melting at 41 • C of tall-rectangle origamis with AzoDiGua upon UV irradiation (λ = 365 nm). A Gel obtained for samples irradiated for different amounts of time. B Resulting migration curve. Experimental data can be found in Annex L

  ). We can observe on this Figure that the origamis at 20 • C in the presence of trans-AzoDiGua in TANa have a very usual shape and are overall well formed, even if some nanostructures are broken. After incubation at T W = 41 • C, we

Figure 4 . 17 .

 417 Figure 4.17. Isothermal photo-induced melting of tall-rectangle origamis in the presence of AzoDiGua under UV irradiation (λ = 365 nm). The samples from the large images all come from the same experiment. The small images come from a different experiment performed identically. All samples are observed on SPM-treated mica in dry state with AFM N • 1. The cross-section profiles were taken from origamis before and after 150 minutes of UV irradiation. See Annex L for experimental details.

Figure 4 . 18 .

 418 Figure 4.18. Refolding of tall-rectangle origamis in the TANa buffer in presence of AzoDiGua under different conditions. A Origamis at 41 • C after 160 minutes of UV irradiation at λ = 365 nm. B Origamis in the dark at 41 • C for 3 h. Isothermal reformation in the presence of AzoDiGua.C Origamis after 17 h of blue light irradiation (λ = 440 nm) at 41 • C. See Annex L for experimental details. All samples come from the same original solution and were observed on SPM-treated mica in dry-state with AFM N • 1.
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 57 Scheme 4.7. Structure of the AzoDiForm photoswitchable DNA intercalator (not synthesized).

Figure 5 . 1 A

 51 Figure 5.1 A 1). The folding was completed after only 5 minutes, resulting in a flawless origami (as shown in Figure 5.1 A 3) and the rate of folding decreased if the temperature was changed from the optimal temperature for the isothermal process 192 (see Figure 5.1 A). Those results however exact should be slightly corrected, due to the fact that melting and folding temperatures were measured by fluorescence spectroscopy that, as shown in Chapter 3, gives non-precise results on the transition temperatures because of the presence of a DNA intercalator.

Figure 5 . 1 .

 51 Figure 5.1. Isothermal formation of DNA nanostructures without chemical modification of their environment. A Isothermal formation of the tall-rectangle origami. 1) Folding rate. Determination of the optimal temperature for isothermal folding (53 • C). 2) Isothermal folding's kinetics at T = 53 • C. 3) TEM image of the isothermally folded tall-rectangle at 53 • C. Scale bar: 20 nm. Adapted from ref [192] B Isothermal pore-filling at T = 60 • C. Red arrow = addition of staples. Adapted from ref [134]. C Isothermal formation of various tile structures at different temperatures. Adapted from ref [229]. D Isothermal formation of the tall-rectangle origami at different temperatures. Adapted from ref [230]. E Isothermal assembly of the "ZX-6Hx4Hx96B" crystal (tile structure). 1) Cylinder model. 2) Determination of the optimal isothermal folding temperature at 33 • C. 3) TEM images of the objects formed at 33 • C after a certain time. Adapted from ref [165]

  DNA origamis are not the only DNA-based objects that have been folded isothermally. After the publication of the original method to produce DNA tiles in 2012[START_REF] Wei | Complex shapes self-assembled from single-stranded DNA tiles[END_REF] , Yin et coll. conducted a systematic study on the isothermal folding, without any thermal denaturation step, of DNA tiles in a common environment at a temperature depending on the sequence, the GC content and the length of each strand binding domain. The modified SST structures could assemble across a wide range of temperature going from 15 • C to 69 • C, as shown in Figure5.1 C. The authors demonstrated that longer binding domains allowed for the isothermal formation of SST at high temperatures. The presence in the DNA strand of linkers of various length was also proven to decrease the isothermal folding temperature. It was therefore possible to program the assembly temperature of a given SST by adjusting several parameters: longer binding domains and no linkers for higher assembly temperatures, and shorter binding domains with longer linkers for lower assembly temperatures.

2 A 2 )FoldingFigure 5 . 2 .

 2252 Figure 5.2. Isothermal formation at room temperature using denaturing agents or other specific conditions. A Isothermal formation of the tall-restangle origami using a gradient of denaturing agent (formamide and urea)at room-temperature. 1) Principle of the method. 2) Rectangles obtained with formamide denaturation. Scale bar: 100nm 3) Rectangles obtained with urea denaturation. Scale bar: 500 nm (left) and 100nm (right). Adapted from ref [228]. B Isothermal formation of various DNA nanostructures through a room-temperature formamide incubation (RTFI) process. Adapted from ref [132].C Isothermal formation at 33 • C of rectangles (1 and 2) and smiley origamis (3 and 4) through incubation with betaine. Adapted from ref [230].D Isothermal folding of the tall-rectangle origami in dehydrated glycholine as solvent at 20 • C. Kinetics of the process and principle of the method. Adapted from ref [233].

Fritzsche

  et coll. used betaine to virtually reduce the melting temperature of DNA in various DNA origami shapes, allowing the isothermal formation at 37 • C 230 . Betaine has indeed the property to eliminate the base pair composition dependence of DNA melting in the equation 3.1, thus automatically lowering the melting temperature, qualifying betaine as a sort of denaturing agent. The authors incubated the M13 template and the staples to form the tall-rectangle and the smiley face origamis in a buffer containing 1 M of betaine for 24 h, and showed the formation of well folded origamis, as displayed on Figure 5.2 C. The same incubation process performed at room temperature however yielded somewhat badly folded origamis after 4 days. This process however gave the advantage of forming origamis at a temperature at which many enzymes are active, allowing the co-formation and functionalisation, immediately followed by the observation of an enzymatic activity, for example. As an alternative method to the use of a fraction of denaturing agent in solution to lower the melting temperature of DNA nanostructures, Hud et coll. used a deep-eutectic solvent, composed of a 1:4 mixture of glycerol and choline chloride named glycholine, in which the folding of rectangular DNA origamis at room temperature was possible in 6 days, after a thermal denaturation step at 70 • C 233 . The obtained structures are perfectly folded and stable in time (until at least 8 days), as shown in Figure 5.2 D. The process could however be accelerated and be completed in 3 h by using hydrated glycholine instead of anhydrous glycholine, of which the viscosity can slow down DNA diffusion and reorganization in the medium, thus decreasing the 1. EXISTING METHODS FOR THE ISOTHERMAL FORMATION OF DNA NANOSTRUCTURES
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 53 Figure 5.3. Incubation at 25 • C of the M13 template and the tall-rectangle origami staples cocktail in TAEMg. The zoomed-in images correspond to the the white square on the image on its left. No folding observed after 144 h. All samples are observed on bare mica in dry state with AFM N • 1.

Figure 5 . 4 .

 54 Figure 5.4. Incubation at 25 • C of the M13 template and the sharp-triangle origami staples cocktail in TAEMg. The zoomed-in images correspond to the the white square on the image on its left. No folding observed after 44 h. All samples are observed on bare mica in dry state with AFM N • 1.
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 5351 Scheme 5.1. Simplified free-enthalpy diagram for the folding process of a DNA origami from a misfolded structure. ∆ ‡ G is the energy needed by the system to overcome the energy barrier between the misfolded and the folded states.

Figure 5 . 5 .

 55 Figure 5.5. Incubation at 25 • C of the the DNA strands composing the R4 SST in TEMg. The zoomed-in images correspond to the the white square on the image on its left. Presence of rare folded SST after 24 h, slight evolution over time until 210 h. RTIFP is possible in TEMg at 25 • C, with very low yield. All samples are observed on non-treated mica in dry state with AFM N • 1. Experiences performed by K. Nakazawa

Figure 5 . 6 .

 56 Figure 5.6. General method for the isothermal formation of 2D DNA nanostructures by the RTIFP

Figure 5 .

 5 figure that well-folded origami could be obtained after 18 h of RTIFP. The obtained shapes are comparable to the ones from Figure2.6, where the same DNA nanostructures were obtained by thermal annealing in the same TANa buffer.
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 57585759 Figure 5.7. Isothermal formation of several origami shapes and SST in the TANa buffer at 25 • C. A Sharp-triangle origamis obtained after RTIPF in 18 h. B Tall-rectangle origamis obtained after RTIPF in 18 h. C Smiley origamis obtained after RTIFP in 18 h. D R4 SST obtained after RTIFP in 24 h (experience performed by K. Nakazawa). All samples are observed on SPM-treated mica in dry state with AFM N • 1.

Figure 5 .

 5 Figure 5.10. Large scale view of DNA origamis formed by RTIFP. A Sharp triangle after 18 h of RTIFP. B Tall-rectangle after 18 h of RTIFP. C Smiley after 18 h of RTIFP. All samples are observed on SPM-treated mica in dry state with AFM N • 1.

At 25 •

 25 CThe RTIFP in the TAENa buffer was demonstrated for several origami shapes: the tall-rectangle and sharp-triangle origamis[START_REF] Rothemund | Folding DNA to create nanoscale shapes and patterns[END_REF] , and the Closed and Opened Necklaces origamis, which are original designs by M. Endo in Prof. Sugiyama's team (see details of the structure in Annex B). For that purpose, the staples of the desired origami shape and the M13 template were mixed together at 25 • C in the TAENa buffer, and were incubated at 25 • C for several hours, according to the protocol described in Figure5.6 and in Annex N. The incubation process was done without any prior thermal denaturation step. The final result of the RTIFP was observed by AFM in liquid, and the results are displayed on Figure5.11.We can observe on this figure that the sharp-triangle and the tall-rectangle origami shapes are obtained after respectively 20 h and 24 h of RTIFP.
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 511512 Figure 5.11. Isothermal formation of several origami shapes in the TAENa buffer at 25 • C. A Sharptriangle origamis obtained after RTIFP in 20 h. B Tall-rectangle origamis obtained after RTIFP in 24 h. C CN7 origamis obtained after RTIFP in 16 h. D ON7 origamis obtained after RTIFP in 68 h. All samples are observed on SPM-treated mica in TAENa with AFM N • 2.

Figure 5 . 13 .

 513 Figure 5.13. Isothermal formation of several origami shapes in the TAENa buffer at 30 • C. A Sharptriangle origamis obtained after IFP in 25 h. The AFM tip that was used was a little old and maybe dirty, which explains the poor image quality. B CN7 origamis obtained after IFP in 25 h. C CN6 origamis obtained after IFP in 41 h. D ON7 origamis obtained after IFP in 25 h. E ON6 origamis obtained after IFP in 41 h. All samples are observed on SPM-treated mica in TAENa with AFM N • 2.

Figure 5 . 14 .

 514 Figure 5.14. Isothermal formation of sharp-triangle origamis in H 2 ONa 100 and MQ H 2 O after 18 h of incubation at 25 • C. No origamis observed in MQ H 2 after 18 h of incubation, but many well-folded objects observed after the same time in the H 2 ONa 100 buffer. All samples were observed on SPM-treated mica in dry-state with AFM N • 1.

Figure 5 . 15 .

 515 Figure 5.15. Isothermal formation of the tall-rectangle origami shape in the PB 6,8 Na 100 buffer at room temperature (varying between 15 • C and 22 • C). Incubation time = 10 days. The structure seen in the top center of the image resembles a rectangular origami, without any certainty. The sample was observed on SPM-treated mica in dry-state with AFM N • 1.
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 5516 Figure 5.16. Competitive RTIFP of tall-rectangle and sharp-triangle origamis in the TANa buffer at 25 • C. The only well-folded objects are triangles. The image at 29,5 h was made on SPM-treated mica. The images at 96 h and 122 h come from the same sample and were made on PLL-treated mica. All samples were observed in dry-state with AFM N • 1
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 517 Figure 5.17. Isothermal shape-changing from the tall-rectangle (initial system, folded by thermal annealing) to the sharp-triangle origamis (final system, obtained isothermally) in the TANa buffer at 25 • C. The staples of both shapes are present in the same concentration. AFM image taken after 3 month of incubation, on SPM-treated mica in dry-state with AFM N • 1.
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 518 Figure 5.18. Kinetic study by AFM of the RTIFP of the tall-rectangle origami in TANa. The first observation of fully formed origamis happens after 16 h of incubation at 25 • C. The formed origamis are stable at 25 • C for at least 6 days. The images at 1 h, 96 h and 144 h come from the same sample and are observed on PLL-treated mica in dry-state with AFM N • 1. The images at 4 h, 16 h and 18 h all come from different samples, prepared identically to the previous samples. The samples at 4 h and 18 h are observed on SPM-treated mica in dry-state with AFM N • 1, and the sample at 16 h is observed on SPM-treated mica in liquid with AFM N • 3
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 5519 Figure 5.19. Kinetic study by AFM of the RTIFP of the sharp-triangle origami in TANa. The first observation of fully formed origamis happens after 60 minutes of incubation at 25 • C. The formed origamis are stable at 25 • C for at least 44 h. The images at 10 min, 40 min, 50 min and 60 min come from the same sample and are observed on PLL-treated mica in dry-state with AFM N • 1. The images at 120 min, 4 h, 6 h, 16 h and 44 h all come from different samples, prepared identically to the previous samples. The samples at 2 h and 44 h are observed on PLL-treated mica in dry-state with AFM N • 1, the samples at 4 h and 16 h is observed on SPM-treated mica in dry-state with AFM N • 1. The sample at 6 h is observed on SPM-treated mica in liquid with AFM N • 3.

2 .

 2 Scheme 5.2. Simplified representation of the intramolecular strand displacement reactions happening during the RTIFP. The origami folding results in the liberation of a significant number of staples in bulk, thus increasing the system's entropy.

Figure 5 . 20 .

 520 Figure 5.20. Kinetic study by AFM of the RTIFP of the R4 SST in TANa. The first observation of fully formed origamis happens after 15 h of incubation at 25 • C. The formed tiles are stable at 25 • C for at least 168 h. The images at 15 h, 24 h and 168 h all come from the same sample. All the other images come from different samples. All samples were prepared following the same protocol. All samples are observed on SPM-treated mica in dry-state with AFM N • 1. Experiment performed by K. Nakazawa.
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 521 Figure 5.21. Kinetic study by AFM of the RTIFP of the tall-rectangle origami in TAENa at 25 • C. The images from 30 minutes to 240 minutes come from the same sample, and the image at 24 h comes from a different sample. All samples are observed on SPM-treated mica in TAENa with AFM N • 2.

Figure 5 . 22 .

 522 Figure 5.22. Kinetic study by AFM of the RTIFP of the sharp-triangle origami in TAENa at 25 • C. The images from 10 minutes to 80 minutes come from the same sample, and the images from 90 minutes to 150 minutes come from one same other sample, prepared identically to the previous one. All samples are observed on SPM-treated mica in TAENa with AFM N • 2.

Figure 5 . 23 .

 523 Figure 5.23. Kinetic study by AFM of the IFP of the sharp-triangle origami in TAENa at 30 • C. The images at 1,5 h and 3,5 h come from the same sample, the image at 25 h comes from a different sample prepared identically to the previous one. All samples are observed on SPM-treated mica in TAENa with AFM N • 2.

Figure 5 . 24 .

 524 Figure 5.24. Isothermal passage from the CN6 to the CN7 origami motif at 30 • C. t = 0 corresponds to the native CN6 motif. The time indicated above the AFM images correspond to the incubation time after addition of 4 equivalents of the missing staples. All samples are observed on SPM-treated mica in TAENa with AFM N • 2.

Figure 5 . 25 .

 525 Figure 5.25. Isothermal passage from the linear 6-to the linear 7-tile origami motif at 30 • C. t = 0 corresponds to the native linear 6-tile motif. The time indicated above the AFM images correspond to the incubation time after addition of 4 equivalents of the 7 th tile staples. All samples are observed on SPM-treated mica in TAENa with AFM N • 2.
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 526527 Figure 5.26. Isothermal passage from the Λ to the ∆ origami motif at 25 • C in the TAENa buffer. t = 0 corresponds to the native Λ motif. The time indicated above the AFM images correspond to the incubation time after addition of 4 or 8 equivalents of the 3 rd side staples. All samples are observed on SPM-treated mica in TAENa with AFM N • 2.
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 5528 Figure 5.28. Quantified gel electrophoresis experiments for the kinetics of the tall-rectangle RTIFP. For experimental details, see Annex Q. The indicated values on the gel correspond to the time (in minutes) at which the sample was analysed, the "M13" bands correspond to the migration of the M13mp18 template in the TANa buffer. Ladders are 1 kbp ladders.

Experiment N • 1 (Figure 5 . 29 .

 1529 Figure 5.29. Multiple band analysis for the tall-rectangle origami RTIFP, presence of intermediate folding structures. A Close-up view of gel lanes N • 1 (corresponding to the 1 kbp ladder) and N • 3 (corresponding to t = 5min, see Figure 5.28 D) where 8 bands can clearly be distinguished. B Migration curves for all the detected bands in the frame given by the internal scale. The bands migrating less than the lower internal scale (3500 bp) thus have a negative migration value. C Evolution of the relative intensity of each band, calculated with equation 5.4. The most important contributions to the total intensity are bands B1 and B7.
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 530531 figure that the results obtained are similar to those of the tall-rectangle origamis in experiment N • 4 (seeFigure 5.29). We can observe that the migration of the "origami band" (meaning the band that migrates at migration values close to the final origami shape, here B7) first rapidly decreases over time from t = 0 min to t = 15 min, and then reaches a plateau for longer incubation times (see Figure5.30 C). The modelisation with equation 5.3 gives a characteristic time for the formation of the random coils τ = (5, 0 ± 1, 8) min, which is much faster than what was calculated for the tall-rectangle origamis RTIFP, and comparable to what was observed by AFM (seeFigure 5.22). We can furthermore observe on Figure5.30 A and B that, apart from the first lane that shows the migration of the M13 alone, all the other lanes reveal the presence of other

Figure 5 . 32 .

 532 Figure 5.32. Comparison of the folding rate of the tall-rectangle, sharp-triangle and smiley origamis.
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 53352534 Figure 5.33. Folding kinetics by UV-vis spectroscopy for the SST RTIFP in TANa at 25 • C and modelisation.

4. 1

 1 On the importance of surface interactions in the observation of dynamic behavioursThe AFM observation of 2D DNA origamis usually is performed on origamis adsorbed on a freshly cleaved untreated mica plate. Because of the high negative charge surface density of the mica and the negatively charged DNA backbone, the adsorption of DNA on mica is hindered by the existence of a so-called electrical double-layer force 240 . The presence in bulk of divalent cations (Mg 2+ ) however mediates the adsorption through a sharing mechanism of counterions between the mica surface and DNA 241 . At low Mg 2+ concentration (below 20 mM), DNA is strongly and irreversibly adsorbed on the mica surface 241 . It is therefore difficult to see dynamic behaviour of DNA in those conditions, and impossible to neglect the contribution of surface interactions.

4. 2 . 1 Movie 2 .

 212 From Λ-to ∆-origamis In order to assess the feasibility of an isothermal folding on an SPM-treated mica plate, I first chose to observe by AFM in liquid (TAENa buffer) Λ-origamis prepared in the TAENa buffer by thermal annealing (see Annex D for experimental details), onto which I added the staples of the third missing side (named A-side) to create sharp-triangle origamis. I then observed the sample by AFM by always scanning the same position on the plate over time (see Annex S for experimental details). For this experiment and all the following, I assembled all the images obtained and created a movie out of the image stack (seeMovie 2). https://bit.ly/2K6YMyZ Direct observation of the Λ-to ∆-origami transition on SPM-treated mica in the TAENa buffer at room-temperature (T = 25 • C). At t = 0 min, addition of the A-side staples (see Annex B for the structure details), then observation by AFM of the same position over 84 minutes. Experimental details can be found in Annex S. Sample observed on SPM-treated mica in TAENa with AFM N • 2. Scale bar: 200 nm.

Figure 5 . 35 .

 535 Figure 5.35. Details of the direct observation of the Λ to ∆-origami transition on SPM-treated mica from Movie 2. AFM images taken at t=0, 16, 42 and 82 minutes. White circle: object that is the most folded at the end of the experiment. Blue and green arrows: objects that show a partial folding of the third side as soon as 16 minutes after the beginning of the experiment, but that do not fold completely over the course of the experiment. All samples are observed on SPM-treated mica in TAENa with AFM N • 2.

Figure 5 .Movie 3 .

 53 35 at 42 min and 82 min). Two explanations can be given for this last observation. Firstly, the experiment was carried on at 25 • C for a rather long time and the degradations of the sample may come from the evaporation of the liquid drop lying on top of the sample. Upon evaporation, the salt concentration changes and thus contributes to damage the sample. Secondly, the addition of the B-and C-staples was made with staples in solution in MQ water, which of course also changed the salt concentration in bulk. The continuous scanning at the same position with a sharp AFM tip can also contribute to the damaging of the sample. I thus performed another experiment taking into account the previous informations. Λ-origamis prepared with the conditions [TAENa + thermal annealing] (see Annex D for experimental details) were adsorbed on an SPM-treated mica surface and imaged in liquid (TAENa) by AFM. I then added equivalent amounts of staples of all three sides of the sharp-triangle origami on the AFM sample and imaged the same position over time (see Annex S for experimental details). The result of this experiment is shown in Movie 3. https://bit.ly/2lr321h Direct observation of the Λ-to ∆-origami transition on SPM-treated mica in the TAENa buffer at room-temperature (T = 25 • C). At t = 0 min, addition of the A-side staples (see Annex B for the structure details), then observation by AFM of the same position over 290 minutes. Experimental details can be found in Annex S. Sample observed on SPM-treated mica in TAENa with AFM N • 2. Scale bar: 200 nm.
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 536 Figure 5.36. Details of the direct observation of the Λ to ∆-origami transition on SPM-treated mica from Movie 3. White circle: object that is the most folded at the end of the experiment. Green arrow:object that shows a partial folding of the third side as soon as 15 minutes after the beginning of the experiment, but that do not fold completely over the course of the experiment. Blue arrow: objects that have a partial folded third side at the end of the experiment, but that we can observe only after 185 minutes. All samples are observed on SPM-treated mica in TAENa with AFM N • 2.

4 .

 4 DIRECT IN-SITU OBSERVATION OF THE ISOTHERMAL FOLDING AT ROOM TEMPERATURE encountering the right staple at the right place and the right time, or does the right staple next to the right M13 locus induce the local desorption of M13 to allow the hybridization? In other

4. 2 . 2 Movie 4 .

 224 Complete folding: from the M13 template to the sharp-triangle origami Those first promising results paved the way for the observation of the complete folding by RTIFP of a single DNA origami on an SPM-treated mica surface. I thus chose to modify the previous protocol by first adsorbing the M13 template on this surface and then adding the full staples cocktail for the sharp-triangle origami, before repeatedly scanning by AFM the same position over time. The experimental details for the experiment can be found in Annex S. The ensemble of AFM images was then assembled to create Movie 4 in the same way it was done for Movies 2 and 3. https://bit.ly/2ltnbnz Direct observation of the isothermal folding of M13 into the sharp-triangle origami on SPM-treated mica in the TAENa buffer at room-temperature (T = 25 • C). At t = 0 min, addition of the sharp-triangle staples cocktail, then observation by AFM of the same position over 205 minutes. Experimental details can be found in Annex S. Sample observed on SPM-treated mica in TAENa with AFM N • 2. Scale bar: 200 nm.
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 537 Figure 5.37. Details of the direct observation of the isothermal folding of M13 into the sharp-triangle origami on SPM-treated mica from Movie 4. White circle: object that is the most folded at the end of the experiment. Green arrow: partially folded object (triangle tip) that appears after 154 minutes but does not grow over time. Blue, ref and orange arrows: other partially folded objects (triangle sides and tips). All samples are observed on SPM-treated mica in TAENa with AFM N • 2.

IMovie 5 .

 5 thus performed another experiment following the same protocol (found in Annex S), but I observed the sample at room temperature (21,3 • C) for over 12 h by AFM. I assembled the stock of AFM images to create Movie 5. https://bit.ly/2tycOlV Direct observation of the isothermal folding of M13 into the sharp-triangle origami on SPM-treated mica in the TANa buffer at room-temperature (T = 21,3 • C). At t = 0 min, addition of the sharp-triangle staples cocktail, then observation by AFM of the same position over 723 minutes. Experimental details can be found in Annex S. Sample observed on SPM-treated mica in TANa with AFM N • 3. Scale bar: 200 nm.
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 538 Figure 5.38. Details of the direct observation of the isothermal folding of M13 into the sharp-triangle origami on SPM-treated mica from Movie 5. White circle: object that appears along the experiment and is totally folded. Green, blue and red arrows: partially folded objects (triangle tip and sides) that appears over the course of the experiment but do not grow over time. All samples are observed on SPM-treated mica in TANa with AFM N • 3.

  that regard, Sugiyama et coll. developed an imaging method based on the adsorption of DNA nanostructures on a mica-supported lipid bilayer 238 . They demonstrated that DNA origamis can adsorb on a DOPC (1,2-Dioleoyl-SN-glycero-3-phosphocholine) lipid bilayer in the presence of magnesium and retain mobility, as explained on Figure 5.39.
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 539 Figure 5.39. Schematic representation of the adsorption of DNA nanostructures on a DOPC bilayer mediated by divalent cations (Mg 2+ ) and subsequent observable dynamic behaviours on surface. Image taken from reference [238].

4 . 2 3Figure 5 . 41 .

 42541 Figure 5.41. Schematic diagrams showing at least three possible folding pathways observed by in situ real-time AFM on the DOPC bilayer.

  PhD work aimed at exploring the hybridization/dehybridisation of DNA oligonucleotides within DNA nanostructures, and more specifically DNA origamis, with the ultimate goal to create a new class of isothermal nanomachines. By studying the formation process, we demonstrated that DNA origamis and Single Stranded Tiles could form in a variety of different mediums, with the only pre-requisite to contain around 100 mM of Na + ions. The presence of Mg 2+ ions was shown to be unnecessary, as well as the presence of EDTA and any buffering molecule. The melting studies revealed the necessity of a new label-free characterization method for the precise determination of DNA origami's melting temperature. The method which we developed is a quantified gel electrophoresis analysis where the migration of a sample in a gel is compared to the migration of an internal scale composed of two types of DNA strands, one migrating more than the sample and one migrating less. This method allowed us for the first time to establish migration-based melting curves for origamis of various shapes and in different buffers. This evidenced a non-monotonous melting behaviour and evidenced the necessity of a new definition of DNA origami melting temperature. Notably, it was shown that origamis in the presence of Na + were less stable against temperature than in the presence of Mg 2+ , with a T m difference of around 20 • C. This result was essential to address the interesting subject of the photocontrol of DNA origami formation and melting at a constant temperature. The measure of the melting temperature of DNA origamis in the presence of a photosensitive DNA intercalator called AzoDiGua under various irradiation conditions evidenced for the first time a photocontrol over the melting temperature of unmodified DNA origamis. This allowed us to determine a temperature for which DNA origamis would be fully formed under blue irradiation and melted under UV irradiation, making it the first unmodified dynamic DNA origami system in an unchanging medium. This also proved that isothermal DNA origami formation under specific conditions was possible. However, I demonstrated during this PhD that the isothermal formation of DNA nanostructures was possible also in a very simple medium, containing only Na + ions. The isothermal formation of DNA origamis and SST was observed for the first time at room temperature without the use of any denaturing agent nor thermal denaturation step. With this method and thanks5. CONCLUSIONSto a collaboration with Prof. Sugiyama, I could for the first time observe in situ and in real time the folding process of individual DNA origamis in a lipid bilayer surface, consequently evidencing the existence of various folding pathways for the isothermal folding of triangular origamis.

  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . B Structures of the DNA origamis and SST studied during this PhD . . . . . . . . . . . . . C Buffers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . D Formation of DNA nanostructures by thermal annealing . . . . . . . . . . . . . . . . . . E AFM sample preparation and observation . . . . . . . . . . . . . . . . . . . . . . . . . . . F Shape competition -Thermal annealing . . . . . . . . . . . . . . . . . . . . . . . . . . . . G Gel electrophoresis for the study of DNA origami melting behaviour . . . . . . . . . . . . H Melting behaviour analysis using AFM . . . . . . . . . . . . . . . . . . . . . . . . . . . . I Fluorescence spectroscopy measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . J Optimisation of AzoDiGua concentration for the photocontrol of DNA origamis melting temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K Evaluation of the effect of AzoDiGua on the tall-rectangle origami T m . . . . . . . . . . . L Isothermal melting and reformation of tall-rectangle origamis intercalated with AzoDiGua using a light stimulus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . M Isomerisation studies of AzoDiGua with UV-vis spectroscopy . . . . . . . . . . . . . . . . N Room-Temperature Isothermal Formation Process (RTIFP) . . . . . . . . . . . . . . . . . O Shape competition -Isothermal folding . . . . . . . . . . . . . . . . . . . . . . . . . . . . P Partial folding of DNA origamis at constant temperature . . . . . . . . . . . . . . . . . . Q Kinetics of the isothermal formation -Gel Electrophoresis characterization . . . . . . . . R Kinetics of the isothermal formation -UV-vis characterization . . . . . . . . . . . . . . . S Real-time AFM imaging of DNA origami folding on an SPM-treated mica plate . . . . . T Real-time AFM imaging of DNA origami folding on a mica-supported lipid bilayer . . . .
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 234567 In the case some staples have been removed from the staples mix, the removed staples are highlightedPrecisions on the CN7, ON7, CN6 and ON6 origamisThe CN (Closed Necklace) structures were obtained with the circular single-stranded M13 plasmid. The ON (Opened Necklace) structures were obtained with linear M13 a template. To obtain a linear template, M13 was digested by the enzyme BAM-H1. To do so, 10 µL of a 100 nM circular M13 solution was mixed with 0,5 µL of a 10 µM solution of the M13 BAM-H1 complementary strand and the solution was submitted to a decreasing temperature ramp from 80• C to 15• C (-1 • C/ min). The enzymatic digestion was afterwards performed on the obtained double-stranded M13. A new solution containing 10,5 µL of the previous solution, 2 µL of NE Buffer 3.1, 1µL of the BAM H1 enzyme and 6,5 µL of MQ H 2 O was then incubated at 20 • C for 3 h. The resulting solution was afterwards incubated at 65 • C for 20 min, yielding a linear M13 solution at [M13] = 50 nM. This solution was used without further purifications. µL Eppendorf tube, addition of MQ H 2 O, TANa 10x and the origami staples. The solution was afterwards vortexed and centrifugated, before the addition of M13. The solution was then gently shaken and quickly centrifugated before the thermal annealing process. Thermal annealing process: 10 min at 90 • C followed by a decreasing temperature ramp from 90 • C to 4 • C, -1 • C/10 min Protocol N Origami solution preparation: for a final volume of 100 µL Volume (in µL) µL Eppendorf tube, addition of MQ H 2 O, TAEMg 10x and the origami staples. The solution was afterwards vortexed and centrifugated, before the addition of M13. The solution was then gently shaken and quickly centrifugated before the thermal annealing process. Thermal annealing process: 10 min at 70 • C followed by a decreasing temperature ramp from 70 • C to 4 • C, -0,1 • C/6s Origami solution preparation: for a final volume of 20 µL Volume (in µL) µL Eppendorf tube, addition of MQ H 2 O, TAEMg 10x and the origami staples. The solution was afterwards vortexed and centrifugated, before the addition of M13. The solution was then gently shaken and quickly centrifugated before the thermal annealing process. Thermal annealing process: 10 min at 70 • C followed by a decreasing temperature ramp from 70 • C to 4 • C, -1 • C/ min Protocol N Origami solution preparation: for a final volume of 20 µL Volume (in µL) µL Eppendorf tube, addition of MQ H 2 O, TAENa 10x and the origami staples. The solution was afterwards vortexed and centrifugated, before the addition of M13. The solution was then gently shaken and quickly centrifugated before the thermal annealing process. Thermal annealing process: 10 min at 90 • C followed by a decreasing temperature ramp from 70 • C to 4 • C, -1 • C/ 10 min ANNEXES Origami solution preparation: for a final volume of 100 µL Volume (in µL) µL Eppendorf tube, addition of MQ H 2 O, PB x Na y 10x and the origami staples. The solution was afterwards vortexed and centrifugated, before the addition of M13. The solution was then gently shaken and quickly centrifugated before the thermal annealing process. Thermal annealing process: 10 min at 90 • C followed by a decreasing temperature ramp from 90 • C to 4 • C, -1 • C/10 min Protocol N Origami solution preparation: for a final volume of 100 µL Volume (in µL) µL Eppendorf tube, addition of MQ H 2 O, H 2 ONa y 10x and the origami staples. The solution was afterwards vortexed and centrifugated, before the addition of M13. The solution was then gently shaken and quickly centrifugated before the thermal annealing process. Thermal annealing process: 10 min at 90 • C followed by a decreasing temperature ramp from 90 • C to 4 • C, -1 • C/10 min Protocol N Origami solution preparation: for a final volume of 100 µL Volume (in µL) µL Eppendorf tube, addition of MQ H 2 O, TAEMg 10x and the origami staples. The solution was afterwards vortexed and centrifugated, before the addition of M13. The solution was then gently shaken and quickly centrifugated before the thermal annealing process. Thermal annealing process: 1 h long ramp 10 min at 70 • C followed by a decreasing temperature ramp from 70 • C to 4 • C, -0,1 • C/6s. 3 h long ramp 10 min at 70 • C followed by a decreasing temperature ramp from 70 • C to 4 • C, -0,1 • C/20s. Protocol N • 8 SST solution preparation: for a final volume of 100 µL Volume (in µL) µL Eppendorf tube, addition of MQ H 2 O, TEMg 10x and the SST strands. The solution was afterwards vortexed and centrifugated, before the thermal annealing process. Thermal annealing process: 10 min at 90 • C followed by a decreasing temperature ramp from 90 • C to 25 • C, -0,5 • C/10 min. Protocol N • 9

MQ H 2

 2 In a 200 µL Eppendorf tube, addition of MQ H 2 O, 10x buffer and the origami staples. The solution was afterwards vortexed and centrifugated, before the addition of M13. The solution was then gently shaken and quickly centrifugated before the thermal annealing process.Thermal annealing process:For origamis in the TAEMg buffer: from 70• C to 4 • C, -0,1 • C/6sFor origamis in the TANa buffer: from 90 • C to 4 • C, -1 • C/10 min
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 542543 Figure 5.42. Gels obtained for the melting studies of tall-rectangle, sharp-triangle and smiley origamis both in the TAEMg and TANa buffers

  : from 90 • C to 4 • C, -1 • C/10 min Incorporation of trans-AzoDiGua: 26,4 µL of trans-AzoDiGua (1 mM in the TANa 1x buffer) and 3,6 µL of TANa 1x were added to the 300 µL origami solution, and the resulting solution was gently mixed by pipetting and incubated at 20 • C for 2 h. One AFM image was taken for the sample after the 2 h of incubation at 20 • C. Incubation at 41 • C and UV irradiation: The origami solution was incubated at 41 • C for 30 minutes, and one AFM image of the sample was taken. For that pupose, 15 µL of the origami solution were taken out of the solution and immediately after adsorbed on a SPM-treated mica plate in the dark, following protocol N • 6 of Annex E. The remaining solution kept at 41 • C and afterwards submitted to UV irradiation (λ = 365 nm) and 15 µL of the solution were taken at each of the desired irradiation time for AFM imaging. The irradiation times were chosen to be: t = 60 90 150 and 160 minutes.AFM characterisation of the isothermal blue-induced reformationThe remaining of the previous origami solution was kept at 41 • C and the irradiation wavelength was changed instantaneously from λ = 365 nm (UV) to λ = 440 nm (blue). The sample was kept under these conditions for 17 h and 15 µL of the solution were afterwards taken for AFM characterisation. µL Eppendorf tube, addition of MQ H 2 O, TAENa 10x and the origami staples. The solution was afterwards vortexed and centrifugated, and incubated at T (25• C or 30 • C) for 30 minutes before the addition of M13 (marking t = 0). The solution was then rapidly mixed using a micropipette and remained incubated at 25 • C for the desired time. AFM analysis after a given time: at each desired analysis time, 2 µL of the origami solution were taken and adsorbed on an SPM-treated mica plate, according to protocol N • 4 µL Eppendorf tube, addition of MQ H 2 O, TANa 10x and the origami staples. The solution was afterwards vortexed and centrifugated, and incubated at T = 25 • C for 30 minutes ANNEXES before the addition of M13 (marking t = 0). The solution was then rapidly mixed using a micropipette and remained incubated at 25 • C for the desired time. AFM analysis after a given time: at each desired analysis time, 10-15 µL of the origami solution were taken and adsorbed on an SPM-or PLL-treated mica plate, according to the protocols described in Annex E. In a 200 µL Eppendorf tube, addition of MQ H 2 O, TANa 10x and the origami staples. The solution was afterwards vortexed and centrifugated, and incubated at T = 25 • C for 30 min before the addition of M13 (marking t = 0). The solution was then rapidly mixed using a micropipette and remained incubated at 25 • C for the desired time. µL Eppendorf tube, addition of MQ H 2 O, TANa 10x and the origami staples. The solution was afterwards vortexed and centrifugated, and incubated at T = 25 • C for 30 minutes before the addition of M13 (marking t = 0). The solution was then rapidly mixed using a micropipette and remained incubated at 25 • C for the desired time. Extraction of a fraction of the sample at each desired incubation time: at a chosen time, 15 µL of the solution were extracted from the solution and immediately frozen in liquid nitrogen. The selected incubation times for analysis were as follows: Tall-rectangle origamis, experiment N • 1: t = 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 min Tall-rectangle origamis, experiment N • 2: t = 0 (immediately after M13 was added to the staples solutionThe thawing of the samples was carried-on in an ice-water bath in order to ensure no exposition to temperatures above 10 • C. Sample preparation for gel electrophoresis: 15 µL of the sample + 1 µL of the internal scale (see

  • C during the time of the experiment. A UV-absorption spectra was then recorded every 30 minutes for 4260 minutes. The curves displayed on Figure 5.33 were obtained by plotting the absorbance at λ = 260 nm over time for each of the three experiments. µL Eppendorf tube, addition of MQ H 2 O, TAENa 10x and the origami staples. The solution was afterwards vortexed and centrifugated, before the addition of M13 and the thermal annealing process. Thermal annealing process: 10 min at 90 • C followed by a decreasing temperature ramp from 70 • C to 4 • C, -1 • C/ 10 min AFM sample preparation:

  temperature (T = 26 • C) by AFM N • 2 in the TAENa 1x buffer. After selecting a clean position, 8 µL of the A-side staples (for Movie 2) or of the sharp-triangle origami staples (for Movie 3) at 400 nM in TAENa 1x were added onto the sample without moving it or removing it from the AFM stage. The solution overhanging the sample was then mixed by slowly moving the AFM probe up and down several times in order to accelerate the diffusion on the staples towards the mica surface. For Movie 2, the same position was then scanned every 2,5 min on average during 84 min. The image resolution was 512x512. For Movie 3, the same position was then scanned every 2,5 min on average during 290 min. The image resolution was 512x512For Movie 4:

  • C) by AFM N • 2 in the TAENa 1x buffer. After selecting a clean position, 8 µL sharp-triangle origami staples at 400 nM in TAENa 1x were added onto the sample without moving it or removing it from the AFM stage. The solution overhanging the sample was then mixed by slowly moving the AFM probe up and down several times in order to accelerate the diffusion on the staples towards the mica surface. The same position was then scanned every 2,5 min on average during 208 min. The image resolution was 512x512.

(T = 21 , 3 •Figure 5 .

 2135 Figure 5.46. A Modification de la température de fusion d'origamis d'ADN rectangulaires, en présence ou no d'AzoDiGua, en fonction de la longueur d'onde d'éclairage. Sans AzoDiGua, T m = 41 • C, avec trans-AzoDiGua, T m = 43 • C et avec cis-AzoDiGua, T m = 46 • C. B Modification de la morphologie des origamis d'ADN en fonction de la longueur d'onde d'éclairage. Les origamis fondent partiellement sous éclairage UV (365 nm) puis se reforment sous éclairage bleu (440 nm).

FormationFigure 5 . 47 .

 547 Figure 5.47. Formation isotherme d'origamis d'ADN de formes variées dans le RT-Buffer. A) Le cocktail origami composé du plasmide simple brin M13 et d'un ensemble d'agrafes propres à un origami est mélangé à 25 • C dans un milieu salin composé de Tris-Acetate et NaCl (100 mM), appelé RT-Buffer, et incubé à 25 • C pour permettre l'auto-assemblage. B-G) Images AFM représentatives d'origamis produits avec des agrafes codant pour des smiley (B-C) et des triangles (D-G), avec (D-E) et sans (F-G) EDTA.

  

  

  

  

  

  

  

  • C to 60 • C in one hour, and then submitted to a decreasing temperature ramp until 24 • C over 24 h to 72 h. The agarose gel electrophoresis purification evidenced formation yields of the 100 structures from 1% (shape 17)

100 nm 100 nm 100 nm 100 nm 1 µm Figure 1.19.

  Various DNA origami shapes obtained by P. Rothemund and characterized by Atomic Force Microscopy (AFM). Adapted from ref

• C to ensure that the starting CHAPTER 1. FROM SUPRAMOLECULAR CHEMISTRY TO STIMULI-RESPONSIVE DNA NANOMATERIALS
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  Principles of DNA nanostructures formation . . . . . . . . . . . . . . . . . . . . . . . . .

	The purpose of this section is to describe the parameters that one has to compose with to create
	DNA nanostructures in optimal yield and quality. A restricted set of standard conditions is
	1.1 traditionally used in the DNA nanotechnology community and has shown its efficiency time and Standard conditions for the formation of DNA nano objects . . . . . . . . . . . .
	1.1.1 again. It relies on a certain ratio of interacting molecules (DNA strands), a specific temperature DNA origamis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
	1.1.2 profile, and on the buffer composition. I will therefore describe the usual standard conditions used Single Stranded Tiles . . . . . . . . . . . . . . . . . . . . . . . . . . . .
	1.2 to form 2D and 3D DNA nanostructures and the obtained structures. By slightly changing the Thermal annealing and equilibrium -Key points of the folding process . . . . . .
	1.3 conditions, I will demonstrate the effect of a few key parameters such as the salt composition in Formation in T(A)EMg . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
	1.3.1 bulk or the ratio of interacting molecules. I will also present results obtained with the competitive Formation of different shapes . . . . . . . . . . . . . . . . . . . . . . .
	DNA origamis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . formation in mixtures of staples sets, giving new insights on the folding kinetics of both shapes.
		Single-Stranded Tiles . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
	1.3.2	Effect of the excess of staples . . . . . . . . . . . . . . . . . . . . . . .

1.1 Standard conditions for the formation of DNA nano objects

  

	In this bibliographic section, I will describe the formation of two types of DNA nanostructures:
	DNA origamis and Single-Stranded Tiles (SST). Both techniques have several similarities, such
	as the fact that they allow one to build highly controlled nano objects out of DNA, or that
	one can thus obtain a large variety of possible 2D or 3D shapes in a very simple manner. The
	experimental specificities for both technologies are however different.
	1.1.1 DNA origamis
	The first protocol for the preparation of DNA origamis was published in 2006 by Paul Rothemund
	in his groundbreaking Nature paper 49 . It involved the folding of a long single stranded DNA
	molecule into a predefined shape by multiple bonding to a large number of short oligonucleotides
	called staple strands, as previously schematically represented in Scheme 1.2 and Movie 1. This
	first protocol had the following characteristics (see Annex D for details):
	• Formation buffer: TAE 1x buffer, supplemented with 12,5 mM of MgCl 2
	• Template strand: M13mp18, a single stranded circular plasmid
	• 100x excess of each staple strand in comparison to the M13 template
	• Temperature ramp for thermal annealing: The staples and M13 template are mixed together
	and heated at 95 • C for 10 minutes and slowly cooled down to 20 • C at a rate of -0,1 • C/6 s
	(-1 • C/min).

Table 2 .1. Outline

 2 of various experimental protocols used in DNA origami papers. See Annex C and supporting informations of the various publications for details on the buffer compositions. T ramp: Temperature ramp applied to the sample to ensure the folding process by thermal annealing. St:M13 ratio: excess of Staples compared to the M13 template in bulk.

Buffer [Mg 2+ ] [Na + ] T ramp Ramp duration St:M13 ratio Ref.
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	with 12,5 mM being the most used), a temperature ramp going from relatively high temperature
	(65 • C being the minimal starting temperature for the thermal annealing) and a moderate to
	high excess of staples. As previously discussed in Chapter 1, the high excess of staples over the
	M13 templates favours the folding by rising the probability of their encounter. The presence of
	magnesium is believed to be necessary to lower the electrostatic repulsions between DNA chains,
	Tris which are closely packed in DNA origamis (1 to 1,5 nm inter-helix gap 49 ). Recent studies have 12,5 mM 95 • C to 25 • C t ∼ 1h 10:1 [129]
	TA indeed shown that the structure of DNA origamis in low-magnesium buffers was looser than in 12,5 mM 95 • C to 20 • C t ∼ 1h 5:1 [112]
	TAE the presence of around 10 mM of Mg 10 mM 80 • C to 15 • C	t >> 1h	10:1	[130]
	TAE	10-		65 • C to 20 • C	t >> 1h	3:1	[131]
		20 mM					
	TAE	12,5 mM		90 • C to 4 • C	t >> 1h	30:1	[78]
	TAE	12,5 mM		90 • C to 20 • C	t ∼ 1h	20:1	[132]
	TAE	12,5 mM		80 • C to 25 • C	t ∼ 1h	100:1	[52]
	TAE	12,5 mM		80 • C to 25 • C	t >> 1h	30:1	[133,
							134]
	TAE	12,5 mM		80 • C to 25 • C	t ∼ 1h	10:1	[135]
	TAE	12,5 mM		80 • C to 20 • C	t >> 1h	5:1	[136]
	TAE	12,5 mM		70 • C to 40 • C	t >> 1h	50:1	[137]
	TAE	12,5 mM		70 • C to 40 • C	t ∼ 1h	4:1	[138]
	TAE	12,5 mM		70 • C to RT	t >> 1h 139	4:1	[139,
					t ∼ 1h 140		140]
	TAE	20 mM		60 • C to 51 • C	t >> 1h	4:1	[141]
	TE	10 mM		85 • C to 15 • C	t ∼ 1h	5:1	[142-
							144]
	TE	10 mM		85 • C to 15 • C	t ∼ 1h 145	4:1	[145,
					t >> 1h 146		146]
	TE	12,5 mM		90 • C to 20 • C	t ∼ 1h	50:1	[147]
	TE	12,5 mM		80 • C to 20 • C	t >> 1h	5:1	[136]
	TE	14 mM		80 • C to 25 • C	t >> 1h	10:1	[148]
	TE	14 mM		65 • C to 25 • C	t >> 1h	20:1	[149]
	TE	18 mM	5 mM	80 • C to 24 • C	t >> 1h	5:1	[44]
	TE	10-20 M	5 mM	65 • C to 45 • C	t >> 1h	1,25:1	[56]
	TE	20 mM	5 mM	65 • C to 44 • C	t >> 1h 150	4:1	[150,
					t ∼ 1h 151		151]
	TE	20 mM	5 mM	65 • C to 40 • C	t >> 1h	4:1	[152,
							153]
	TE	20 mM		65 • C to 40 • C	t >> 1h	10:1	[154]

Table 2 .2. Evolution of the effective fraction of charged DNA base pairs f ef f with the valency |Z 2 | of

 2 the counter-ions present in bulk.

Table 2 .3. Debye

 2 length value for a few aqueous solutions.

	Debye length λ D
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new gel electrophoresis quantification method for the precise determination of DNA origami melting temperature

  The purpose of this section is to present a method developed during this PhD that allows for an absolute quantification of the migration behaviour of origamis undergoing electrophoresis. It is based on the use of a custom-designed reference called "Internal Scale" mixed with the samples, in opposition to the generally used ladders migrating separately from the samples. I will hereafter present the function principle of this method and apply it to the precise measurement of DNA origamis melting temperature, leading to the evidence of an unexpected melting behaviour.

	2. A NEW GEL ELECTROPHORESIS QUANTIFICATION METHOD FOR THE PRECISE
	DETERMINATION OF DNA ORIGAMI MELTING TEMPERATURE
	121

For that purpose, I developed a new quantification method of the electrophoretic mobility, giving access to precise and reproducible melting curves, out of which one can extract a T m value. 120 CHAPTER 3. PRECISE, LABEL-FREE FOLLOW-UP OF DNA ORIGAMI MELTING USING GEL ELECTROPHORESIS: EVIDENCE OF A NON-MONOTONEOUS BEHAVIOUR 2 A

1

  Light-responsive DNA nanostructures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.1 Photoswitchable moieties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Stilbenes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151 Diarylethenes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151 Azobenzenes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.2 Photocontrol through covalent modification of DNA strands with photosensitive entities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Irreversible processes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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  1. LIGHT-RESPONSIVE DNA NANOSTRUCTUREScan be acheived by working in a polar solvent, which would stabilize both the cis isomer and the transition state 200 .Similarly to stilbene derivatives, azobenzene molecules can undergo a photo-induced cyclisation reaction and form the benzocinnoline molecule 199 . As shown on Scheme 4.4, this reaction can however only occur in low pH environments and can therefore be avoided.

		H		H				
	N	N	N	N	HN	NH 2	N	N
		hν				-H		
						-2H		

+ benzocinnoline Scheme 4.4. Cyclisation process of cis-azobenzene into benzocinnoline in low pH environments. Adapted from ref [199].

  Similarly, the interaction of the cis isomer with DNA also resulted in a higher melting temperature, but the stabilization was always weaker than with the trans form. The cis form actually interacts electrostatically only with DNA and does not intercalate in the double helix and it is this difference in binding that allows for the shift in T m . This breakthrough was
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	temperature														
	DNA nanostructure:			assembled			disassembled
	the very first example of a photocontrol of DNA melting temperature by a DNA intercalator,
	and the difference in stabilization made it possible to identify for a given ds-DNA a working
	temperature at which, by going from the trans to the cis isomer upon UV irradiation, it would

2015, Baigl et coll. published the structure of a new DNA intercalator named AzoDiGua 225 , which is a linear molecule with an azobenzene moiety in its center and two guanidinum entities on its extremities (see Figure 4.6 A). Like other azobenzene derivatives, AzoDiGua can switch from its trans form to its cis form upon UV irradiation and recover the more stable trans state upon either blue irradiation or heating. Up to this description point, AzoDiGua is exactly like any other azobenzene-derivative photoswitchable molecule. The main and most interesting difference however lies in the fact that AzoDiGua can intercalate DNA of any length (short oligonucleotides of 20 bp to long ct-DNA), sequence (regardless of the GC content) or origin (natural or synthetic DNA), and this intercalation is specific to the trans state only. Upon intercalation with the trans isomer, the authors demonstrated that DNA T m systematically shifted toward higher temperatures, evidencing a strong intercalation-induced stabilization (see Figure 4.6 B).

be possible to photoreversibly switch from the hybridized to the melted state, without changing the temperature (see Figure

4

.6 C). This was more specifically proven with a simple experiment involving a DNA hairpin system with both extremities linked to coupled FRET donor and 165

2. PHOTOCONTROL USING A PHOTOSENSITIVE INTERCALATOR: AZODIGUA

  • C . It is, to my knowledge, the first example of an isothermal reversible photocontrol of the (partial) melting and formation process of DNA origamis. This series of experiments however needs to be repeated and improved to definitely confirm those results. More specifically, it could be interesting to investigate other working temperatures and to optimize the irradiation times. However, those results are very encouraging and prove that a new type of dynamic behaviour can be obtained for DNA origamis, isothermally and in a photo-reversible manner.The general objective of this Chapter was to study and control the hybridisation/dehybridisation processes within DNA origamis using different approaches. As was shown in Chapter 1 and

	in this Chapter's part 1, stimuli-responsive DNA nanostructures have gained interest among
	the DNA nanotechnology community for their possible biomedical or analytical applications,
	or for the development of a new class of DNA-based nanomachines. Among the previously
	reported techniques, light has been extensively used as a stimulus because of its biocompatibility,
	tunability and high spatio-temporal resolution. Several examples of a photocontrol of DNA
	hybridization have been reported for DNA molecules covalently modified with photosensitive
	moieties, but the existing techniques all lacked a possible generalisation to all types of DNA,
	including the DNA molecules within origamis.

  If we attempt to draw a simplified Gibbs energy profile of the system as it folds, at constant temperature (contrary to what was shown in Chapter 2 in Scheme 2.2), we see that each step of the folding mechanism requires an energy corresponding to ∆ ‡ G x (where x corresponds to the considered transition state). In Eyring's transition state theory, this energy is linked to the reaction rate (here it is more of a "folding rate") through the Eyring equation 231 :
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	and the entropy of activation:			
	k =	κk B T h	e -∆ ‡ G RT	(5.1)
	where ∆ 196			

‡ G is the Gibbs energy of activation, κ is the transmission coefficient, k B is Boltzmann's constant, T is the temperature and h is Planck's constant. This equation can be written in a different way, showing the dependency of the folding rate in terms of the enthalpy of activation

2 Isothermal formation at room temperature of various DNA nanostructures

  5. SPONTANEOUS ISOTHERMAL SELF-ASSEMBLY OF 2D DNA NANOSTRUCTURES AT ROOM TEMPERATURE AND CONSTANT COMPOSITIONDuring this PhD, I have developed a method to self-assemble DNA origamis and SST at constant room temperature, without any thermal denaturation step nor any addition of denaturating agents. This new technique, that I call Room Temperature Isothermal Folding Process (RTIFP), does not involve any chemical modification of the bulk and/or DNA sequence before, during or after the folding process. It is based on the use of a folding buffer that is different from the regular TAEMg buffer used for the large majority of studies on DNA origamis, and from the TEMg buffer used for DNA tiles, and that contains sodium instead of magnesium. The RTIFP is possible in the TANa, TAENa, H 2 ONa 100 and PB 6,8 Na buffers introduced in Chapter 2. The folding and melting behaviour of the origamis in the TANa buffer have already been studied in Chapters 2 and 3 respectively, showing a strong destabilization of the origamis in the absence of Mg 2+ and in the presence of Na + . The objects formed by thermal annealing in the TANa buffer are stable at room temperature and can thus be used for all the regular applications of DNA origamis and SST, such as functionalisation by proteins, enzymes or nanoparticles for example.

Table 5 .

 5 

	1. Modelisation parameters for the exponential decay of the migration in experiments 1-4
	displayed on Figure 5.28. All modelisation values are calculated using a confidence interval of 95%
		a	b	τ
	Experiment N • 1	(51 ± 6).10 -3	0,34	(23, 6 ± 2, 9) min
	Experiment N • 2	(91 ± 8).10 -3	0,3175	(20 ± 3) min
	Experiment N • 3	(69 ± 57).10 -3	0,343	(11 ± 8) min
	Experiment N • 4	(75 ± 5).10 -3	0,32	(29, 9 ± 2, 6) min

Direct in-situ observation of the isothermal folding at room temperature

  • C and 30 • C, and with various excesses of staples, showing that the RTIFP rate was not dependent on the excess of staples and follows the Arrhenius law. Furthermore, the study of the RTIFP for SST showed that the process is slower than for DNA origamis but also faster than what is necessary with the standard conditions [TEMg + thermal annealing].The previous sections demonstrated the robustness of the room-temperature isothermal folding process (RTIFP) in various buffer conditions and characterized the folding kinetics of various DNA nanostructures. One of the main advantages of this technique is its striking simplicity, because it requires a minimum of experimental steps to happen and can be executed at room temperature, whether the temperature is thoroughly controlled or not. As it was previously mentioned in Chapter 1, a few research groups attempted to characterize dynamic behaviours of DNA nanostructures by AFM, such as the melting 133 and formation 134 processes or the reversible assembly of multiple origamis209,237,238 .The characterization of the melting and formation processes however suffers from a strong experimental drawback. It is indeed necessary to first be able to apply a strict thermal control over the sample inside the AFM device, but also second to observe the sample on a surface that allows reconfiguration of adsorbed structures, which is strongly hindered when the DNA nanostructures are adsorbed on a solid surface in the presence of magnesium. Baigl, Estevez-Torres et coll. demontrated that it was possile to follow the melting of an origami sample by AFM by adsorbing the sample on a dry mica plate at different temperatures and analyze the obtained system by AFM 137 , but each sample analysis was therefore made on different objects, making the understanding of the melting mechanism of individual origamis impossible. Sugiyama et coll. developed an imaging method based on the adsorption of DNA nanostructures on a supported DOPC lipid bilayer, thus allowing the objects to have a dynamic behaviour on the surface 238 . With this particular technique, they were able to follow individual origamis undergoing multimerization reactions, thus forming origami chains over time. This technique can however not be used for temperature-controlled samples, as the DOPC bilayers undergoes temperature-induced phase transitions above 50 • C 239 .

	4. DIRECT IN-SITU OBSERVATION OF THE ISOTHERMAL FOLDING AT ROOM
	TEMPERATURE
	4 In this section, I will present what are to our knowledge the first in situ real time obser-
	vations of individual origamis folding by AFM. This achievement was made possible thanks to
	a newly established collaboration between Prof. D. Baigl (Ecole Normale Supérieure, Paris,
	France) and Prof. H. Sugiyama (iCeMs, Kyoto university, Japan) laboratories that originated
	from the JSPS "Summer Program"" fellowship I obtained in 2017. I will hereinafter present two
	experimental systems that I used for the direct observation of the isothermal folding at room

temperature, which are differentiated by the surface used for sample adsorption.

  this chapter, I described the development of a new method to fold DNA origamis and Single-Stranded Tiles by isothermal formation at room temperature in a generic buffer, without any denaturing step nor denaturing agent. I demonstrated that the Room-Temperature Isothermal Formation Process (RTIFP) was impossible in magnesium-containing mediums because of the kinetic traps encountered by the system in such conditions. The RTIFP is however possible in various mediums (TANa, TAENa, PB 6,8 Na 100 buffers and H 2 ONa 100 ), of which the only common feature is that they do not contain magnesium but instead around 100 mM of NaCl. In such mediums, the DNA nanostructures are slightly destabilized by the enhancement of electrostatic repulsions, which lowers the energy barriers for strand reconfigurations and allows to overcome kinetic traps. Whether at 25 • C or 30 • C, with or without EDTA, in a buffered or unbuffered medium, the isothermal assembly of origamis was shown to be efficient for the obtention of various shapes with high apparent yield. The RTIFP thus appears to constitute a new standard method for the preparation of DNA nanostructures, adaptable to the experimenter's needs.

  • C and without purification. This could pave the way for smart in situ reconfigurable scaffold with tunable shape-dependent activity. Secondly, by observing more folding events by real time in situ AFM, on diverse origami shapes, in order to fully characterize the folding mechanisms of the most commonly used DNA origami shapes. This would bring a much better understanding of the folding processes, which is crucial for the control of this process In a more global point of view, this new RTIFP method gives new tools to experimenters to form highly complex and controlled stable nano-objects with an environment-and user-friendlier process than the usual standard conditions [TAEMg + thermal annealing]. I therefore believe that those new conditions [TANa + isothermal annealing at 25 • C] could be used from now on, the way the thermal annealing in TAEMg has been used until now.
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and for further developments in this field. Thirdly, on the development of active triggerable systems, that could assemble by RTIFP and be active only when fully assembled. With perfect understanding and characterization of the RTIFP, one could for example create molecular timers by functionalising the origamis with nanoparticles interacting in a distance-dependent manner.

  Today, we live in a world invented by the bright minds of the past and everything we use is the result of somebody's work somewhere in the world. Maybe at that time this person had absolutely no idea of the applications his/her research would have. And there are most certainly plenty of inventions and studies that have never been put to use. What is certain however, is that if we do not invent, if we do not create, if no fundamental research is done, we will never know all the possible implications it would have had. The main driving force should be the will the

increase the knowledge on one specific area and "[...] charge forward... it should be the motto of humankind!", as Jules Verne said. This was the main motivation for me to work with those amazing objects that are DNA origamis. I therefore believe we should keep on exploring, and have fun doing it. Always.
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Light-responsive DNA nanostructuresAt a given temperature and chemical composition, a stable DNA duplex in solution will have an uncontrolled movement due to the interactions with the surrounding solvent molecules. It can move in solution, be bended or stretched, but all movement will be random. The molecule will never spontaneously disassemble or have any kind of movement that would induce a decrease of stability (e.g. folding of the DNA molecule on itself, which locally enhances electrostatic repulsions). All dynamic processes involving a change in the duplex energy must therefore be triggered by an energy input, whether thermal, chemical or photophysical. A rapid overview of stimuli-responsive DNA nanostructures is given in Chapter 1. In the current chapter, I will focus on light as a stimulus for the induction of movement in DNA-based systems.The photocontrol of DNA dynamic behaviours started to gather interest among researchers long before the first DNA origami structure was published. To date, two main approaches have been used: controlling the hybridization/melting processes or controlling the double-helix overall shape. Both require a modification with a photosensitive entity either of the DNA molecule itself in a covalent way, or of the surrounding medium in a non-covalent way.In this section, I will first present the most commonly used photoswitches for DNA actuation and then present the strategies used to date for the obtention of a photo-induced movement in DNA.

Photocontrol using a photosensitive intercalator: AzoDiGua
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Diarylethene can easily be substituted with many functional groups, thus allowing a fine tuning of the irradiation wavelengths needed for the reversible cyclisation process. Diarylethene are generally very stable against temperature and do not undergo thermal ring-opening reactions.

Furthermore, the switch has a high fatigue resistance, with the possibility to open and close the cycle for more than 10 3 times. The main drawback for the use of this class of molecule as a trigger for DNA dynamic behaviours is the small conformational change induced by cyclisation.

Azobenzenes

Azobenzenes are a class of molecules composed of two phenyl or phenyl-derivative groups bond together through a double nitrogen-nitrogen bond (see Scheme 4.3). Those molecules exist in two different geometric states : the Z or E isomer (also designated as cis and trans isomers, respectively).

UV Vis, Δ

trans-isomer (or E) cis-isomer (or Z)

Azobenzene isomerisation upon irradiation with UV or visible wavelengths. The cis to trans isomerisation can also happen though a thermal process. The R groups are functional groups which can be placed in any of the ortho-meta-para sites.

The isomerisation process goes from the planar trans isomer to the cis isomer in which the dihedral angle between the two aromatic rings is around 53 • 198 and induces a decrease of end to end distance of around 350 pm 194 . This distance can be increased upon functionalisation of the aromatic rings and because the change of end to end distance is the driving force for possible geometrical changes within DNA, a fine tuning of this property is necessary, with a careful interest in adding a limited number of freedom degrees in the molecule (to ensure a more accurate control).

EVIDENCE OF A WAVELENGTH-DEPENDENT MELTING TEMPERATURE FOR RECTANGULAR DNA ORIGAMIS

The follow-up of the absorbance value at 360 nm evidences a slow conversion from the cis to the trans isomer, with a characteristic isomerisation time of τ = 167 ± 12 min. In the case cis-AzoDiGua is incubated at T = 41 • C, the thermal back-isomerisation from the cis to the trans is not a concern for short times (below 10 minutes). For further studies, in the case the presence of cis-AzoDiGua is needed at high temperatures (higher than 20 • C) for more than a few minutes, the sample will be continuously irradiated with UV (λ = 365 nm) during the experiment.

With the goal to obtain photocontrolled melting and formation processes for origamis in the presence of AzoDiGua, it is also necessary to have an idea of the cis to trans isomerisation timescale under blue irradiation (λ = 440 nm) in the same conditions. A partial absorbance study of this phenomenon is given on Figure 4.12 and shows that, at 41 • C, the response of the system to blue irradiation is rapid with an almost immediate cis to trans conversion upon irradiation.

The photostationnary state seems to be reached after only 3 minutes, which is confirmed by the exponential fit of the absorbance at 360 nm (τ = 2, 5min). In the absence of DNA, it is therefore possible to envision a quick trans-cis-trans conversion of AzoDiGua, which is encouraging for studies where AzoDiGua will be interacting with DNA (within origamis).

CHAPTER 4. REVERSIBLE PHOTOCONTROL OF DNA ORIGAMI FOLDING: A GENERIC APPROACH USING A PHOTOSENSITIVE INTERCALATOR

80 µM of either trans-or cis-AzoDiGua. For each experiment, the original origami solution was first incubated for 3 h with the intercalator at 20 • C to ensure a sufficient interaction. When working with cis-AzoDiGua, the AzoDiGua stock solution was first irradiated for 2 h under UV before the incorporation in the origami solution, and the intercalation process was then performed under constant UV irradiation. The origami + AzoDiGua solution was afterwards separated into aliquots of the same volume, and each was incubated at a different temperature ranging from 20 • C to 70 • C for 30 minutes, after which they were quenched in liquid nitrogen.

This incubation process was carried on under constant UV irradiation in the case the effect of cis-AzoDiGua was investigated. All samples were afterwards analysed with QGE, and the effect of both isomers was evaluated by three different experiments. All experimental details can be found in Annex K. The average melting curve for each condition is displayed on Figure 4.15

A, with the curve obtained for the melting of tall-rectangle origamis without AzoDiGua in the TANa buffer, for comparison (see Chapter 3). From the grey curve, corresponding to origamis in the presence of trans-AzoDiGua, we can deduce that the melting temperature of tall-rectangle origamis is shifted to

The stabilization of origamis by trans-AzoDiGua therefore seems to be effective, even if not to the same extent as for ct-DNA (see the previous section 2). An explanation for this could be the difference in length between ct-DNA and the origami (>10000 bp vs 7250 bp). From the blue curve, corresponding to tall-rectangle origamis in the presence of cis-AzoDiGua, we observe that the melting occurs at a lower temperature than with the trans isomer, with T m (cis)= 43 ± 1 • C , which is 4 • C below the T m (trans) and 2 • C above the T m of tall-rectangle in the TANa buffer in the absence of any intercalator. The intercalation of cis-AzoDiGua therefore also induces a stabilization of the origamis, but to a lesser extent than for trans-AzoDiGua. This series of experiments therefore gave the first evidence of a photocontrolled melting behaviour for unmodified origamis.

It is therefore here possible to envision ranges of temperatures for which depending on the conditions, the origamis would be either folded or melt, such as: :

Origami + trans-AzoDiGua = folded

Kinetics of the isothermal folding

The previous section presented the final origami and SST shapes that we obtained after various IFP, whether at room-temperature 25 • C or at 30 • C. In order to fully characterize these processes, two pieces of information are necessary. Firstly, we need to know the kinetics of the process and its dependence on various factors, such as buffer, staples concentration and temperature. This will allow us to know the time effectively necessary to obtain the DNA nanostructures and how to tune it according to our needs. Secondly, we need to know whether the folding of a given shape proceeds through a single or a variety of pathways. Both aspects will be the subject of this chapter's parts 3 and 4 respectively.

In this section, I will present the characterization of the folding kinetics of the isothermal folding processes in TANa and TAENa, at 25 • C and 30 • C, using several experimental techniques. When it comes to isothermal formation, time is the key parameter that will allow the system to reach the equilibrium set by the temperature and the chemical composition. In fixed chemical and temperature conditions, the final state is pre-determined but what we observe from the system depends on when the observation was made. Changing the composition and/or the temperature can change the final equilibrium state and/or the kinetics of the process. One can then tune the system to one's needs in terms of folding time or temperature.

Isothermal partial folding of a DNA origami

The main goal of my research stay in Japan during the JSPS Summer Program was to observe for the first time and in situ the isothermal folding of a DNA origami at room temperature.

After discussing with Prof. Baigl and Dr. Masayuki Endo from Prof. Sugiyama's laboratory, we concluded that following the folding of an entire origami from the single stranded M13 would not be a good strategy because of the difficulty to locate the M13 on the mica surface. We thus decided to investigate the partial folding of an origami at room temperature, meaning that some part of the origami would already be folded and some part would not.

From CN6 to CN7 and from ON6 to ON7 origamis

We decided to first investigate the possibility to isothermally fold one of the rectangles constituting the CN7 origami motif. For that purpose, we started by forming the CN6 origami with the standard conditions [TAENa + thermal annealing], that we incubated at 30 • C, and we then added the staples of the missing rectangle (diluted in the TAENa 1x buffer, to avoid any modification in the buffer composition), following the protocol detailed in Annex P. We incubated the system at 30 • C for 108 h and followed the evolution by AFM over time. The results are shown in Figure 5.24, and the indicated times correspond to the time passed after the addition of the staples of the missing rectangle in the solution.

We first observe from those AFM images that the CN6 origamis are well formed after the thermal annealing in the TAENa buffer, which we already covered in Chapter 2. Two hours after the addition of the missing staples, we observe that the origamis have a structure that does not seem very different from the native CN6 origami. The only notable difference is that we can distinguish the partially unhybridised M13 on some of the structures (black arrow on the image at 120 min). Yet again, the poor quality of the background on the AFM image at t = 0 makes it impossible to see the single-stranded M13 clearly. After 270 min, the difference is clearer and a few structures already show the formation of a partial 7 th rectangle, while the majority of other structures show what appears to be partially hybridized but shapeless M13 in place of the 7 th rectangle. The process is therefore not completed after 270 min. After 108 h however, the large majority of the structures shown on the AFM image are composed on 7 well-folded rectangles arranged in circles and that we can now call CN7 origamis. A few structures are not well folded, some are broken (presence of only a limited number of consecutive rectangles), as it is usually the case for any origami sample. We can thus conclude that the process is completed after 108 h. This system is however not satisfactory for the in situ study on the folding process for two reasons: firstly, the process takes too long to be completed (more than 270 min),
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For the sample with four equivalents of the 3 rd side's staples at 25 • C (see Figure 5.26): 1 h after the addition of the 3 rd side's staples, the AFM image shows that there are no Λ-origamis left in bulk, but that the ∆-origamis are not fully formed yet. We can see on all objects that the 3 rd side is in the process of forming, which is very encouraging, but that the folding is only partial.

After 2 h of incubation, we can already see a few fully formed ∆-origamis, but the majority of objects have only a partially folded 3 rd side. The process is therefore not completed after 2 h at 25 • C.

For the sample with eight equivalents of the 3 rd side's staples at 25 • C (see Figure 5.26):

1 h after the addition of the 3 rd side's staples, the AFM image shows that there are no Λ-origamis left in bulk, but that the ∆-origamis are not fully formed yet, as it was the case 1 h after the addition of four equivalents of the 3 rd side's staples. We can however notice that the 3 rd side is in the process of forming on all the objects, and that the formation seems to be as advanced in this case than after the same time with four equivalents of the 3 rd side's staples. If the process follows its course like in the case of four equivalents of staples, we can hypothesize that after 2 h the folding would be more complete. We can however not predict if the folding would be completed after this time. The results shown on Figure 5.26 are however encouraging for the use of this system for direct in situ observation of the isothermal folding process at room-temperature.

The same experiment were performed at 30 • C I incubated the system at 30 • C for 2 h and followed the evolution by AFM over time. The results are displayed on Figure 5.27, and the indicated times correspond to the time passed after the addition of the staples of the 3 rd side in the solution. The AFM image at t = 0 corresponds to the Λ-origamis in the TAENa buffer at 25 • C after thermal annealing. The aim of this experiment was to see how much more effective the process would be at 30

For the sample with four equivalents of the 3 rd side's staples: 1 h after the addition of the 3 rd side's staples, the AFM image shows that there are no Λ-origamis left in bulk, but that the ∆-origamis are not fully formed yet. However, a few almost fully folded ∆-origamis can be observed, even if the majority of objects only have a partially folded 3 rd side. After 2 h of incubation, we can see that around half of the objects are fully folded ∆-origamis, and the other half is either very close to the complete folding or very far from it. I hypothesize that the last category of objects will result in the always encountered proportion of origamis that are not fully folded in every origami sample. The process is therefore not completed after 2 h at 30 equation 5.3) τ 3 = (12,6 ± 2,9) min, which is inferior to the previously obtained values. Secondly, the migration keeps evolving over time and increases again after between 480 and 1080 minutes and is stable afterwards. This evolution resembles strongly the evolution observed for the melting of the tall-rectangle origamis in the TANa buffer (see p.134), with a three stages evolution. I therefore hypothesize that the isothermal folding follows the same type of mechanism as previously described, but with all the stages in the reverse order. At short incubation times, the system in stage C and the M13 template gradually binds to more and more staples, forming the random coils and reaching a maximum size (presence of the plateau). The system is then in stage B and reorganizes itself, becomes smaller, but loses staples (charged entities) in the process. The combination of both factors results in a stable migration, until the formation of the origamis is complete enough so that the object is tighter and highly charged, thus migrating more (end of stage B), until reaching a plateau (stage A). This proposed mechanism is in agreement with what was previously observed by AFM imaging (see for longer incubation times. The AFM images showed that the random coils appeared within 10 minutes after the M13 template was in contact with the staples and evolved rapidly from 20 to ∼ 60 minutes to form the first sharp-triangle origami. The system after this time yields more and more well-folded origamis. Furthermore, this evolution resembles the evolution observed on Figure 5.28 C for the tall-rectangle origamis at longer folding times. This gel electrophoresis experiment is thus yet another evidence that the sharp-triangle origamis are folded more rapidly than the tall-rectangle in the TANa buffer by RTIFP. The fact that the B7 bands remain rather large after 150 minutes of RTIFP however shows that the folding process is not completed after this time, which is in agreement with what was previously observed (see Figure 5.23).

Smiley origamis

The same experiment was performed for the smiley origamis in the TANa buffer at 25 A and B). During this experiment, we can notice the presence of seven intermediates bands (B1-5, B7 and B8) and follow their migration over time (see Figure 5.31 C). We observe for the"origami band" (B8) that the migration evolves in the same way it did for the tall-rectangle

DIRECT IN-SITU OBSERVATION OF THE ISOTHERMAL FOLDING AT ROOM TEMPERATURE

TAENa buffer (see Annex D for experimental details) by using an origami mix for a triangular shape with cholesterol modifications on two of the sides but depleted from the staples of the third side (see Annex B for structural details), following the protocol described in Annex T. Each adsorbed object was thus composed of two anchored folded sides and an unfolded, unmodified single-stranded M13 fragment with no prescribed folding constrain. This system was then maintained at room temperature (T = 26 At t = 0 (addition of staples), all adsorbed objects had the characteristic Λ shape. Strikingly, with increasing time, we observed that some of the adsorbed structures evolved to form well-defined triangular origamis, indicating complete folding of the M13 fragment into a perfectly arranged triangle side (see Figure 5.40 A, white circles). Notably, several fully folded triangles adsorbed in the field of view during imaging, indicating that isothermal folding also occurred in bulk and at a higher speed than on the surface (Figure 5.40 A, blue circle). The process is expectedly slower on the surface because it is limited by the diffusion of the staples in bulk. The system was only mixed at the beginning of the experiment after the addition of staples by making the AFM tip go slowly up and down several times, without letting the tip come out of the liquid meniscus.

The continuous scanning at the same position might help creating a convection phenomenon that brings the staples closer to the surface, but certainly not in a very efficient way. In order to accelerate the folding, I added staples of the third side on the surface twice during the experiment (see Annex T for experimental details). It was not necessary for this experiment to add to the system the staples of the three sides of the triangle because the overlaying solution on the sample was composed of the Λ-origami mix (Λ-origamis + 39 fold excess of each of the staples of the two Λ sides). Because of those specific conditions, we do not observe strong degradations of the origamis over time as it was the case for previous experiments.

Incompletely folded entities also adsorbed and tended to continue their folding process once GR-Green DNA stain was purchased from Excellgen as a 10000 x solution in water. SYBrGreen I nucleic acid gel stain was purchased from invitrogen (Thermo Fisher Scientific) as a 10000

x solution in DMSO. 10 x loading buffer for gel electrophoresis was purchased from TaKaRa Clontech. 1kbp ladder (Quick Load) was purchased from New England Biolabs.

Deionized MQ water (Millipore, 18 MΩ cm) was used for all experiments.

Equipments AFM N • 1 5100 Atomic Force Microscope (Agilent Technologies-Molecular Imaging), used in AC mode.

All AFM experiments were performed using silicon probes (Applied NanoStructures -FORT) with 43-81 kHz nominal frequency and 0,6-3,7 N/m force constant.

AFM N • 2

Brücker Fast Scan AFM, used in AC mode in liquid. All AFM experiments were performed using Olympus probes.

AFM N • 3

Oxford Instruments -Asylum Research Cypher T M ES AFM, used in AC mode in liquid using blueDrive T M photo-thermal excitation. All AFM experiments were performed using BL-AC40TS probes (Olympus T M ) with 25 kHz nominal frequency in liquid and 0.1N/m as a spring constant.

Gel electrophoresis

The electrophoresis experiments were performed in a BioRad Sub-Cell GT electrophoresis cell filled with TBEMg 1x (see Annex C for buffer composition) powered by a BioRad PowerPac TM universal power supply. Gels were revealed using Syngene G:Box XR5 Chemiluminescence and Fluorescence Imaging System and the GENESys software.

Fluorescence spectroscopy

Fluorescence spectroscopy measurements were performed on the q-TOWER (analytic jena). Experiments described in Annex R: UV-vis spectroscopy experiments were carried out using a Cary 300 UV-vis (Agilent Technologies) spectrometer equipped with a temperature controller (Varian Cary Temperature controller, Varian). The samples were placed in a quartz cell with 1 mm of optical path length.

Thermal annealing procedures

Thermal annealing procedures were performed in a Peqstar thermocycler (Peqlab, V5.10.0) in 200 µL transparent Eppendorf tubes.

Incubations

Incubations of solutions at constant temperature were performed in a Peqstar thermocycler (Peqlab, V5.10.0) when the incubated solution had a volume inferior to 100 µL, and in an Eppendorf Thermomix C for larger volumes.

Irradiation with UV or blue light

Irradiation at λ = 365 nm (UV) or at λ = 440 nm (Blue) was obtained with a LED (CoolLED PreciseExcite) equipped with a Thorlabs liquid light guide 3 mm collimator COP4-A, with the tip placed in contact with the cap of the Eppendorf tube containing the sample (transparent).

The irradiation was homogeneous on a 5 cm diameter circular zone below the collimator. Samples were analysed adsorbed on a freshly cleaved mica plate. 10-15 µL of the origami was added on top of the mica plate, and the adsorption process was carried on for 10 minutes. The sample was then rinsed with 1 mL of the 1x buffer, 200 µL of MilliQ water and immediately quickly dried under a compressed air stream and stuck on a metal disk using double-sided tape prior to AFM observation. AFM images were obtained in air at room temperature.

D Formation of DNA nanostructures by thermal annealing

TAEMg

Protocol N • 2

Samples were analysed adsorbed on a freshly cleaved mica plate, glued to a metal disc. 2 µL of the origami solution was afterwards adsorbed on the mica plate for 10 minutes inside an atmosphere-controlled chamber (a sealed container containing a piece of Kimtech wipe dampened with MilliQ water). The sample was then rinsed with 20 µL of TAENa 1x buffer and left with a thin layer of the buffer on its top. AFM images were obtained in TAENa 1x at room temperature.

Protocol N • 3

Samples were analysed adsorbed on a freshly cleaved mica plate, glued to a metal disc. 10 µL of the origami solution was afterwards adsorbed on the treated mica plate for 10 minutes inside the atmosphere-controlled chamber. The sample was then rinsed with 1 mL of TAEMg 1x buffer and left with a thin layer of the buffer on its top. AFM images were obtained in TAEMg 1x at room temperature.

Protocol N • 4

Samples were analysed adsorbed on a freshly cleaved mica plate, previously treated with 2 µL of a spermine tetrachloride solution (0,1 mol.L-1 in MilliQ water) and glued to a metal disc, for 10 minutes inside an atmosphere-controlled chamber (a sealed container containing a piece of Kimtech wipe dampened with MilliQ water). The treated mica plate was then rinsed with 20 µL of TAENa 1x and left with a thin layer of the buffer on its top. 2 µL of the origami solution was afterwards adsorbed on the treated mica plate for 10 minutes inside the atmosphere-controlled chamber. The sample was then rinsed with 20 µL of TAENa 1x buffer and left with a thin layer of the buffer on its top. AFM images were obtained in TAENa 1x at room temperature.

Protocol N • 5

Samples were analysed adsorbed on a freshly cleaved mica plate previously treated with 10 µL of a poly-L-lysine hydrochloride solution (10mg/mL in MQ-H 2 O) for 10 minutes. The treated mica plate was then rinsed with 200 µL of 1x buffer (identical to the folding buffer) and left with a thin layer of the buffer on its top. 10-15 µL of the origami was then added on top of the ANNEXES treated mica plate, and the adsorption process was carried on for 10 minutes. The sample was then rinsed with 1 mL of the 1x buffer, 200 µL of MilliQ water and immediately quickly dried under a compressed air stream and stuck on a metal disk using double-sided tape prior to AFM observation. AFM images were obtained in air at room temperature.

Protocol N • 6

Samples were analysed adsorbed on a freshly cleaved mica plate previously treated with 10 µL of a spermine tetrachloride solution (0,1 mol.L-1 in MilliQ water) for 10 minutes. To prevent the drying of the substrate, the treatment was carried out at room temperature in an atmospherecontrolled chamber (a sealed container containing a piece of Kimtech wipe dampened with MilliQ water). The treated mica plate was then rinsed with 200 µL of 1x buffer (identical to the folding buffer) and left with a thin layer of the buffer on its top. 10-15 µL of the origami solution was afterwards adsorbed on the treated mica plate for 10 minutes inside the atmospherecontrolled chamber. The sample was then rinsed with 1 mL of the 1x buffer, 200 µL of MilliQ water and immediately quickly dried under a compressed air stream and stuck on a metal disk using double-sided tape prior to AFM observation. AFM images were obtained in air at room temperature.

Protocol N • 7

Samples were analysed adsorbed on a freshly cleaved mica plate glued to a metal disc and previously treated with 10 µL of a spermine tetrachloride solution (0,1 mol.L-1 in MilliQ water)

for 10 minutes. The treated mica plate was then rinsed with 200 µL of the TANa 1x buffer and left with a thin layer of the buffer on its top. 10 µL of the origami solution was afterwards adsorbed on the treated mica plate for 10 minutes. The sample was then rinsed with 1 mL of TANa 1x buffer and left with a thin layer of the buffer on its top. AFM images were obtained in TANa 1x at room temperature.

Protocol N • 8

Samples were analysed adsorbed on a freshly cleaved mica plate previously treated with 10 µL of a spermine tetrachloride solution (0,1 mol.L-1 in MilliQ water) for 10 minutes. The treated mica plate was then rinsed with 200 µL of 1x buffer (identical to the folding buffer) and left with a thin layer of the buffer on its top. 10-15 µL of the origami was then added on top of the treated mica plate, and the adsorption process was carried on for 10 minutes. The sample was then rinsed with 1 mL of the 1x buffer, 200 µL of MilliQ water and immediately quickly dried under a compressed air stream and stuck on a metal disk using double-sided tape prior to AFM observation. AFM images were obtained in air at room temperature. Thermal annealing process:

G Gel electrophoresis for the study of DNA origami melting behaviour

For origamis in the TAEMg buffer: from 70

For origamis in the TANa buffer: from 90 The thawing of the samples was carried-on in an ice-water bath in order to ensure no exposition to temperatures above 10 • C, and the samples were immediately after adsorbed on either bare mica (for experiments in the TAEMg buffer) or on PLL-treated mica (for experiments in the PB 6,8 Na 100 buffer), following the protocols given in Annex E. DNA ORIGAMIS MELTING TEMPERATURE was afterwards inserted in the electrophoresis cell (see below) 30 minutes before the beginning of the experiment.

Electrophoresis: The electrophoresis cell was placed 1 h before the experiment started in an ice-water bath to ensure a mildly cold working environment during the experiment (T < 20 • C).

The experiment was carried out at 100 V for 2 h. Supported Lipid Bilayers (SLBs) were obtained from DOPC liposomes via a previously described method 238 . Vesicles were prepared from a chloroform stock of DOPC. After evaporation of the chloroform under a steam of nitrogen gas, the lipids were rehydrated in MilliQ water to reach a final lipid concentration of 2 mg/mL. The lipid mixture was then vortexed and sonicated for 60 minutes to produce small unilamellar vesicles. To prevent the drying of the bilayers, the following steps were carried out in an atmosphere-controlled chamber similar to the one described previously in Annex E. SLBs were formed by depositing 2 mL of the vesicle solution onto freshly cleaved mica disks (previously stuck on a magnetic metallic plate with glue), followed by 2 µL of TAEMg 1x buffer. After 30 min of adsorption, the sample was rinsed with 2 µL of TAEMg 1x buffer to remove unadsorbed liposomes and we repeated the adsorption process a second time to ensure optimal coverage of the mica surface by the bilayer. At the end of the adsorption process, the sample was rinsed with 5 µL of TAENa 1x buffer to ensure that there will be no remaining free Mg 2+ ions on the sample, which would prevent the isothermal folding of the origamis. 2 µL of the Λ-origamis solution was then deposited onto the preformed SLB, followed 

Etude et caractérisation de la fusion des origamis d'ADN

Les méthodes conventionnelles de mesure de la température de fusion des origamis souffrent de