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SUMMARY OF THE THESIS

As water pollution is ever increasing, and emerging contaminants are constantly added to the European Commission watch list, novel methods for water quality monitoring are needed. Sensitivity, robustness and rapid response are among the most important criteria for the detection and monitoring of these contaminants. In order to fulfill these needs, we work at developing a biosensor in our team, combining the single DNA biochip with aptamers. This biochip is based on the Tethered Particle Motion technique. A nanoparticle is tethered to a patterned glass slide through a single DNA molecule, and undergoes Brownian motion in a flow cell. Using video-microscopy and image analysis, the amplitude of motion of hundreds of beads in parallel are analyzed. As the motion amplitude of the particles is function of the effective length of the tethers, we can study the conformational dynamics of DNA.

The idea of the project was to smartly combine the biochip to recognition molecules as to observe a significant change of motion amplitude of the particles upon target detection, for the development of a specific biosensor. We chose to work with aptamers, small synthetic single-stranded nucleic acids able to selectively bind their targets with high affinity. Their nature makes them more stable than antibodies, and more easily chemically modified. Two aptamers in particular are considered to be the golden standard for the development of novel aptasensors: the T29 and T15 thrombin-binding aptamers. They were thus chosen for the proof-of-concept of this project. Assays configurations were based on ELISA tests for the detection of small molecules: a sandwich and a competition assay.

In the sandwich assay, the T29 aptamer is inserted on the DNA tether while the T15 aptamer is grafted on the particles. When both aptamers bind to the same thrombin molecule, the DNA tether 'loops' and the amplitude of motion of the particle tethered decreases. In the first part of this project, we proceeded to the insertion of the aptamer in the middle on the DNA tether. Chemical-based solutions were tested and failed, after which we adapted a protocol for the functionalization of double-stranded DNA. We obtained a dose-response curve for the detection of human thrombin, with a limit of detection on par with the thrombin ELISA test limit and a response after 30 minutes of incubation. While this solution is not universal, since few targets can be recognized by a pair of aptamers, we deemed it important to test this classical detection configuration.

The more universal configuration is the competition assay. T29 is still inserted on the DNA tether, but is hybridized with a partially complementary oligonucleotide grafted on the particles. From an initial 'looped' DNA state, the detection of thrombin displaces the equilibrium of the duplex and unloops the DNA, therefore increasing the amplitude of motion of the particles. Finding the balance between a strong enough hybridization that the DNA looping was stable in buffer, but could be specifically displaced by the target, was the first step of developing this assay. We designed several candidates, and screened them directly on the biochip. The displacement feasibility was obtained using the perfect competitor, the antisense of T29 with one of those candidates. Here again, we obtained a dose-dependent signal, after incubation of the target on the biochip for 30 minutes only. Thrombin detection on the other hand did not yield a quantifiable signal.

All in all, we obtained the proof-of-concept of the use of our single DNA biochip as a time-sensitive, specific and user friendly aptasensor. Showing that the approach is still valid with a water pollutant is yet to be done. However, we can safely say that this biosensor is a promising new tool for the sensitive detection of contaminants.

RESUME DE LA THÈSE

Alors que la pollution des eaux et de notre environnement s'accroit, et des contaminants dits « émergents » sont constamment ajoutés à la liste de surveillance de la Commission Européenne, de nouvelles méthodes de suivi de la qualité de l'eau sont nécessaires. Les principaux critères de détection et suivi de ces contaminants incluent sensibilité, robustesse et rapidité de réponse. C'est dans le but de répondre à ces besoins que nous développons un biocapteur combinant la biopuce à ADN uniques et des aptamères.

La biopuce est basée sur la technique de Tethered Particle Motion. Des nanoparticules sont ancrées à une lame de microscopie à motifs par des molécules d'ADN uniques, et suivent un mouvement brownien en solution. La trajectoire et l'amplitude de mouvement de centaines de particules en parallèle sont suivis et traités par vidéo-microscopie et analyse d'images. L'amplitude de mouvement des particules étant fonction de la longueur effective de l'ADN, la biopuce permet d'étudier la dynamique conformationnelle des molécules d'ADN.

Le projet est de combiner la biopuce à des molécules de détection pour développer un biocapteur spécifique. Nous avons choisi de travailler avec les aptamères, petits oligonucléotides synthétiques et simples brin, considérés comme analogues des anticorps. Ils sont en effet capables de reconnaitre spécifiquement leur cible, avec de hautes affinités. Leur nature cependant les rendent plus stables que les anticorps, et plus facilement modifiables et fonctionnalisables, ce qui ont font des candidats idéaux pour la conception de capteurs robustes. Deux aptamères en particulier sont considérés comme standard de référence pour ces études : les aptamères dirigés contre la thrombine T29 et T15. Ce sont ces deux aptamères que nous avons utilisés pour la preuve de concept de ce projet.

Les configurations des tests sont basées sur le test ELISA pour la détection de petites molécules : une forme « sandwich » et une forme « compétition ». La faisabilité de ces deux configurations a pu être validée avec la thrombine.

Dans le premier test, le sandwich, l'aptamère T29 est inséré sur l'ancre ADN alors que le T15 est greffé sur les particules. Quand les deux aptamères reconnaissent et se lient à une même molécule de thrombine, l'ancre ADN se boucle et l'amplitude de mouvement de la particule liée diminue. La première étape du projet a été d'insérer l'aptamère T29 au milieu de l'ancre ADN. Nous avons testé des méthodes chimiques, sans succès, pour finalement opter pour une solution plus simple, basée sur les propriétés d'hybridation des acides nucléiques. Une gamme de détection de la thrombine humaine a alors été obtenue, concentrationdépendante après 30 minutes d'incubation et avec une limite de détection proche de celle du test ELISA pour cette même protéine. Bien que cette configuration ne soit pas une solution universelle, puisque peu de couples d'aptamères reconnaissant la même cible ont été sélectionnés jusqu'à aujourd'hui, nous pensons qu'il était important de la développer avec notre système.

La solution plus universelle, testée dans un second temps, est la compétition. L'aptamère T29 est toujours inséré sur l'ancre ADN, mais un oligonucléotide partiellement complémentaire est greffé sur les particules et s'hybride avec le T29. La formation du duplex entraine un état initial bouclé de l'ADN, donc l'équilibre est déplacé par la détection spécifique de thrombine. L'amplitude de mouvement des particules est alors augmentée. La première étape pour valider le test compétition était de cribler plusieurs oligonucléotides avant de trouver le bon candidat : la séquence permettant une hybridation stable avec le T29, mais pouvant toujours être déplacée par la cible spécifique. Plusieurs séquences que nous avons conçues ont été testés directement sur la biopuce. Le candidat retenu a ensuite pu être utilisé pour la première preuve de concept avec le compétiteur parfait : l'antisens parfait du T29. Nous avons ainsi obtenu une gamme dose-dépendante.

En résumé, nous avons établi la preuve -de-concept de l'utilisation de la biopuce à ADN uniques avec des aptamères pour une reconnaissance spécifique et rapide de molécules. Tester la détection de contaminants d'intérêt pour l'eau est la prochaine étape pour complétement valider notre aptacapteur, mais nous pouvons déjà assurer que cet outil est prometteur pour la détection sensible de contaminants dans l'eau. The origin of Tethered Particle Motion ........................................................................................... b. TPM on a chip ............................................................................................................................... c. Fundamental studies and uses of the TPM-on-a-chip in the team ................................................... d. TPM as a sensing platform ................................................................................................................ .
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INTRODUCTION

The main objective of this thesis is to combine the single-DNA biochip with recognition molecules in order to develop a nanobiosensor for the detection of contaminants in water.

The idea to combine these two tools came to my thesis directors through hallway chats and their respective research thematic presentations. The benefit of working in the multidisciplinary institute that is the IPBS of Toulouse is that researchers from different backgrounds can interact more easily. The single-DNA biochip had been developed by the Membrane and DNA Dynamics (MADD) team led by Laurence Salomé. On the other side (more precisely the floor above), Vincent Ecochard and Laurent Paquereau had been working on aptamers and the conception of biosensors. They had the idea to functionalize the single-DNA biochip, a powerful and sensitive tool, with biorecognition molecules.

The single-DNA biochip is based on the Tethered Particle Motion technique or TPM.

Tethered Particle Motion (TPM) is a powerful biophysical technique employed to analyze the conformational dynamics of single nucleic acid molecules, thereby reporting on the intrinsic properties of the molecules and their interactions with proteins, in order to shed light on the biological processes involving this key molecule. The broad range of applications of this technique have interested our team for years now, characterizing DNA and its behavior in physiological conditions and studying enzymatic processes. They developed a nanoarray for the parallelization of TPM, enhancing the accuracy of the results and optimizing the otherwise time-consuming single-molecule method. Going one step further, the idea to develop the single-DNA biochip as a biosensor came to be. The potential applications are numerous and suitable to a broad range of fields, biomedical (screening, diagnostic) and environmental (food industry, pollution). We are particularly interested in the context of water quality monitoring, for which rapid, sensitive and cost-effective biosensors are lacking, all the advantages presented by the TPM-based biochip have the potential to answer those challenges.

To understand the problematic of the thesis, we will relay in a first part the basics of Tethered Particle Motion, from the origin of the technique to its different uses in our team, before relaying a survey on the applications of TPM as a sensing platform. In a second part, we will discuss the conventional methods used as of today to monitor the quality of water, and how the single-DNA biochip could be combined with recognition molecules called aptamers to answer their limitations compared to existing solutions proposed in the literature.

The single DNA biochip based on Tethered Particle Motion a. The origin of Tethered Particle Motion

The characterization of DNA molecules, their structure and the mechanisms involved in molecular biology pathways in the cell have interested researchers in various fields for decades now. The structural model of the double helix known today was proposed in the early 1950s when Rosalind Franklin obtained X-ray diffraction patterns of the molecule [START_REF] Diagne | TPM analyses reveal that FtsK contributes both to the assembly and the activation of the XerCD-dif recombination synapse[END_REF] that allowed Nobel prize winners Francis Crick and James Watson to decipher its helical structure (Kapanidis and Strick, 2009). Following this discovery, the study of DNA and its interactions and relation with RNA and proteins during transcription and other biological processes allowed the birth of the field of molecular biology. This marked a true revolution in biology. Years later, the evolution of biophysical techniques, and notably the advances made in microscopy allowed researchers to reach smaller objects by improving resolution to the nanometric scale, up to the point of single-molecule studies. The emergence of this particular field helped to gain more knowledge and understanding of biological processes involving DNA, such as recombination or transcription, calling previously described and generally accepted mechanisms into question [START_REF] Shen | Single Particle Tracking: From Theory to Biophysical Applications[END_REF] [START_REF] Schafer | Transcription by single molecules of RNA polymerase observed by light microscopy[END_REF]. Indeed, in order to understand the fundamental mechanics of a process, we need to control its environment, and so the study of DNA has to be performed as free of interference as possible. This is where single-molecule techniques come into play. Single Particle Tracking (SPT) is probably the most famous one, developed to study biological membranes. A particle is imaged by a photon detector in an optical microscope, and its motion is recorded in a continuous fashion to generate a trajectory. Accumulating multiple trajectories can reveal the dynamic properties of the molecule such as diffusion [START_REF] Yin | Tethered particle motion method for studying transcript elongation by a single RNA polymerase molecule[END_REF]. Resembling this technique, Tethered Particle Motion was developed for the study of nucleic acid molecules.

In the early 90s, D. Schafer et al [START_REF] Schafer | Transcription by single molecules of RNA polymerase observed by light microscopy[END_REF] published a study on the transcription of single DNA molecules by an RNA polymerase. On the premise that a nanoparticle can be tracked through optical microscopy, and its movement reflect the behavior of the extremity of the DNA it is attached to, monitoring transcription by single RNA molecules could be implemented. They attached RNA polymerase molecules to a glass surface, and bound nanoparticles of colloidal gold to DNA molecules on one end (figure 1).

The latest would undergo transcription, modifying the distance between the polymerase and the nanoparticles and therefore the extent of their area of motion, which could be monitored using differential interference contrast microscopy coupled to video recording. Contrary to SPT however, the videos recorded of the particles are averaged over time, giving a blurred image of the particles. The extent of the area covered reflects their amplitude of motion, and was compared to simulations to evaluate the increase of the tether length. The elongation rates measured at the individual scale were found to be consistent with data obtained in bulk and conventional assays. [START_REF] Schafer | Transcription by single molecules of RNA polymerase observed by light microscopy[END_REF].

This study pioneered the biophysical approach called Tethered Particle Motion or TPM.

The following years saw the optimization of TPM [START_REF] Yin | Tethered particle motion method for studying transcript elongation by a single RNA polymerase molecule[END_REF] improving the data acquisition and tweaking the method to different applications [START_REF] Blumberg | Three-dimensional characterization of tethered microspheres by total internal reflection fluorescence microscopy[END_REF].

Basically, TPM is used to evaluate the end-to-end distance of the DNA tethers [START_REF] Nelson | Tethered Particle Motion as a Diagnostic of DNA Tether Length[END_REF][START_REF] Pouget | Singleparticle tracking for DNA tether length monitoring[END_REF]. The technique has since then been applied to studies for the fundamental understanding of DNA and the biological processes revolving around this key molecule, as well as more concrete applications. We can for example directly probe DNA topology [START_REF] Dunlap | Probing DNA topology using tethered particle motion[END_REF], study protein or enzymes binding and evaluate the kinetics of those interactions should the subsequent structural modifications of the tether be detectable, showing the versatility of TPM.

TPM monitors the Brownian motion of nanoparticles to study the conformational dynamics of the DNA molecules anchoring the particles to a surface in an aqueous solution.

While this approach could be considered to be indirect, as the DNA molecules are studied through the behavior of the nanoparticles, the fact remains that no external forces are used that could interfere and affect the intrinsic properties of DNA. An important aspect for this last statement to be true is to be sure that the motion of the particles followed is dominated by the DNA anchor, and not the particle itself. With this in mind, [START_REF] Segall | Volume-exclusion effects in tethered-particle experiments: bead size matters[END_REF][START_REF] Segall | Volume-exclusion effects in tethered-particle experiments: bead size matters[END_REF] presented a theoretical analysis underlining that because of the proximity of the particle to the surface, a volume-exclusion effect can be observed leading to the particle exerting an entropic force on the complex and therefore modifying its properties. The duration of the exposition of the nanoparticles and the length of the DNA tether should be thus taken into account, as corrections and rigor are needed for precise results and in order to correctly interpret the TPM data [START_REF] Blumberg | Three-dimensional characterization of tethered microspheres by total internal reflection fluorescence microscopy[END_REF]. Our team has a history of collaboration with theoretical physicists, working on describing the DNA tether behavior and improving temporal resolution [START_REF] Manghi | Probing DNA conformational changes with high temporal resolution by tethered particle motion[END_REF].

b. TPM on a chip

We have discussed the importance of studying DNA at the individual level, an achievement made possible by the development of single-molecule techniques. However, the main drawback common to those assays is that they all are time consuming. Because of fluctuations in measurements, statistics and a high number of observations are needed before scientists can propose models and extrapolate the single molecule behavior to the population.

At first when the team started to lead TPM studies in the late 90's, one or two nanoparticles per field of observation could be analyzed at a time, taking around two hours for each particle observed because of the technology limitations. At that time, increasing the particle surface density allowed them to analyze more particles simultaneously but led to more interference.

The surface had to be functionalized in a structured manner and with optimal density to maximize the number of particles studied while avoiding steric hindrance. Another gain of this methodology was to work on surface passivation, minimizing non-specific interactions with the glass slide. This is why our team developed the Tethered Particle Motion on a chip. They succeeded to develop a tool in 2012 (Plénat et al., 2012) for the simultaneous analysis of hundreds of nanoparticles in parallel, in a high-throughput method.

In order to analyze hundreds of objects in parallel, without risking steric hindrance or the formation of aggregates on the surface, the particles are addressed to predetermined precise locations, and with a pattern taking into consideration the size of the tether and the particle, allowing single-molecule attachment. Previous studies had described ways to control the position of the anchor sites, but employed electron-beam lithography that requires specific equipment [START_REF] Palma | Selective biomolecular nanoarrays for parallel single-molecule investigations[END_REF]. Our team wanted to propose an easy-to-implement, cost-effective and rapid solution, and developed a protocol based on soft lithography, more precisely micro-contact printing. An anchor molecule, neutravidin, is patterned on the glass surface into regular arrays by putting in conformational contact a PDMS stamp inked with the anchor molecule beforehand and the glass microscope slide. The stamp is obtained by casting PDMS onto a silicon master with the inverted pattern. The size of the spots and the distance between them is determined by the diameter of the nanoparticles and the length of the tether. The single attachment of DNA-particle complexes is permitted by the exclusion volume of the DNA-nanoparticle complex.

On one extremity, the DNA tether is functionalized with digoxygenin and able to bind antidigoxygenin-coated nanoparticles (figure 2A). On the other extremity, the free end of the DNA molecule is functionalized with biotin to bind to the neutravidin anchor sites. Using videomicroscopy and image analysis, the distribution frequency of the amplitude of motion of hundreds of nanoparticles is collected in parallel in a single field of observation (figure 2B).

The resulting distribution of the amplitude of motion of the nanoparticles (figure 2C) was compared to conventional TPM measurements for various DNA lengths. They obtained a calibration curve (figure 2D) for several DNA lengths varying from 401 bp to 2083 bp showing motion amplitudes that coincide between the two techniques. They concluded that the integrity of the TPM experiment was preserved on those nanoarrays. (Plénat et al., 2012) As we mentioned before, working on the controlled positioning of the single DNAparticle complexes came alongside the passivation of the surface. The experimental set-up and protocol had to be modified to limit non-specific adherence of the DNA and the particles on the glass slide by using blocking agents, and improve the detection of single DNA-particle complex on the array.

C D

All in all, a powerful tool was developed in the team for the implementation of highthroughput TPM experiments, making robust and rapid studies of DNA and its interaction with proteins possible. The parallelization of TPM and the simultaneous increase of data collected in a single experiment permitted to have access to a wider panel of possible studies, to explore mechanisms that were not previously accessible and reach high-resolution.

c. Fundamental studies and uses of the TPM-on-a-chip in the team

Tethered Particle Motion is a versatile technique that gives us access to modifications in DNA length and conformation, depending on various physical parameters or interactions with proteins and enzymes. Numerous questions can be tackled in both biology and physics, as can be portrayed by looking at the history of our team's research.

After developing a robust nanoarray for the parallelization of TPM experiments, the biochip was subsequently used to study the hydrolysis of double stranded DNA by the 5'-3' T7 bacteriophage exonuclease (Plénat et al., 2012) as a demonstration. This mechanism had been well described before and therefore perfect to fully validate the biochip. The 2 kb duplex DNA

anchor was nicked at a specific endonuclease binding site (Nb.BbvcI) to generate a unique free 5' extremity, accessible to the T7 exonuclease (figure 3A).

Figure 3: Scheme of the action of the T7 exonuclease on a nicked DNA tether (A) leading to a decrease in the amplitude of motion of nanoparticles (B) (Plénat et al., 2012).

After the action of the enzymes, the maximum value of amplitude of motion calculated showed a significant decrease of 135 nm, the resulting motion amplitude conform with the estimated value for the partially hydrolyzed DNA (figure 3B). This experiment allowed the validation of the biochip for the characterization of the activity of an enzyme. Taking it a step further, the team analyzed the processivity of the T7 exonuclease, unveiling unexpected characteristics of the enzyme compared to its behavior in bulk assays: the enzyme had been classified as non-processive [START_REF] Thomas | Processivity of DNA exonucleases[END_REF], meaning enzyme molecules take turn on the DNA by successive attachment/detachment, which would have been visualized on the chip by pauses on the TPM traces. This was not the case however, as a continuous decrease in the amplitude of motion of the particles had been observed. The high-throughput TPM-ona-chip (HT-TPM) therefore showed an efficient and fast analysis of DNA and proteins interactions, and additionally offering a different perspective on a well-known enzymatic process. The potential uses of the chip for biological questions were confirmed by this study.

This interest for biological processes led to the question of what level of precision could be reached with the chip. The team had already started to study DNA recombination by a transposase, observing that the first step of the process led to the formation of a loop. Could DNA curvatures and other structural changes, involved in many processes or intrinsic to the DNA sequence, be detected upon protein interaction? In 2015, A. Brunet et al;. [START_REF] Brunet | Probing a label-free local bend in DNA by single molecule tethered particle motion[END_REF] probed DNA local bending using the biochip, and compared the results with theoretical modeling. Subtle variations of amplitude of motions under 2 nm in the presence of the CA6GGG sequence known to present an intrinsic bend were detected, keeping in mind that the typical error on the experimental motion amplitude is of 0.4 nm. The results were in accordance with other studies having characterized these bend angles with other methods, with the advantage of limited surface or particle non-specific interaction by introducing the sequence far from either extremities of the DNA, and the results more direct than those obtained by FRET or NMR. The parallelization of TPM was necessary here to detect small variations of amplitude, as a large amount of data is required to obtain a precision under 1 nm in order to take into account the variability inherent to the links of the tether with the particles and the ligand.

Another topic of interest to the team, in collaboration with the Laboratory of Microbiology and Molecular genetics of Toulouse, is the chromosome processing and segregation during bacterial cell cycles. The XerCD-dif molecular recombination machinery is involved in the resolution of dimeric chromosomes, essential for the genetic integrity of the cell. The process had already been studied in the team using TPM [START_REF] Diagne | TPM analyses reveal that FtsK contributes both to the assembly and the activation of the XerCD-dif recombination synapse[END_REF], highlighting that contrary to previous models the FtsK translocase is not required for the assembly of the Xer-dif synapse, only dependent on the presence of two dif sites on the DNA and the XerC and XerD recombinases (figure 4) as shown by the specific decrease in amplitude of motion of the nanoparticles when all partners were present.

Figure 4: Scheme of the formation of the synapse. Two dif sites are present on the DNA (black and white boxes) and lead to the formation of a loop after addition of Xer recombinase that can be detected in TPM experiments [START_REF] Diagne | TPM analyses reveal that FtsK contributes both to the assembly and the activation of the XerCD-dif recombination synapse[END_REF].

The parallelization of TPM has then allowed the team shed more light into the properties of the translocase [START_REF] Fournes | FtsK translocation permits discrimination between an endogenous and an imported Xer/<em>dif</em> recombination complex[END_REF]. Since the FtsK/Xer/dif system is also involved in maintaining genetic mobile elements in bacteria, the question of how the system differentiates between its two contradicting functions was posed. The TPM experiments showed that the translocase could discriminate between endogenous and imported Xer/dif complexes, activating recombination in one case or inducing the dismantling of the synapse by avoiding the complex altogether. This study highlighted the crucial role of the translocase, helping to understand this essential mechanism involved in the genomic integrity of bacteria.

Besides biological processes, the team is also interested in the physical properties of DNA. The effect of ionic strength on persistence length was modeled using monovalent or divalent metallic and alkyl ammonium ions, and thereafter analyzed on the chip [START_REF] Guilbaud | Dependence of DNA Persistence Length on Ionic Strength and Ion Type[END_REF]. At 50 bp in physiological salt concentrations, the persistence length (Lp) is affected by the ionic force of the surrounding solution and these fluctuations reported in contradicting papers (Sayalev 2012). Besides arguing the models best fitting their experimental data, the team found that the metallic and alkyl ammoniums ions has different effects at high ionic strength.

Lastly, the question of how temperature impacts DNA conformation below its melting temperature, under physiological conditions, was explored [START_REF] Brunet | How does temperature impact the conformation of single DNA molecules below melting temperature?[END_REF]. An increase in the DNA flexibility with higher temperatures had been observed and goes along the hypothesis that DNA is locally denatured. Could this putative formation of bubbles along the sequence be detected by HT-TPM? They observed a significant decrease in the persistence length extracted from the data as the temperature up to 60°C, for DNA tethers of various sequences and lengths and in accordance with previous studies (figure 5).

These more fundamental studies did help to shed some light on the physical characteristics and properties of DNA, when we know these parameters play a role in biological processes.

The MADD team has gained experience through different studies on biological 

d. TPM as a sensing platform

Given the TPM's wide array of advantages, it is not surprising that the idea to use TPM for molecular sensing has recently emerged as the method improved. Whether we work on the conception of new point-of-care testing (POCT) devices, or in the environmental quality field, biosensors that are adaptable to a broad range of conditions, still maintaining a high sensitivity and specificity, and allow continuous monitoring are yet to be commercialized.

TPM, as we mentioned, presents many advantages that could answer these demands. As a single-molecule technique, high sensitivity can be reached and the observations are performed in real-time.

We have identified the following recent attempts to develop "TPM" as a sensing platform.

Silver et al.; (Silver et al., 2015) introduced an immune sandwich assay using tethered particles. Varying slightly from the classical TPM configuration, the attachment of particles on the DNA anchors only happens after specific ligand detection. The particle is grafted with the capture antibody, while a streptavidin-functionalized detection antibody can bind to the free biotin end of a DNA anchor molecule. The formation of the immune complex after detection and dual binding of an analyte then leads to the immobilization of the particle (figure 6), visible by applying a continuous flow. The prostate specific antigen was used for a proof-of-concept of this assay, reaching an excellent limit of detection of 1 pM, well below the normal levels detected in the bloodstream around tens of picomolar, showing the device could be used for diagnostics. However, a few limitations were discussed due to their experimental set-up, limiting the formation of particle-DNA complexes to 30% at the highest antigen concentrations tested and suggesting a relatively limited binding efficiency that hinders the sensor form reaching even lower concentrations of antigen.

Figure 6: Scheme of the classical TPM configuration (A) compared to the sensing method proposed for the immune sandwich tethered bead assay (B) (Silver et al., 2015).

A few years later, a group from the University of Technology of Eindhoven proposed a different design to use TPM as a biosensor, also for biomedical purposes (Visser et al., 2018).

In their configuration, the capture molecule is grafted on micrometric particles, tethered to the surface by a 40 nm long dsDNA (around 120 base pairs) (figure 7a). The surface is also functionalized with the detection molecule. Binding of an analyte by both detection molecules leads to a strong restriction of the mobility (the authors do not employ the term 'immobilization') of the particles (figure 7b), and a decrease in the amplitude of motion they could track in real-time.

Figure 7: Scheme of the proposed TPM-based biosensor (a). The DNA-particle complex switches from free to bound state upon specific ligand binding (b) (Visser et al., 2018).

a They obtained a proof-of-concept of their biosensor in two assay configurations. On one hand, the detection of thrombin by two aptamers specific of the protein, and on the other a single-stranded DNA mimicking the behavior of nucleic acid biomarkers found in the blood that could hybridize with complementary oligonucleotides. In both cases, they tracked the switching events between bound and unbound states of the DNA-particles complexes, obtaining dose-response curves with limits of detection of 62.5 pM for DNA and 3 µg/mL for thrombin. The dissociation constant of the thrombin aptamer T29 was also estimated at 250 ± 60 pM, slightly lower than what we can find in the literature of 500 pM, [START_REF] Tasset | Oligonucleotide inhibitors of human thrombin that bind distinct epitopes[END_REF]. The sensor built is sensitive, specific, regenerable as ligand binding is transient and offers a broad variety of applications, with the potential to functionalize TPM with different detection molecules. They discuss however that the sensitivity is still too low for the detection of circulating DNA/RNA. Moreover, we can note that grafting one of the detection molecules to the surface can lead to non-specific interactions and steric hindrance.

Nevertheless, those interesting first results encouraged the team to continue to develop their sensor [START_REF] Yan | Continuous Small-Molecule Monitoring with a Digital Single-Particle Switch[END_REF] 
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They led the assay for the detection of creatinine, a 113 Da biomarker, as the proof-ofconcept (figure 8). The switching events between bound and free sates as the target is added and washed away with buffer in a continuous manner are tracked and translated by the (switching) activity (figure 8B), dose-dependent and with a sensitivity reaching clinically relevant concentrations of creatinine in buffer. The fact remains however that the detection molecules are bound on the surface, which can easily lead to non-specific interactions and false-positives as the particles or the DNA can adhere to it, or simply hinder the ligand/analyte interaction. It is generally preferable to observe those interactions far enough from surfaces.

Detection of the molecules of interest in blood plasma has also yet to be performed.

Overall, we can start to find developments of TPM in the biosensing field, though still relatively new and few on the market, a surprising fact given the quantity of particle-based sensors developed [START_REF] Aldewachi | Gold nanoparticle-based colorimetric biosensors[END_REF][START_REF] Quesada-González | Nanoparticle-based lateral flow biosensors[END_REF]. In any case, the biomedical field seems to concentrate the majority of those studies, and to our knowledge no biosensor based on TPM was proposed for the environment, particularly for water monitoring. But the technique is adapted to the detection of molecules in fluids, and miniaturization feasible in the future perspectives of TPM, making it a great candidate for the development of biosensors in various fields of application. We are more interested in water quality monitoring, and so the following section will describe the limitations of the techniques currently employed in this field, and how biosensors came to find their place in this problematic.

Detection of substances in aqueous media

Water pollution has been steadily and increasingly concerning authorities, notably the World Health Organization (WHO) and the European Committee, and the public as our industries continued to develop, and global warming impacted our environment. We continuously find an increasing number of emerging contaminants and harmful pollutants in the environment, particularly in water [START_REF] Sousa | A review on environmental monitoring of water organic pollutants identified by EU guidelines[END_REF]. These micropollutants include metal ions, biological toxins and pathogens, pharmaceuticals, cleaning products and cosmetics, pesticides and other chemical compounds. The list is ever-growing and constantly updated in accordance to WHO and EU guidelines. This phenomenon is particularly problematic as we lack knowledge on the persistence, toxicity and eventual metabolites formation for those substances, calling for the development and implementation of new, rapid, sensitive and cost-effective analytical methods for a continuous monitoring of both drinking and recreational waters. This problematic falls under the dual civil and military interest of the Agence Innovation Defense that financed part of this project, interested in novel, fast and portable methods for the detection of contaminants. They are particularly interested in harmful molecules and organisms for human consumption, such as toxins, chemicals and pathogens. Most of the conventional methods, while efficient and informative, are expensive and require trained personnel and sometimes heavy equipment. Adding to those limitations is a rather long time until response readout, making it harder for a continuous monitoring at specific sampling sites to be put in place. We will introduce in this section the current state-of-the-art of conventional methods and new biosensors, discussing the choices we made in the team to develop our own sensor in order to answer the limitations posed by traditional analytical methods.

a. Referential techniques in the laboratory

Water contaminants are usually classified by their nature, and we can separate them in three main families: organisms (bacteria, alga, virus), molecules from the industry (pesticides, drug residues, cleaning agents) and heavy metal ions such as lead and mercury.

With varying impacts on human health and environmental pollution, these substances need to be monitored continuously in varying water bodies, and we will focus on the last two categories. Two reference techniques are recommended by the European directives for the detection and quantification of those compounds, and their advantages and limitations described in the following paragraphs.

Gas and Liquid Chromatography coupled to Mass Spectrometry or GC-MS/LC-MS.

As a sensitive and powerful technique, GC-MS and LC-MS are invaluable analytical methods employed to probe water media. These analytical methods combine the molecule separation properties of chromatography with the mass analysis of mass spectrometry for a powerful molecule identification in a sample. Gas chromatography has been historically the analytical method of reference for the detection and analysis of volatile, thermally stable compounds. Liquid Chromatography is nowadays more broadly used as it is suited for polar and non-volatile molecules, as well as substances of higher molecular weight that are not compatible with GC. The derivatization of those molecules necessary for GC is thus avoided.

Generally, both methods allow us to reach the picomolar range in terms of sensitivity (down to pg/L), and the multiplex detection of several analytes in a single run. Two methodologies can be employed : target and non-target studies [START_REF] Padrón | Microextraction techniques coupled to liquid chromatography with mass spectrometry for the determination of organic micropollutants in environmental water samples[END_REF]. The first methodology is analyte-dependent, as previous knowledge of the target is required, making this technique more sensitive and selective, but at the cost of by-passing other contaminants in the sample.

A full-spectrum analysis of a sample is rendered possible by non-target methodology. One downside is that this method is less suited for wastewater analysis because of the complexity of its composition. The results can then be confronted to continuously updated databases for the determination of the molecule composition of samples. New metabolites or contaminants can be discerned by comparing structures of unknown molecules to identified substances in those libraries, an aspect specific to GC and LC-MS.

The technique benefits from continuous improvements to limit matrix interaction, lower the volumes needed, reach higher resolution and sensitivity. Sample preparation demands pretreatment and enrichment of the molecules of interest. To limit the number of steps necessary, and avoid the use of toxic organic solvents we find in common extraction methods Liquid Liquid and Solid Phase extraction), microextraction techniques have been developed [START_REF] Padrón | Microextraction techniques coupled to liquid chromatography with mass spectrometry for the determination of organic micropollutants in environmental water samples[END_REF] in which extraction phase is added in the form of droplets to maximize contact and analyte purification, lowering sample volumes needed. The environmental impact of these analytical chemistry techniques is therefore lowered, and sample loss limited by reducing the number of sample treatment steps.

Improvements of both chromatography and mass spectrometry techniques themselves have the most significant impact on the performances we can expect. Recently, it is the Ultra High Performance Liquid Chromatography, coupled to High Resolution Mass Spectroscopy (UHPLC-HRMS) that is the most impressive analytical equipment, for the accurate mass full-spectrum data analysis of water samples [START_REF] Kaufmann | Combining UHPLC and high-resolution MS: A viable approach for the analysis of complex samples? UHPLC Are We 10 Years Its Commer[END_REF]. The Profilomic society for example developed HRMS (Cotton et al., 2016) for the simultaneous detection of over 500 pesticide residues in multiple samples in half an hour, with a submicromolar sensitivity. They now propose the full analysis and quantification of contaminants in various waters (though the society changed its name). The process is automated, and able to perform a full analysis of wastewater, lake or river samples for pesticides and drugs.

A biannual review is published on the current trends of the analysis of emerging contaminants in water [START_REF] Richardson | Water Analysis: Emerging Contaminants and Current Issues[END_REF], displaying the rapidly and continuously evolving field of water analysis by chromatography and mass spectrometry. But however powerful and essential these techniques are, the instrumentation needed is still quite imposing and expensive. Sampling still demands a relative knowledge of the area and surrounding human activity, and highly trained personnel are requirements that prevent the simple access to the technique, making it incompatible to this day with simpler, faster and more accessible methods for water quality monitoring.

Enzyme-Linked ImmunoSorbent Assay or the ELISA.

Taking advantage of the well documented interaction between an antibody and an antigen, this assay has been extensively used in the sensing field. Several formats can be found, with additional capture antibodies, in sandwich or competition configurations (figure 9), functionalized with fluorophores or enzymes for different signal transducers. Many manufacturers have commercialized the test in kits. More portable than LC-MS and with similar sensitivity, usually reaching below the accepted maximum concentrations allowed by the European Committee, the assay is mainly used to fast screening on site before positive samples are sent for more extensive testing. Indeed, antibody cross-reactivity can cause non-reliable results and the analytical method is often coupled to mass spectrometry to differentiate compounds with similar structures, as is often the case with certain classes of organic contaminants.

Summing up the limitations of those two techniques, we find them to be costly, needing trained personnel and generally time-consuming. The heavy instrumentation, especially for LC-MS, adds the necessity to transport the samples to the laboratory. The continuous, in situ monitoring of water quality in remote places and underdeveloped countries is thus rendered impossible. Biosensors have been proposed as complementary or even alternative tools to those methods.

b. The advancing field of biosensors

The IUPAC definition of biosensors states that these devices can be classified according to the different components constituting them: the nature of the detection molecule employed, and the type of transducer used to amplify the signal (Bhalla et al., 2016) (figure 10). 11) (Thévenot et al., 2001). Our single-DNA biochip falls into the optical sensor family.

Table 11: The different types of electrochemicalsensors. (Thévenot et al., 2001) The different measurement types are associated with different electrodes and analytes.

Besides the components listed above, the rise of nanotechnologies and nanomaterials has greatly impacted recent sensor research.

The benefits of nanotechnologies.

In a general manner, miniaturization brings several benefits to the sensing field.

Portability is a feature demanded for environmental monitoring for one. The reduction of the size of the device can mean lowered costs, and more importantly for in situ monitoring portability of the device. Looking at the literature, the majority of biosensors include nanomaterials for the reasons mentioned, and with the aim to improve sensitivity and limit of detection (Willner and Vikesland, 2018). Nanomaterials provide huge advantages for various uses, imaging, biotechnological and sensor applications, owing to their improved chemical and physical properties. Metal nanoparticles, magnetic nanoparticles, carbon nanotubes and graphene are the principal nanomaterials combined with biosensors (table 12). In addition to their intrinsic properties, these materials increase the surface area to volume ratios, allowing the sensor to reach extremely low limits of detection (picomolar range or under), and can be functionalized to immobilize detection molecules [START_REF] Maduraiveeran | Nanomaterials based electrochemical sensor and biosensor platforms for environmental applications[END_REF]. Noble metal nanoparticles (mNPs), silver or gold, are the most popular [START_REF] Aldewachi | Gold nanoparticle-based colorimetric biosensors[END_REF]. They can be used directly in a colorimetric probe as they display a visible color change upon aggregation (Li and Rothberg, 2004) a feature transposable into an easy-to-use sensor. A common assay format is to combine them with nucleic acid-based detection molecules (aptamers), which charges lead them to interact non-specifically with the mNPs and keep them in a colloidal state, until the specific detection of the target induces the release of the biorecognition molecules and subsequent particle aggregation (figure 13). Due to their unique Localized Surface Plasmon Resonance (LSPR) properties, coupling them to Surface Enhanced Raman Spectroscopy (SERS) increases the typical Raman scattering signal intensity by a 10 14 fold, showing how the simple addition of nanomaterials greatly impacts the sensitivity of detection and allows to reach the single-molecule level (Wei et al., 2015).

Other examples of highly used nanomaterials are carbon nanotubes and sheets (graphene). Besides the higher surface available for immobilization they offer, they display high conductivity used in nanoelectrodes [START_REF] Kumar | Graphene, carbon nanotubes, zinc oxide and gold as elite nanomaterials for fabrication of biosensors for healthcare[END_REF][START_REF] Yang | Carbon Nanomaterials in Biosensors: Should You Use Nanotubes or Graphene?[END_REF] and fluorescence quenching [START_REF] Baptista | Recent developments in carbon nanomaterial sensors[END_REF] that explain their attractive uses in biosensors.

Further treatment of graphene, such as oxidation, is often used to improve its conductivity and add functional groups on its surface. Choosing the biorecognition element.

For some molecules or living organisms, the choice is limited and driven by the existent and efficient detection molecules. Three main families of biorecognition molecules are described in the literature: enzymes, antibodies and nucleic-acid based molecules.

An important recognition element, historically the first to be used for the conception of a biosensor, is the enzyme. The initial and first ever commercialized sensor is the glucose meter introduced by Clark and Lyons [START_REF] Lyons | ELECTRODE SYSTEMS FOR CONTINUOUS MONITORING IN CARDIOVASCULAR SURGERY[END_REF]. The test takes advantage of the oxydo-reduction reaction catalyzed by the glucose oxidase enzyme, in an amperometric device sensing the electrons exchanged. Since the first version many generations of glucose sensors were developed in compact, easy-to-use and cheap devices [START_REF] Yoo | Glucose biosensors: an overview of use in clinical practice[END_REF].

In the case of environmental pollutants, a majority of enzymatic-based sensors use the acetylcholine esterase (AchE) enzyme in electrochemical assays for the detection of pesticides [START_REF] Justino | Recent Progress in Biosensors for Environmental Monitoring: A Review[END_REF]. Given the chemical nature of these molecules, molecular cloning can be employed to easily modify the enzymes in order to immobilize or functionalize them. They are cost-effective and offer fast results, explaining their broad use in diagnostics, the food industry and environmental applications. The major drawback of their use however is the need for a specific buffer to maintain the enzymatic activity, not necessarily compatible with real water samples.

The second prominent category of biorecognition molecule is the antibody. Antibodies have prevailed for decades and the success of immunoassays in analytical experiments and clinical diagnostics is unquestionable. Their popularity explains why to this day, despite the drawbacks for their applications in environmental pollution monitoring, they are still chosen for the conception of new biosensors. Antibodies are classes of glycoproteins, driven against an antigen resulting from a defense mechanism of the immune system. They specifically bind to their target with high affinity (the affinity constants reaching the nM and pM range), leading to the formation of antibody-antigen complex stabilized by a variety of bonds and forces through the Fab (fragment antigen binding) region called the epitope. The ability to use a secondary antibody has greatly extended the field, allowing the amplification of signals, the functionalization and versatility of the response readout, as well as the strengthening of the specificity of interaction. The ELISA is the perfect example of a successful, ubiquitous and broadly used assay in many different fields of research, that inspired the configuration of immunosensors.

Antibodies do present a few limitations. A general problem lies in their immobilization, something often needed in biosensors that guides researches towards the necessity to control the position and direction of this step, in order to preserve the integrity of the epitope and avoid steric hindrance. Due to their chemical nature, they often are only stable and their function maintained in specific conditions such as buffers and temperature, making it complicated to use in real-life environmental samples. Additionally, their size makes it difficult for the development of antibodies against small molecules, when nanosized compounds and small ions are listed as frequent contaminants in water. The last major problem posed is that an analyte of interest needs to be immunogenic in order to develop an antibody against it, which is not necessarily the case for chemical pollutants found in water as opposed to microorganisms.

Figure 14: From Hybrigenics, schemes of the main classes of antibody-derived molecules with corresponding molar masses (kilodalton).

Many variants of antibodies have been engineered along the way to overcome some of those limitations, notably the single chain Fv fragments (scFv) and fragment antigen binding units (fab), as well as nanobodies (Crivianu-Gaita, 2016) (figure 14). The scFv is obtained by molecular cloning. The heavy and light variable fragments of the corresponding antibody are held together by a covalent bond induced by an amino acid linker. Due to their engineering process, we can modify the scFv to functionalize it directly with fluorophores for example, and alter the linker flexibility or solubility. Multimerization of scFv is also possible. The high customizability of these recognition molecules is their main asset, and many sensors incorporating these elements have been developed. Nanobodies, or single-domain antibodies, are single monomeric variable domain originally engineered from camelids antibodies: the VHH fragments. Highly stable and soluble, they are also customizable, but much smaller than scFv or antibodies. Historically obtained from camelids, nanobodies can also be selected in vitro from synthetic phage display libraries [START_REF] Moutel | NaLi-H1: A universal synthetic library of humanized nanobodies providing highly functional antibodies and intrabodies[END_REF], diminishing the cost and time of development of the nanobodies and avoiding animal use.

Finally, we find DNA-based recognition elements, rapidly expanding and becoming more and more attractive for environmental monitoring [START_REF] Soukarié | DNA-based nanobiosensors for monitoring of water quality[END_REF]. Nucleic acid molecules are more stable and suited for various experimental or environmental conditions, making it easier to preserve the integrity of the detection molecule in real samples. They are additionally easily functionalized with a wide range of molecules, generally cost-effective and do not suffer from batch-to-batch problems of reproducibility as they are engineered in vitro.

All those key points, compared to other well-known recognition elements, are what drove us to choose to work with DNA-based recognition elements. Among those recognition elements, two main sub-categories exist: DNAzymes and aptamers. Both are single-stranded oligonucleotides selected in vitro, the former for its catalytic properties dependent on metallic ions co-factors (McGhee et al., 2017) and the latter able to selectively bind a target [START_REF] Rozenblum | Aptamers: current challenges and future prospects[END_REF].

DNAzymes were first reported in 1994 by Breaker and Joyce [START_REF] Breaker | A DNA enzyme that cleaves RNA[END_REF] who selected a DNA sequence able to cleave a RNA molecule in the presence of lead ions. This achievement has been the starting point for the development of new DNAzymes for RNA cleavage, DNA ligation, and other chemical reactions depending on an ionic co-factor for their function [START_REF] Morrison | DNAzymes: Selected for Applications[END_REF]. The interesting aspect of this technology is the absolute necessity for the DNAzyme to be in presence of its co-factor. This fact was taken advantage of for the detection of metallic ions in water, selecting oligonucleotides for the specific detection of ions such as lead, nitrate, mercury, cesium and other contaminants found in aqueous media. ANDalyze develop and commercialize fluorometric biosensors based on DNAzymes, portable and disposable. The RNA/DNA duplex is functionalized with a fluorophore and a quencher, and upon detection of lead, cadmium, copper, mercury, zinc, or uranium, the RNA cleavage leads to the release of the fluorescent probe. The sensitivity reached for each ion is in accordance with the maximum levels of ions tolerated by the WHO directives. Obviously, DNAzymes are powerful recognition molecules but remain limited to the detection of metal ions.

The second nucleic acid-based recognition element we cited is the aptamer.

Considered to be the analog of antibodies, the aptamer has been increasingly developed and used these past few years [START_REF] Marrazza | Aptamer Sensors[END_REF][START_REF] Zhang | ) #graphe plot(sandwich[,1],sandwich[,2],type="l", panel.first=grid(), xlab="Aeq(nm)", ylab="events[END_REF]. The molecule is thermally and chemically stable, versatile, can be virtually selected to detect any type of ligand, and the conception of aptasensors has grown exponentially as the process to select the oligonucleotides has improved and the cost of production lowered. Aptamers are the most promising recognition elements for water quality monitoring applications and will be discussed more in depth.

c. Aptamers and aptamer-based sensors

Aptamers are selected in vitro by a process called Systematic Evolution of Ligands by Exponential enrichment or SELEX (figure 15). First introduced in 1990 by two research groups, Tuerk and Gold (Tuerk and Gold, 1990) and Ellington and Szostak (Ellington and Szostak, 1990), the process relies on repetitive cycles putting in contact a randomized DNA or RNA library with an analyte of interest. By increasing the stringency each round and getting rid of unbound sequences only a few candidates are left, presenting the highest affinity and specificity. These candidates are then amplified by PCR for further studies or modifications, generally to detect a core sequence present in all candidates that is suspected to be the binding site of the putative aptamer to the target. A random library of DNA or RNA oligonucleotides is mixed with the target of interest generally bound to a surface. Unbound molecules are washed, and the bound oligo eluted and purified before going another round. The final selected molecules are amplified by (RT-)PCR and cloned for further analysis. [START_REF] Stoltenburg | SELEX--a (r)evolutionary method to generate high-affinity nucleic acid ligands[END_REF] Since then, SELEX has been extensively improved and adapted to different applications. Contrary to antibodies, aptamers can be virtually selected against any type of ligand, even toxic and non-immunogenic molecules, and targets ranging from small molecules (capture SELEX) to whole cells (cell-SELEX) [START_REF] Darmostuk | Current approaches in SELEX: An update to aptamer selection technology[END_REF][START_REF] Pfeiffer | Selection and Biosensor Application of Aptamers for Small Molecules[END_REF].

Moreover, this in vitro selection leads to a lower cost of production of the agents compared to antibodies. The aptamers are usually between 20 and 100 nucleotides in size, extremely small compared to antibodies, and their intrinsic nature makes them easy to functionalize in order to immobilize them, or mark them with fluorophores or other detectable molecules.

Progress in chemistry has also allowed the birth of nucleotide analogs, adding more flexibility, stability and versatility to the molecules. Chemical modifications are also chosen to increase aptamer binding efficiency and affinity [START_REF] Odeh | Aptamers Chemistry: Chemical Modifications and Conjugation Strategies[END_REF]) [START_REF] Röthlisberger | Aptamer chemistry[END_REF]) [START_REF] Kalra | Simple Methods and Rational Design for Enhancing Aptamer Sensitivity and Specificity[END_REF].

The numerous advantages of aptamers (table 16) explain why they have become more sought after for new biosensors, called aptasensors. For water applications in particular, their stability in a broader range of temperatures and sample composition (ionic strength, pH) explains why they should be prioritized over protein-based recognition molecules such as antibodies. Adaptable to any type of transducer, we can find optical and electrochemical aptasensors for the detection of metallic ions, toxins, pesticides, pharmaceuticals or even pathogens. Adapted from [START_REF] Odeh | Aptamers Chemistry: Chemical Modifications and Conjugation Strategies[END_REF] The thrombin aptamers

Aptamers Antibodies

Synthesis

It is difficult to speak about aptamers and not discuss the thrombin example.

Historically, the first DNA aptamer selected was a 15 mer long oligonucleotide directed against human thrombin, called the Thrombin Binding Aptamer (TBA), also known as HD1 or more simply T15 (referring to its length) [START_REF] Bock | Selection of singlestranded DNA molecules that bind and inhibit human thrombin[END_REF], with the sequence 5'-GGTTGGTGTGGTTGG-3'. The oligonucleotide was shown to bind the protein that did not previously present acid nucleic binding properties, and prevent fibrin-clot formation, a process catalyzed by thrombin. Since its isolation, this aptamer has been thoroughly studied and used for the implementation of novel aptamer-based assays.

A few years later, another team selected another aptamer against the same protein, the HD22 or T29 aptamer [START_REF] Tasset | Oligonucleotide inhibitors of human thrombin that bind distinct epitopes[END_REF], with a longer sequence 5ʹ-AGTCCGTGGTAGGGCAGGTTGGGGTGACT -3ʹ. This recognition molecule does not present the ability to modulate fibrinogen activity and clot-formation like the T15 aptamer, but has been extensively studied alongside the T15 aptamer.

Both aptamers present a stable G-quartet tertiary structure, with an additional small duplex for T29, and are considered to be the golden standard for the development of new aptamer-based assays and sensing strategies. Articles on these two aptamers alone represent 10% of all research published on aptamers (NCBI database). They are often used as a couple to exploit their combined affinities [START_REF] Deng | Aptamer binding assays for proteins: the thrombin example--a review[END_REF]. They are especially interesting for sandwich-like applications as each aptamer recognizes and binds to a different region of the target, each on an opposite side of the protein (figure 17). [START_REF] Pica | Through-bond effects in the ternary complexes of thrombin sandwiched by two DNA aptamers[END_REF].

The surface representation of thrombin is shown at the center, bound by its two aptamers (T15 in yellow and T29 in orange) in cartoon representation, on opposite regions of the protein with different affinities from [START_REF] Tasset | Oligonucleotide inhibitors of human thrombin that bind distinct epitopes[END_REF]. A scheme of their three-dimensional folding is shown on the far left and far right of the figure, displaying their intramolecular G-quadruplex based folding.

T29 is known to bind the exosite II (heparin binding site) of thrombin, with a high affinity of 0.5 nM, whilst T15 preferentially binds to exosite I (the fibrinogen-binding site) with a lower affinity of 100 nM [START_REF] Tasset | Oligonucleotide inhibitors of human thrombin that bind distinct epitopes[END_REF]. It should be noted however that T15 can also interact with the exosite II through its TGT loop, as the structure of the thrombin-T15 complex unraveled by crystallography and NMR show [START_REF] Padmanabhan | An Ambiguous Structure of a DNA 15-mer Thrombin Complex[END_REF][START_REF] Pica | Through-bond effects in the ternary complexes of thrombin sandwiched by two DNA aptamers[END_REF]. The higher affinity of T29 for thrombin can be explained by the presence of positive charges at exosite II, stabilizing the aptamer-thrombin complex with hydrophobic interactions [START_REF] Trapaidze | Binding modes of thrombin binding aptamers investigated by simulations and experiments[END_REF]. Truncating the stem does seem to impair the aptamer stability but also affinity, as shown by circular dichroism and fluorescence assays [START_REF] Marson | Folding versus charge: understanding selective target recognition by the thrombin aptamers[END_REF], alluding to its role in thrombin binding. This could also explain why T29 is more selective for thrombin than T15. These affinities were obtained by nitrocellulose filter binding, in 50mM Tris-HCl, pH 7.5, 100mM NaCl, 1mM MgCl2 buffer. Since then, other studies have reported affinities varying from 20 to 450 nM for T15, and 0.5 to 255 nM for T29 [START_REF] Mears | Experimental and mathematical evidence that thrombin-binding aptamers form a 1 aptamer:2 protein complex[END_REF]. Those orders of magnitude could be explained by the use of different instrumental methods and buffers, though the higher affinity of T29 is the general consensus.

These two aptamers were the obvious choice for the proof-of-concept of the successful combination of aptamers and our biochip.

Aptamer-sensing strategies

We can distinguish three main strategies for the development of new aptasensing methods: target induced conformational change, the sandwich and split aptamer and finally duplexed aptamer. Sensors relying on the inherent conformational modification of the nucleic-acid molecules upon target recognition and binding are the most common form we find the literature. The second category mentioned, the split aptamers, were designed in the recent years as a way to adapt sandwich assays to small molecular targets, for which two aptamers have not been developed. Finally, the duplexed aptamer, was developed to overcome the limitations of simple conformational selection and adapt competitive assays to aptamers.

The conformational modification strategy is based on the hypothetical mechanism of recognition of a target by the aptamer in which the aptamer undergoes a structural modification specific to target binding. This assay format takes advantages of the thermodynamics and the necessary three-dimensional folding of the aptamer for ligand binding. The simplicity of the principle explains why it is the most famous strategy employed, adoptable to virtually any assay and compatible with a broad range of nanomaterials and transducers [START_REF] Deng | Aptamer binding assays for proteins: the thrombin example--a review[END_REF] (figure 18).

Figure 18: Target-induced conformational change assays. The aptamer can be functionalized with reporter molecules (fluorophores for FRET), or nanomaterials such as carbon nanotubes for optical sensors. Adapted from [START_REF] Trapaidze | Binding modes of thrombin binding aptamers investigated by simulations and experiments[END_REF].

In a strategy resembling the ELISA test, the sandwich assay relies on the dual recognition of a target by two aptamers on two distinct binding sites, one acting as a capture probe, the other as reporter molecule. So far, to the best of our knowledge, only thrombin aptamers present the necessary qualifications to develop such an assay. Combining the affinities of the two aptamers not only increases the specificity and sensitivity of the assay, but also the selectivity of the thrombin recognition. Ocaña et al.; implemented an impedimetric thrombin sensor with three different amplification strategies, using silver, gold and an insoluble product to reach the femtomolar range of thrombin detection [START_REF] Ocaña | Three different signal amplification strategies for the impedimetric sandwich detection of thrombin[END_REF]. The biotinylated T15 aptamer was simply immobilized on avidin-modified electrodes, and formed a sandwich with thrombin and the free T29 aptamer linked to god or silver nanoparticles, or an HRP reporter enzyme. While their sensing assay showed high selectivity against heparin and other interfering proteins, they did not discuss detection in real life samples. Recently, an ultrasensitive electrochemical sensor was developed in the same general configuration as the study described above, but with ruthenium ions for signal conversion [START_REF] Chen | Gold nanoparticle-engineered electrochemical aptamer biosensor for ultrasensitive detection of thrombin[END_REF]. The positively charged ions can be adsorbed on the aptamers and amplify the signal, allowing the detection of thrombin to reach sub-femtomolar concentrations and a linear range between 1 fM to 6 pM, much lower than thrombin ELISA kits. The assay was also successful for the detection of thrombin in serum samples.

Evidently many more sensing assays have been proposed based on the thrombin sandwich, coupled to different transducers and nanomaterials, but remains so far restricted to the detection of the anticoagulant protein. It should be noted however that as a rising alternative to the sandwich, spilt aptamers have been designed. A single aptamer is divided into two (or even three) fragments, able to reform the native aptamer upon target binding [START_REF] Stojanovic | Fluorescent Sensors Based on Aptamer Self-Assembly[END_REF]. This assay was developed to increase the sensitivity and specificity of small molecule recognition, adapt sandwich assays to aptamers other than thrombin and limit the false positive signals in conformational selection assays. So far split aptamers have been designed for six targets : ATP, cocaine, theophylline, estradiol, thrombin and vasopressin [START_REF] Chen | Split aptamers and their applications in sandwich aptasensors[END_REF] One of the major limits of this strategy, perhaps explaining why so few split aptamers exist, is that in order to divide the aptamer into fragments, its three-dimensional structure and the nucleobases involved in the binding site have to be well-identified [START_REF] Debiais | Splitting aptamers and nucleic acid enzymes for the development of advanced biosensors[END_REF]. Another problem that can be encountered is a decreased affinity of the split aptamer for the target, in which case signal amplification is employed to counterbalance this phenomenon. ; used a cationic polymer (PFEP) as a competitor, able to interact with the negatively charged nucleic acids and induce a FRET signal with a fluorophore-modified fragment of the aptamer [START_REF] Liu | Target-Induced Conjunction of Split Aptamer Fragments and Assembly with a Water-Soluble Conjugated Polymer for Improved Protein Detection[END_REF]. Upon addition and binding of thrombin, they observe the aptamer self-assembly and loss of FRET signal as the polymer is displaced. They obtained a sensitivity of 2 nM in this rapid and low-cost sensing assay. Recently, another group of researchers used the same aptamer to develop an electrochemical sensor, using gold nanoparticles and the rolling cycle amplification process to improve the sensitivity, reaching a limit of detection of 35 fM only. They also demonstrate that their sensor was as efficient as ELISA kits in real life samples [START_REF] Fan | Rolling circle amplification triggered poly adenine-gold nanoparticles production for label-free electrochemical detection of thrombin[END_REF].

In the final assay configuration, the duplex, the aptamer is partially hybridized to a complementary sequence acting as a competitor for the binding of the target. This competitive assay is more universal than the sandwich as it can be implemented for any existing or future aptamer. The sensing assays can be based on fluorescence (a, b, c, d,g), electrochemistry (e, also the sensors developed by (Xiao et al., 2005a)), colorimetry (h) and finally SPR (f). All assays and the figure can be found in [START_REF] Munzar | Duplexed aptamers: history, design, theory, and application to biosensing[END_REF], with their own configuration at the center of the figure.

Compatible with many signal readouts or strategies, as shown by figure, the assay has gained a lot of popularity over the last years. Supposedly, no previous knowledge of the tertiary structure of the aptamer is necessary, only one recognition molecule is necessary, the assay can be declined for any type of molecule or organism, and using another nucleic acid molecule as a competitor enhances specificity compared to conformational selection-based sensors. Historically, this field followed the development of molecular beacons and signaling aptamers, directly functionalizing an aptameric sequence with a fluorescent molecule. The duplexed aptamer assay relies on the structure-switch of an aptamer upon ligand recognition and binding. The first study to develop an assay based on this principle used the thrombin aptamer in a new class of recognition molecules called molecular beacons [START_REF] Hamaguchi | Aptamer beacons for the direct detection of proteins[END_REF]. After that, browsing the literature shows the prolific development of successful aptasensing methods for a wide variety of ligands using those structure-switching aptamers [START_REF] Munzar | Duplexed aptamers: history, design, theory, and application to biosensing[END_REF][START_REF] Nutiu | Structure-switching signaling aptamers[END_REF]. The SELEX process was even adapted for the direct selection of duplexed aptamers [START_REF] Nutiu | In Vitro Selection of Structure-Switching Signaling Aptamers[END_REF], where complementary sequences were immobilized and used to pull-down the aptamer candidates, before target elution.

While thrombin is not of interest for water quality monitoring, it remains the go-to aptamer-ligand system for the proof-of-concept of novel assays and aptasensing methods.

The principle set up should be transposable to any other aptamer, minding potential steric hindrance for the detection of whole cells, and gives a good idea of the important characteristics of a new test, in terms of specificity, sensitivity and selectivity, as well as a first comparison to existing ELISA tests performances.

Sensing assays examples for the detection of targets of interest

Displaying their versatility, aptamers selected against contaminants such as toxins, pesticides [START_REF] Phopin | Pesticide Aptasensors-State of the Art and Perspectives[END_REF], pharmaceuticals [START_REF] Strehlitz | Aptamers for pharmaceuticals and their application in environmental analytics[END_REF], and pathogens (Hong and Sooter, 2015;[START_REF] Torres-Chavolla | Aptasensors for detection of microbial and viral pathogens[END_REF]) can be found in the literature. Since their end goal is to detect and quantify micropollutants and organisms in environmental conditions, most of those aptamers have been selected and adapted to sensing platforms, often tested in aqueous media on one-go.

One class of contaminants monitored in water for human and animal health are cyanotoxins, produced by cyanobacteria, including potent neurotoxins, endotoxins, cytotoxins and hepatotoxins [START_REF] Metcalf | Chapter 6 -Cyanobacteria and Their Toxins[END_REF]. Some ELISA kits have been commercialized for a few toxins, but present limitations in specificity and cross-reactivity. They are also a perfect example of toxic molecules that render antibody development complicated, and due to global warming and algal blooms emerging toxins are being found in freshwaters which means no recognition molecules are yet selected against those new contaminants. In that case, aptamer selection is often less time-consuming than antibodies and can allow the rapid response to those new contaminants, best suited for these harmful molecules.

Microcystins are cyclic heptapeptides produced by blue-green algae that are hepatotoxic and can accumulate in waterborne organisms. Hundreds of variants have been identified so far, with microcystin-LR the most prevalent and the most toxic. Conforming to the World Health Organization, with which the European guidelines are in accordance, the toxin level should not surpass 1 μg/L in drinking water. Several aptamers have been selected

against microcystin-LR and used in sensing platforms. One sequence, with a dissociation constant of 50 nM, was selected and subsequently used in a label-free voltammetric sensor by the same group [START_REF] Eissa | Label-free voltammetric aptasensor for the sensitive detection of microcystin-LR using graphene-modified electrodes[END_REF].

Figure 21: Scheme of microcystin-LR (MC-LR) aptasensor developed by [START_REF] Eissa | Label-free voltammetric aptasensor for the sensitive detection of microcystin-LR using graphene-modified electrodes[END_REF].

The aptamer is adsorbed on a graphene electrode, and the resulting square wave voltammetric response (SWV) is target-dependent.

The aptamers were assembled on graphene-modified electrodes (figure 21), and target binding induced a peak in the current measured in a dose-dependent manner. They reached a limit of detection of 1.9 ng/L, with high selectivity of the aptamer against similar toxins in structure (microcystin LA and YR), and tested in spiked tap water.

Using the same aptamer combined with nanoparticles, Li et al [START_REF] Li | A simple highly sensitive and selective aptamer-based colorimetric sensor for environmental toxins microcystin-LR in water samples[END_REF] developed a simple colorimetric aptasensor. In a typical assay using the conformation switch of aptamers, they simply let the molecules cover gold nanoparticles (AuNPs) in high salt concentrations. The addition of microcystin-LR led to their three-dimensional structuration and release from the AuNPs that consequently aggregate, leading to a shift in colors of the solution. The limit of detection is not as low as the one obtained by Eissa et al, around 0.4 nM (around 0.4 μg/L), but still well below the accepted amount according to water quality guidelines. Moreover, the sensor was still highly selective and simpler to implement and use for a broader public, as well as less costly, and tested in tap and pond water. It is interesting to compare those two studies, showing how starting from the same aptamer we can build different sensors with transducers and nanomaterials that can greatly impact its performance.

We observe a 200 fold between the limits of detection in favor of the electrochemical sensor, but the optical aptasensor developed by Li et al provides a wider linear range of detection, up to 7500 nM as opposed to 1000 nM for Eissa et al. Several other studies were published using this same aptamer in different sensor designs (Bostan et al., 2018), or other aptamers were selected but with higher affinity constants and able to bind other microcystins with similar structure.

We could go on for a long time discovering aptasensors, even restrained to the detection of waterborne toxins. Comparing all those studies displays the versatility of the use of aptamers in the conception of new biosensors, modified and combined to nanomaterials and reporter molecules to suit the transducing mode and strategy of detection employed, whether it relies in direct conformational change or indirect competition with a complementary oligonucleotide. This wide potential of assay designs, in addition to the benefits of aptamers over other biorecognition molecules, is what led us to choose these ligands for the proof-of-concept of our biosensor.

Strategy and outline of the thesis project

The global aim of this project is to develop a biosensor based on our single-DNA biochip, for the detection and quantification of contaminants in water. We have shown that the High Throughput Tethered Particle Motion developed in the team presents a broad range of applications, with a precision allowing small and subtle events to be detected. The signal readout based on the motion amplitude of particles is recorded and analyzed via videomicroscopy and image analysis, making the chip fall under the optical sensor category.

This aspect of our device is not trivial, as miniaturization for the conception of a portable sensor is feasible. Indeed, taking advantage of the high performances of smartphones, researches have been replacing optical microscope with them [START_REF] Geng | Recent Progress in Optical Biosensors Based on Smartphone Platforms[END_REF] showing that is would be possible for us to use our phones as video-microscope, record the particles motion in a sample and directly analyze thanks to an application on site. The component missing is the biorecognition molecule. We have argued in this chapter that nucleic-acid molecules called aptamers are the most promising candidates for the development of novel sensing platforms for environmental monitoring, as their physical and chemical properties are the most suited for the detection of a wide range of contaminants in aqueous media.

We initially found inspiration in the ELISA test, thinking of two assay designs for the combination of aptamers and the single DNA biochip. Setting the ELISA test as a reference allowed us to compare the performances of our aptasensing platform, even at the proof-ofconcept stage. How much time is needed until we can specifically detect a target, can we quantify it and over what range of concentration, and finally can we hope to reach or even surpass the limit of detection of commercialized ELISA kits? The final goal is of course to reach limits of detection and linear range of response corresponding to the maximal concentrations of contaminants accepted by the WHO or EU directives.

This study was at the very first steps of the project, with the idea, after obtaining a proof-of-concept of the combination of aptamers to the chip, that we could test the specific detection of toxins of interest and extend towards the detection of pathogens. We thus thought it best to explore the biochip functionalization with known, well-studied aptamers that are the golden-standard thrombin aptamers T15 and T29, in a sandwich and a competitive assay.

In the first assay, we want to take advantage of the dual recognition of thrombin by both aptamers to combine their affinities (figure 22). In order to observe a significant modification of motion amplitude after ligand recognition, we needed to place the aptamers far enough from each other such as the formation of a loop could be detected. Immobilizing one of the aptamers in a single copy directly on the middle of the DNA tether, and the other on the particles allows the motion amplitude to vary from 235 for a 2 kb long tether to about 165 nm if we refer to the calibration curve. Moreover, grafting one of the aptamers on the particles allows us to modulate its density and therefore promote target capture and potentially lower the limit of detection. The two aptamers are grafted on either the DNA tether in a single copy or the particle in the initial state, with a motion amplitude of 235 nm. Upon thrombin binding by both aptamers, the tether forms a loop and we should observe a decrease of 70 nm.

We also wanted to explore another assay design, based on a competition, to adapt the test to a broader range of targets for which no couple of distinctive aptamers have been selected yet. In this assay, we decided to implement the duplexed aptamer strategy on the biochip (figure 23). More universal, the addition of a competitor, the partially complementary oligonucleotide, should induce an observable binding of the target. From an initial looped state where the partially complementary sequence is grafted on the particles and hybridized with the aptamer on the tether, addition of thrombin should displace the equilibrium and dehybridize the duplex, freeing the particle. We expect to observe the same variation of motion amplitude of about 70 nm as both partners are immobilized at the same sites as in the sandwich assay. In both configurations, molecules are to be grafted on the nanoparticles and on the DNA tether. For the first category, a simple biotin-neutravidin link is formed and the only parameters to adjust are the grafting density of the molecules, whether it is that of the aptamer or the complementary oligonucleotide, and the spacing of those molecules as to avoid steric hindrance and non-specific interaction with the surface of the particles. In the case of the aptamer grafted on the tether, we needed to set up a protocol for the site-specific, single copy grafting on a double-stranded DNA molecule. Since this aptamer is present in a single-copy, we thought it best to the aptamer with the highest affinity according to the original publication of Tasset et al.;: the T29 aptamer.

Those aspects will be discussed in the Molecular Tools chapter, corresponding to the first months of my thesis and consisting of the biochip set-up and functionalization with the aptamers. Following this section, we will present the results obtained for both the sandwich and the competitive assay for the detection of thrombin, before drawing a general conclusion and perspectives for the future of this work. Before diving into those results however, a section on the single-DNA biochip and ow to assemble it and interpret the data collected is necessary to understand the inner working of the heart of this project. 

COMPETITIVE ASSAY

HIGH-THROUGHPUT TETHERED PARTICLE MOTION EXPERIMENTS

The high-throughput tethered particle motion on a chip is the central tool of this thesis.

While the addition of the aptamers led to adaptation from the original protocol, described in the Molecular Tools chapter, you can find here the core experimental setup. This chapter should be considered as a reference for the assembly of the biochip, the functionalization of the DNA/particle complex by aptamers to develop a biosensor, and the data acquisitions and analysis for the entire thesis.

Assembly of the fluidic chamber for TPM experiments

The general protocol follows the methods described in (Plénat et al., 2012). With a view of the final use of our biochip as a biosensor for water contaminants however, a few adjustments were made, and two main points were modified to fit the strategy and purpose of this project: the geometry and number of channels per biochip, and the configuration of the tethered particle functionalization. biotin, allow its anchoring to the neutravidin-coated glass slide. We changed this configuration (figure 24), choosing to switch the neutravidin and anti-digoxygenin locations.

Functionalizing the particles with neutravidin offers a broader range of molecules we can subsequently bind to our system, as biotinylation is a widely proposed functionalization.

This way, grafting the nanoparticles with oligonucleotides, aptamers, or even other detection molecules is not a limiting factor, and preserves the versatility of our tool as a sensor.

Moreover, this functionalization only relies on the neutravidin-biotin binding, extremely stable (dissociation constant of 10 -15 M) in various buffer and environmental conditions.

Secondly, we chose to work with three channels per chamber, as it allows us to obtain a triplicate of a condition with a single biochip, or test three different conditions or targets including negative control during the experiments, in a time-sensitive manner. The geometry of the channel was modified to maintain the volume of 10 µL like in the previous geometry.

More channels could be added in the future to increase the number of conditions observable with one biochip.

This shows that our biochip can be further tinkered with to answer the specific need of its user, in easy, cheap ways and accessible to non-specialized personnel in the future.

Nanoparticles functionalization.

Polystyrene microspheres with a diameter of 300 +/-30 nm (F1-XCO30, Merck Estapor) functionalized with carboxyl groups are used. In order to coat the nanoparticles with neutravidin, we use a carboxyl-amine crosslinking reagent. The protocol follows the next steps:

-50 µL (0.5 mg) are washed in 100 µL of an activation buffer (AB1X, Ademtech) by successive centrifugations (4 x 9 min at 10000 g) -The particles are suspended with 40 µL of N-(3-dimethylaminopropyl)-N'ethylcarbodiimide (EDAC crosslinker, Sigma-Aldrich) at 4 mg/mL and incubated at 37°C, for ten minutes.

-Neutravidin (75 µL at 0.2 mg/mL in PBS, pH 7.4) is then added to the mixture, for 2h at 37°C.

-300 µL of 0.5 mg/mL BSA (protease-free, Sigma-Aldrich) diluted in the activation buffer are added and mixed slowly for 30 min at 37°C.

-The particles are then washed in 100 µL of storage buffer (SB1X, Ademtech) by successive centrifugations (3 x 8 min at 10000 g) and finally suspended with 112 µL of storage buffer, giving a final concentration of 500 pM.

-A sonication step on ice, is necessary to dissolve the aggregates formed: 4 pulses of 5s, with 15s long pauses, power at 50 and tune at 25 (VibraCell, Bioblock Scientific).

The particles are then stored at 4°C and remain stable for about two months, though vigorous pipetting is recommended before each sample preparation to break-off aggregates.

Synthesis and purification of the DNA tether. This step aims at synthetizing the DNA tether with its functionalized ends and potentially in its middle, developed by Dr. Philippe Rousseau (LMGM laboratory, Toulouse) and Maia Salhi. The DNA template is 2 kb long. This DNA is obtained and functionalized by PCR on the pTOC15 plasmid (figure 25), kindly provided by Dr. Rousseau, using the 21 bases 5'digoxygenin modified forward primer, and the 21 bases 5'biotin modified reverse primer (Eurofins) (protocol in annex).

Three nickase enzyme sites were also placed in its middle, in order to functionalize the DNA at a controlled site. They set up a protocol where a small single stranded oligonucleotide, complementary to a region at the middle of the DNA tether, would be internally modified to In the original protocol, the PCR product was purified on agarose gel to eliminate contaminant sequences and the polymerase. However, the electrophoretic migration in agarose and the heating step needed to dissolve the polymer lead to some DNA degradation (single-strand breaks, bubbles or gaps due to imperfect rehybridization) visible on the biochip, as the technique is sensitive to the integrity of the DNA preparation. We believe that DNA degradation, even partial, leads to a bent in the DNA, shortening its apparent length and thus decreasing the amplitude of motion of the nanoparticles. Cleanup kits involve fewer and simpler steps and allowed us to preserve the DNA sample. The PCR protocol was thus simply optimized increase the stringency of the PCR by increasing the temperature of the annealing step in order to enrich the specific PCR product (our 2 kb tether) and eliminate non-specific amplification. We used the NEB PCR Cleanup kit (MonarchÒ PCR&DNA cleanup kit 5 µg), and eluted the DNA in 30 µL of deionized water. The final concentration was estimated by absorption at 260 nm on a spectrophotometer (ThermoScientific NanoDropä 2000/2000c).

The ingenious biomolecular engineering enables the controlled functionalization of the DNA used as a tether on the biochip, right in the middle of the sequence as to limit potential non-specific interactions, steric hindrance and background noise with the surface. Having this site at a distance from the nanoparticles is also important in order to maximize the decrease in the amplitude of motion consecutive to the DNA looping (assay configurations principles in the introduction figures 22 and 23). The expected amplitude of motion in this configuration is of 165 nm (see updated calibration curve in figure 28C).

Patterning anchoring sites thanks to microcontact printing. Based on soft lithography, this technique was used by the team (Plénat et al., 2012) to create a pattern of anchoring sites for the DNA tethers on microscope glass slides. The slides are cleaned beforehand according to the following protocol.

-microscope glass slides are moped with Kimtech wipes soaked in ethanol -sonication step in absolute ethanol bath -the slides are dried at 110°C in an oven for at least 15 min.

The pattern of anchoring sites is created using silicon masters with submicrometric inverted patterns (squares of 800 nm in length, pitch: 3 µm, depth of features: 1 µm), fabricated by AMO (Germany). Polydimethylsiloxane (PDMS) stamps are obtained by casting the PDMS Sylgard 184 prepared in 10/1 prepolymer/curing agent ratio on the silicon masters, and left overnight at 65°C. The stamps are removed from the masters and inked with anchoring molecules and stamped as follows:

-the PDMS is cut in three small pieces (~ 5x2 mm) -10 µL of antidigoxygenin antibody at 100 µg/mL (in PBS, pH 7.4) are added on each of the PDMS stripes for 10 min at room temperature -the PDMS pieces are rinsed with deionized water and dried under a nitrogen flow.

-the inked PDMS is finally put in conformal contact with the microscope slide for 2 min.

A single PDMS stamp can be reprinted once or twice without inking it again, allowing us to cover most of the channel surface.

The protocol is imaged in figure 16, the pictures taken at the lab. The Silicon master (upper left) is casted with PDMS (1). The resulting stamp is removed and cut into pieces (2). The PDMS pieces are inked with the anchoring molecule ( 3) before we put them in conformation contact with a microscope slide (4). The chamber is then assembled by adding the pierced glass slide, stuck together by a silicon adhesive joint (5). Finally, we can incubate the channels with buffer ( 6) by gently pumping the liquid with a tissue. The pierced glass slides are cleaned beforehand following the same protocol described for the microscope slides that serve as support.

After assembly of the flow cell a passivation step is necessary:

-the channel is flushed with 30 channel volumes (300 µL) of a passivation buffer (Buffer A; blocking agents BSA at 0.1 mg/mL and Pluronic-F127 at 1 mg/mL, from Sigma-Aldrich, in 0.2 µm filtered PBS; see annex for all buffers compositions), -the buffer is left in the channel for incubation for 30 min at room temperature, -the channels are flushed again with 300 µL each of this buffer before addition of the DNA-particle complexes, prepared in the meantime.

These washing steps are done by injecting the solutions with a micropipette directly into the holes of the channel of the upper glass slide, the buffer coming out of the other hole is gently pumped with Kimtech wipes.

Formation of the DNA-particles complexes and particle grafting. The formation of the DNAparticles complexes is performed before grafting other molecules on the nanoparticles. The neutravidin-coated particles are incubated with the aptamer-grafted DNA tether molecules (detailed in the Molecular Tools chapter) at 50 pM each in the passivation buffer, for 20 minutes at 37°C. In order to functionalize the particles with either an aptamer or an oligonucleotide, the molecule is added to the previous mixture at a determined molecule to particle ratio, and the reaction left 20 more minutes at 37°C. It should be noted that the final volume has to be greater than at least twice the volume of a channel (usually 20 µL are enough), to fill the anchor spots all along the channel previously incubated in passivation buffer, in a homogenous manner.

The mixtures are injected in the channels using a micropipette and incubated for at least 5 hours or overnight at room temperature, in a humid chamber. The channels are finally washed again with 300 µL of Buffer A just before the observations start. Measurements of the amplitude of motion. Since the size of the particles is smaller than the diffraction limit, the image given, in form of a spot, is actually larger than the particle. The center of the spot however corresponds to the projection on the x-y plane of the end of the DNA molecule (figure 28A), and we can track the distribution of the position of the spot to give information on the anchor itself in real time. The amplitude is obtained by calculating the mean square displacement averaged over two seconds, on a sliding window over time to obtain the distribution frequency, with a mean error of 2 nm. The data can then be presented in the form of the distribution of the amplitude of motion of the particles over time (figure 28B), centering around a maximum value (Aeq). For nanoparticles of 300 nm and DNA of 2 kb, the region of interest is set at 13 pixels, with a background mean radius of 8 pixels to subtract the background noise. We also set a range to select the nanoparticles with an amplitude of motion between 0 and 400 nm. After this step is done, the software indicates how many particles are "valid" and the operator can start the video recording and analysis. We can start again on another field of observation or channel if the number of valid particles is too low. This parameter is experimenter dependent, but usually for over 100 particles validated per field, for several fields, we consider the channel analyzed to be of good quality. The camera records for 1 min at equilibrium of the complex studied.

Data acquisition and analysis

It should be noted that the threshold of the symmetry factor has been set at 1.35 because it allowed the best compromise, selecting enough particles for a significantly statistical experiment, but stringent enough to get rid of as many abnormally behaving particles as possible. The most frequent problem remains the double tethering of a nanoparticle, leading to an ellipsoidal movement. The frequency of this event is limited by the 1:1 ratio of particle:DNA introduced in the chip, however we are unable to precisely measure the DNA concentration at such low volumes and range (50 pM). The symmetry factor threshold can thus become experiment-dependent. In our case it was important to verify its impact on the looped DNA population, the initial state of the biochip during the competition configuration. With this in mind, we analyzed the distribution of amplitude of motion obtained for various fields of observations, when the T29 aptamer was hybridized on the biochip with a partially complementary oligonucleotide, in buffer A. For ten set of data analyzed (different fields of observations from different channels or chips), we set the symmetry factor at 1.25, 1.3 and 1.35. Going above or under these values is either too stringent, or not enough, and too few particles remain valid. For every single set of data, we could observe a difference in the looped population fraction of 7 % or lower when the symmetry factor was set at 1.25, compared to the two other conditions. We considered this variability to be insignificant for our assay.

Data analysis. The raw data is first analyzed on the post-treatment software developed by Magellium to draw the distribution of the amplitude of motion of the particles. The corresponding data is then collected and saved as a csv file for easier subsequent processing.

For each condition (a negative control, a target concentration, etc...) in a channel, at least three different fields of observation are analyzed. The distribution of the amplitudes of motions obtained for each field are then averaged for each condition: the number of events for each point of the data set are pooled by simple addition. When it is specified, the different conditions are "normalized" to have a better visual, by dividing each set of data by its maximal event value, then multiplying by a common denominator.

In the experiments led in this project we generally observe two DNA populations with different conformations and thus amplitudes (figure 19), looped (Aeq= 165 nm) and unlooped/free (Aeq= 230 nm, the value expected for 2 kb DNA). We tolerate a difference of up to 5% found in the different fields between the relative proportions of looped and unlooped DNA populations. If this was not the case, the channel was either not used or at least five fields were then pooled. In the available version of the software, the post-treatment included a possible fit of the amplitude distribution but for a single DNA population only. To process the data of these two DNA populations, we wrote a code on RStudio, in order to calculate the area under the curve of the looped or unlooped DNA populations and determine the relative fraction of each (figure x).

We use a double Gaussian (equation 1) to fit the data, using the following equation: 

MOLECULAR TOOLS

The objective of this thesis is to build a biosensor by combining the single-DNA biochip already developed in the team with recognition molecules called aptamers. Before throwing ourselves headfirst into the core of this project, we have to consider the different molecular components we want to use to develop this sensor. Determining the optimal experimental conditions to exploit those molecular tools, and how to best combine them with the biochip was the first step of the thesis, described in this chapter.

The functionalization of the biochip with those recognition molecules constitutes the first part of the proof-of-concept of the development of our aptasensor. The immobilization of a recognition molecule can lead to a loss of its binding properties, potential non-specific interactions with the surface, and steric hindrance limiting the accessibility of the molecule to the ligand. Knowing this, we first tested the impact of immobilizing the aptamers on their integrity, and whether their ability to recognize their target was maintained in different buffers. Secondly, the insertion of an aptamer into the DNA anchor is discussed in the second part of this chapter.

Maintaining the functional integrity of the recognition molecules: the aptamers

Molecules interactions, specifically the ones between a recognition molecule and its target, often require specific experimental conditions, and this fact is also true for nucleic acidbased molecules. To optimize immunoassay results, antibodies are known to work best at determined concentrations, in specific buffers. You will always find advised experimental conditions on the technical datasheet provided by a supplier, and in which buffers the binding will be optimal. For aptamers on the other hand, no rule is set. The general consensus is that the conditions employed by the researchers that isolated a specific aptamer from a library are the ones that should be used for further experimentations, i.e. pH and ions concentrations.

Historically, aptamers were selected in vitro in optimal conditions for both nucleic acid conformation (g-quadruplex, stem-loops, duplex) and target stability. We therefore often find those molecules selected in buffers containing magnesium ions, TrisHCl, etc..., and compounds necessary for compatible physiological conditions should the aptamer be developed for biomedical applications. It should not be that much of a problem if we differ from the original experimental settings, but the use of some aptamers by different labs shows that modified experimental conditions can, sometimes severely, impact the affinity of the aptamer for its target. This aspect in aptamer studies is particularly problematic in the biosensor field, for which we need recognition molecules that work in a broad range of experimental conditions and samples. This is especially true for environmental applications for which the molecular content found and their concentrations varies more than the remarkably constant composition of blood. Stating these facts would make us think that aptamers are not really popular among this field of research, but counterintuitively DNAbased biosensors, and more particularly aptasensors are still really advantageous and therefore successful if we look at the literature. Countless biosensors using the nucleic acids molecules are developed, especially for environmental quality purposes [START_REF] Soukarié | DNA-based nanobiosensors for monitoring of water quality[END_REF], the many advantages these molecules propose well-suited for the development of stable, cost-effective biosensors.

Studies are still led to understand how the aptamer/target interaction works, and how to improve its strength. However, the two thrombin aptamers we describe and use throughout this project are considered the golden standard for aptasensors for a reason: they are stable and able to maintain their capacity to bind thrombin with high affinity in various buffers.

That being said, these tools, in our assay configurations, are linked to what we can assimilate to a surface: the DNA tether and the nanoparticles. We thus had to make sure in the beginning of the project that the aptamers would not be hindered by their proximity to a surface, and that the interaction with the target would be preserved. In the first part, experiments were led, showing the necessity of a spacer between the aptamers and their attachment point to either the DNA or the particles. In a second part, we show that the thrombin aptamers and target interaction is preserved in Buffer A.

a. Immobilization of the aptamers

To avoid steric hindrance and maintain the integrity of the aptamer-ligand interaction, recognition molecules are often distanced from the surface they are anchored on. We chose to add a spacer between the 5'-biotinylated end and the aptameric sequence, a commonly used solution when aptamers are grafted with functional groups such as fluorophores. The spacer is composed of a sequence of thymine, offering more flexibility than ethylene glycol polymers or carbon chains also commonly used, and a minimum of 10 nucleobases was found to be necessary to preserve biding [START_REF] Martin | Microarrays as Model Biosensor Platforms to Investigate the Structure and Affinity of Aptamers[END_REF]. To maximize the distance between the aptamer and the surface, we decided to add 20 thymine for the T15 aptamer, grafted on the nanoparticles. For T29 however, we wanted to limit the number of nucleic acids inserted, because of the way we graft this aptamer to the DNA (explained in the second part of this chapter), and added a spacer of 10 thymine. To guarantee that the interaction of the aptamer bound to the particles or the DNA tether with thrombin would be preserved, we used the BioLayer Interferometry (BLI) technique, developed by ForteBio in 2005. Resembling Surface Plasmon Resonance (SPR), this label-free technology is used to measure and study biomolecular interactions by analyzing the interference pattern of white light reflected from two surfaces: a layer of immobilized molecules on the biosensor tip (with a diameter of 600 µm, made of glass, covered with a biocompatible matrix), and an internal reference layer (figure 30A). The binding of molecules to the biosensor tip causes an increase in the optical thickness at the end of the tip, resulting in a shift in the interference pattern that can be measured in real-time (figure 30B). This dip-and-read technology is used for the label-free study of biomolecular interactions [START_REF] Concepcion | Label-free detection of biomolecular interactions using BioLayer interferometry for kinetic characterization[END_REF] and allows for a simple and fast trial of our modified aptamers. We used the Blitz system to study the efficiency of thrombin binding one assay at a time. The baseline is acquired in the buffer for 15 seconds, then the binding is observed when the tip is immersed in the thrombin solution for 30 seconds, before washing again in PBS. We obtain the binding curves shown in figure 31, top panel. A naked tip was dipped into a solution of thrombin alone at 2 µM for negative control, showing a slight, non-specific binding. If we look at the binding of 2 µM of thrombin to T15 without a spacer we observe the same binding than the 20T-T15 sequence with a lower concentration of 1 µM of target. The binding efficiency is then distinctly increased at 2 µM. Inserting a spacer between the biotin and the sequence of the aptamer is unsurprisingly necessary to preserve an efficient interaction with the target, probably preventing steric hindrance at the surface of the tip.

On a side note, we also tested the T29 aptamer (figure 31, bottom panel), later to be linked to the DNA tether, and it is interesting to see that the binding kinetics are different if we compare with T15. Only one experiment could be led at the time but it is still interesting to note the difference in the shape of the binding curve. For T15 we observe a fast association rate translated by the more abrupt slope of the curve. In the case of T29, the sensorgram displays a slower association rate, but in a straight line until dissociation. This reveals different binding mechanism of each aptamer to their protein target. According to previous studies [START_REF] Trapaidze | Investigation of the selectivity of thrombin-binding aptamers for thrombin titration in murine plasma[END_REF][START_REF] Trapaidze | Binding modes of thrombin binding aptamers investigated by simulations and experiments[END_REF], T15 interacts with thrombin in a heterogeneous analyte binding model, while T29 follows a simple 1:1 model, and the different mechanisms can be observed in BLI.

Unfortunately for us the BLI equipment did not belong to either team, and our access to the apparel cut short. It would have been interesting to study the binding kinetics of both aptamers over longer running times, and in the presence of different buffers, as the set-up mimics the immobilization of the aptamers on the chip.

b. Buffer compatibility

The T29 aptamer was selected in a specific buffer, containing 20 mM TrisHCl ph7.5, 100 mM NaCl, 1 mM MgCl2 [START_REF] Tasset | Oligonucleotide inhibitors of human thrombin that bind distinct epitopes[END_REF]. As we mentioned previously, while no rules are set for aptamer binding interaction conditions, it is important to verify that the ligand can still bind well to the aptamer in the biochip buffer A, compared to the T29 buffer. Although the BLI experiments were led in PBS and showed good binding capacity to thrombin, it was important to verify that the presence of passivation agents would not interfere. For that, an electrophoretic mobility shift assay (EMSA) was performed on native 12% polyacrylamide gels (figure 32).

The aptamers were diluted in Buffer A at 1 µM, thrombin at 2 µM. The interaction was set at room temperature for half an hour, and simply stopped by adding the migration sample buffer (100 mM TrisHCl, 10% glycerol, 0.00025% bromophenol blue, pH 8.6). For negative control, thrombin was denaturated for 5 min at 95°C, disrupting the protein's threedimensional structure and thus preventing the aptamer from binding it. For all sample lanes, an intense band is detected around 50 bp, corresponding to the T29 aptamer (figure 32). We can see a second band, corresponding to a higher molecular weight (red arrow), whether the aptamer-thrombin interaction was led in Buffer A or T29

buffer. These bands correspond to a delay in the migration due to the thrombin interaction with the aptamer. If we compare the intensities of the bands, correlated to the amount of nucleic acids, we can see that thrombin caused the delay with the same efficiency for both samples. That shift is lost when thrombin is denaturated by heat, showing the specificity of these observations. The T29-thrombin interaction is therefore preserved in the biochip buffer.

Of course, one could argue that these conditions are not the same than those that will be encountered on the chip: here the interaction occurred between the molecules free in solution, and the concentrations of both partners high enough to ensure we could observe the band on the gel. The BLI experiments are the closest to that assay configuration. But the electrophoretic shift assay remains a good indicator and an obligatory control before starting the biochip assays. If we look back at the assay configurations, for both the sandwich and competition test, one of the aptamers is to be grafted or linked to the DNA tether, in its middle. This part of the project is crucial, in order to develop a generic protocol to functionalize the biochip with aptamers, and turned out to be more delicate to implement than we thought at first.

In order to control the exact position and number of aptamers inserted, the DNA tether we use has been engineered by collaborator Philippe Rousseau (LMGM, Toulouse) and the MADD team (figure 33). Using simple biomolecular engineering, we obtain an internally modified DNA fragment, ready to subsequently bind a molecule in a controlled position. The original idea was to allow the binding of any molecule to the DNA, in a way that let us ligate the insert for a stable construct. The PCR product is digested by the nickase, and heated up to 90°C to denature the DNA. We can then replace the two 15 nucleotides long oligonucleotides with a 30 nucleotide long amino-modified insert (amino-C6 function, purchased from SigmaAldrich) with the same sequence as the two oligos (figure 33), added in excess (a 100 fold). Only two single-strand breaks remain and can be ligated to maintain the DNA stability.

The question remaining is how to proceed to bind a molecule to this insert. Several techniques can be used to link two molecules. Keeping in mind that we wanted to build a simple, cheap biosensor, we had to develop a simple protocol, where we were not limited by the choice of the molecule grafted to the DNA. We thus first considered popular chemical methods: the chemical crosslinking and the click-chemistry. In the following paragraphs, the different techniques will be more detailed, and the merits discussed comparatively within this project. A simpler, molecular biology-based methodology was then thought out, taking advantage of the protocol and the enzymatic sites already on the plasmid and performed with success.

a. Chemistry of crosslinking i. Generalities

The DNA tether we use had initially been engineered to carry an internal primary amino modification in the middle of the molecule. Evidently, this meant we could functionalize the tether taking advantage of the already present amino group, which is why and how we chose to crosslink the tether to a modified aptamer.

As a process where two molecules are linked by a covalent bond, crosslinking has been widely used in all fields of biology, for protein labelling, molecular interactions studies, or to enhance a molecule stability [START_REF] Wong | Chemical crosslinking and the stabilization of proteins and enzymes[END_REF]. By taking advantage of the availability of reactive chemical groups on proteins, nucleic acids or even modified surfaces, a crosslinking reagent presenting specific reactive ends can be chosen according to its properties. First, the chemistry desired: which reactive groups will be involved in the covalent bond. Then we can choose the resulting length of the link as it depends on the size of the crosslinker. Some are cleavable, some are solvent dependent, others can be membrane permeable. All in all, a wide array of agents and possibilities can be used in this bioconjugation reaction, making it an extremely versatile tool. An important advantage of this technique is that the reaction takes advantage of already existing functional groups on biomolecules. This means that no additional step is needed to "activate" the molecules we want to link together.

Looking at the catalogue of crosslinking chemistries available, and knowing aptamers can be purchased with chemical group functions as well, we had the liberty to choose to work with a heterobifunctional crosslinking reagent. These linkers allow a directional coupling of two different molecules with little to no nonspecific by-products. The NHS-maleimide chemistry, as the most described and used crosslinking path, was therefore selected to bind a thiol-aptamer to an amine functionalized DNA tether.

ii. The NHS-maleimide crosslink

The N-hydroxysuccinimide ester chemistry on one side reacts with primary amino groups, and the maleimide chemistry on the other end can bond sulfhydryl groups.

Several crosslinkers are available for such a reaction with different spacer arms compositions A standard protocol is detailed by the manufacturer (ThermoFisher) to use the SMCC to link two proteins. It should be noted that in our case, nucleic acids are meant to be conjugated using this reaction, instead of the usual protein crosslinking described in the literature for this reaction.

On one side, the NHS ester group meant to react with the primary amino group of the insert hybridized on the DNA tether works in optimal conditions at a slightly basic pH (8-9), while the maleimide-sulfhydryl reaction occurs at a neutral pH. For this reason, the reaction is done in a controlled, two-steps reaction, at a pH of about 7.5 for both since the maleimide group is irreversibly hydrolyzed at higher pH (figure 34).

The insert is modified on the thymine in the middle of the sequence to branch out to an amino-C6 function. The T29 aptamer presents a sulfhydryl function at the 5' end. The reactive group is protected by a disulphide bond and needs to be reduced beforehand using TCEP at 5 mM final for 30 min in ambient conditions. This reagent does not contain any thiol function that could hinder the maleimide reaction contrary to more popular DTT, and no washing step is needed after the reaction. The conjugation buffer used was PBS pH 7.2.

The first crosslinking trial consisted in activating the insert with SMCC at with a 20 fold molar excess of crosslinker for half an hour at ambient temperature, washing the crosslinker excess on desalting microspin columns (G25, GE Healthcare), then adding the aptamer for a final molar ratio of insert:T29 1:1, leaving it 30 minutes at room temperature. We loaded the final products to study the reaction by electrophoretic migration on a 12% polyacrylamide native gel. The migration lasts one hour at 10 V/cm, and the gel is colored using Ethidium Bromide. The second and third lanes show the insert and the T29 aptamer alone, having migrated at different molecular weights (figure 35). The fourth lane, the result of the coupling test, shows the same bands, with the same intensity. Another band can be discerned, under 100 bp, that could have been the bio-conjugated T29-insert molecule, where it not for the presence of this same band in the last lane (red arrows). This means the molecules were not linked in these conditions, and the experiment was not successful. That third band can correspond to a parasite of the migration (a secondary structure of the insert), with a low enough intensity that we did not consider it a problem.

We then tested different conditions for this protocol, modifying every parameter we could: duration of the reaction from 30 min to overnight, trying a pH of 8 (in 0.1 M bicarbonate buffer) for the insert activation, using higher concentrations of SMCC… Finally, we tried to switch the order of the two-step reaction, since the maleimide group is the most unstable while free. We could then perform the first step at neutral pH to stabilize the maleimide function, and then increasing it to 9, the optimal condition for the NHS ester reaction. We even tried to perform the reaction simultaneously, adding both the insert and the reduced aptamer to the SMCC sample at the same time. In every single case the same result could be observed on native PAGE migration as the first experiment, as shown above.

At this stage of the project, we did not know which of the steps in these crosslinking attempts were limiting, and why the experiment did not work at all. A low yield would have To test the reactivity of the insert, we used an NHS-biotin linker at 10 µM and 1 mM final respectively, for 30 min in ambient conditions or at 37°C in PBS pH 7.2. The sample was purified on streptavidin-coated particles (left at 22°C, then centrifuged for 1 min at 500 g). The activated insert should bind to the particles, and the resulting absorption at 260 nm in the eluate allows us to estimate the free insert concentration and the yield of the reaction. By correcting the dilution factor due to this purification step, we calculated that about 10% of the insert had reacted with the NHS-biotin. The NHS activation of the insert seems to be a very limiting step, but why? To answer this question further, an analysis was performed with chromatographic experiments and mass spectrometry.

Analysis in liquid chromatography and mass spectrometry.

The results of the different steps of the crosslinking reaction were analyzed using liquid chromatography and mass spectrometry at the SPCMIB lab, with the help of Dr Jean-Marc

Escudier and his colleagues. We wanted to understand what was happening that prevented the crosslinking. Shorter versions of the NH2-insert and the SH-aptamer (15 nucleotides each, not counting the spacers carrying the functional groups), respectively designated short-insert and short-T29, were purchased to be compatible with a C18 HPLC column (X Bridge OST, 2.5 µm, 4.6x50 mm). The flow was set at 1 mL/min, in an acetonitrile gradient (5 to 85 % in 15 min) and the oligonucleotides injected at 25 µM. We observed elution at 260 nm. This means that in the advised reaction conditions, the insert activation which should be the first step of this reaction, does not occur, explaining the absence of bands for the crosslinked molecules on the PAGE gels. Since we knew the insert activation was a limiting step, we tried to perform the NHS ester-amino reaction in the optimal conditions: in bicarbonate buffer at pH 9. The reaction was carried out up to four hours. A first peak, corresponding to the free insert corresponds to a retention time of 6.6 minutes (figure 37). Five minutes after the reaction starts, a second peak appears at 12.2 min of retention time. The software calculates the areas under the peaks, and estimates that this peak grows to about 50 % of the relative areas under all the peaks, and then disappears at one hour (not shown). We supposed a non-specific or parasite reaction happened in the first stages of the NHS activation of the insert, as the retention time is too high to correspond to the simple addition of SMCC on the insert. Analyzing the short-insert by gel electrophoresis showed a similar migration profile as the native insert, with a low-intensity band at a higher molecular weight. We had hypothesized that this band corresponded to a secondary structure of the single-strand, migrating differently in an agarose gel, but maybe a parasite sequence was purified alongside our insert and could react with the SMCC. It is difficult to say with certainty, especially since its low intensity suggests that this molecule is very low in concentration (explaining why we do not distinguish a second peak on the chromatograph in figure 36) and should not be this effective at preventing the SMCC-activation of the insert.

Another peak appears after 4 hours of reaction, at 8.6 min. Could it be the activated insert? In order to validate this hypothesis, we analyzed this sample on mass spectrometry, on a MALDI apparel. The insert at 0 or 4 hours after reaction with the SMCC at a pH of 9

(corresponding to the graphs above) is mixed with the matrix substance made for oligonucleotide analysis (either 2ʹ,4ʹ,6ʹ-Trihydroxyacetophenone monohydrate THAP or 3-Hydroxypicolinic acid HPA, volume ratio 1:1). The drops are mixed with NH4 + DOWEX coated particles (ions exchange) to desalt the samples since we set the MALDI in negative ions mode.

They are then left to crystallize on the target plaque under ventilation hood. The expected m/z masses are 4367.972 for the insert, and 4587.972 for the SMCC-insert. As we can see on figure 38, two major peaks were obtained for the sample after four hours of reaction at pH 9, the mass corresponding to those we expected for the free and activated insert (with the addition of a NH4 + ion due to the ion exchange). The peak observed at 8.6 min in chromatography is therefore the expected SMCC-activated insert.

With this new data in mind, we tried the same experiment, but at a neutral pH to mimic the conditions used for the complete crosslinking. We had to wait for over 3 hours to start observing the peak at 12 min, and could not detect the actual activated-insert one that should eluate at 8 min as shown by the MS analysis. Prior purification of the insert had no impact on these results.

In conclusion, in the neutral pH conditions necessary to perform the reaction without inactivating the maleimide function, we cannot observe the NHS ester activation of the insert.

We suppose that in these conditions, the SMCC primarily interacts non-specifically with other function groups on the oligonucleotides, slowing down the reaction and preventing the activation of the insert. The problem remains that even in optimum conditions, the yield of the reaction was still of 50 %. Crosslinking nucleic acids, despite using the most widely used and described conjugation chemistry, did not yield any success. This solution was therefore set aside.

We considered then trying another chemical method to link two molecules: the clickchemistry.

b. Click chemistry

In the case of nucleic acid molecules, click chemistry is especially useful to add versatility, when functionalization can be performed at either end of the sequence, or even internally. Fluorophore labelling, modified nucleosides, or surface grafting are among the principal uses of click reactions performed on DNA [START_REF] Haque | DNA-associated click chemistry[END_REF]. This rapidly growing bioconjugation technique, fully described by the Scripps research institute in 2001 [START_REF] Kolb | Click Chemistry: Diverse Chemical Function from a Few Good Reactions[END_REF], is originally used for the linking of small substrates. The following criteria are used to classify these reactions. It should be orthogonal, selective, and yields no sideproducts. It is often metal-ion dependent, and a high yield is expected even in ambient conditions and aqueous solvents. The reactions can be classified in several major categories, among which the Cu I -catalyzed Huisgen 1,3-dipolar cycloaddition (HDC) of azides and terminal alkynes to form 1,2,3-triazoles is the most widely used [START_REF] Gramlich | Postsynthetic DNA modification through the copper-catalyzed azide-alkyne cycloaddition reaction[END_REF]. All those advantages have made click-chemistry into what is now a powerful tool for biological and biomedical applications, particularly successful and popular in the latter [START_REF] Hein | Click Chemistry, A Powerful Tool for Pharmaceutical Sciences[END_REF].

However, limitations do exist that can severely lower the yield of the reactions, or lead to the formation of by-products. According to the chemical structure of the molecule, additional energy to help along the reaction might be needed. Sometimes, the alkyne can react with another alkyne instead of the azide in what we call alkyne homocoupling, which frequently happens if small bases such as pyridine are used. Copper, often needed as a catalyst, can damage DNA. Lastly, "click-ready" molecules, the alkyne/azide functionalized building blocks of this chemistry, are not commercially available, so prior activation of molecules needs to be conducted by the researcher.

While progress has been made to improve this chemistry, the few limitations we listed made us put this solution aside. We also deemed that a more extensive background in organic chemistry was necessary before testing this path.

The strand replacement: how to be simple

Sometimes, in our field of work, we tend to go for complex solutions before thinking of going easy. The most obvious and logical way to graft an aptamer on our DNA is to just take advantage of DNA functionalization protocol. Instead of inserting a sequence with an amine function, we can simply hybridize the insert directly extended by the aptamer sequence. We can then obtain an aptamer-grafted DNA by "stapling" T29 on the DNA tether, on this controlled region.

a. Oligonucleotide insertion on the DNA tether

The first steps of the experiment, from the PCR on the pTOC15 template to the digestion of the purified PCR product, are the same steps described in the beginning of this chapter for the amino-functionalization of the DNA. The major tweak we made in order to insert the aptamer is to add what we call the insert-T29 fusion molecule. The insert is prolonged with the aptameric sequence, with a spacer of ten thymidine to avoid steric hindrance, like we evaluated in the beginning of the chapter (figure 31). The insert-T29 fusion sequence is therefore 69 nucleotides long (figure 39). Migration of the PCR product after purification (lanes 2), after nickase digestion (lanes 3), after T29 aptamer grafting (lanes 4) or T29 scramble grafting (lanes 5), in an 1% agarose gel, colored with Ethidium Bromiide. The first gel shows the result if the DNA is heated up to 85°C after digestion, the second gel when we tested the enzyme inactivation at 70°C. The final product, the "T29 grafted DNA", is finally purified on home-packed s300 High Resolution Sephacryl columns, as we couldn't find commercialized columns with this granulometry adapted to our small volumes. Indeed, to get rid of the T29-insert fusion molecules in excess, we needed to be able to separate 2 kb and 69 nucleotides long DNA fragments. A gel filtration column with a s300 cutoff allows the purification of DNA over 1 kb.

We had the resin stored in ethanol in the lab. 5 mL were washed in water (3x10 mL, centrifuged at 735g each time) and then PBS (3x10 mL also). The resin was then packed into emptied out Microspin™ columns, and stored at 4°C. After purification, the concentration is estimated using absorbance measurements, and the sample kept at 4°C.

The question then, is to demonstrate that the aptamer grafting occurred, and to evaluate its yield. But how could we verify that the aptamer was linked to the tether? The additional 39 nucleotides (the thymine spacer and the T29 sequence prolonging the insert sequence) on the DNA tether is not long enough to create a significant shift in electrophoretic mobility. We thought of labelling the T29 aptamer with a fluorophore, and detecting it on a gel, but that would have required additional experimental steps and a modification of the T29insert fusion sequence that could have led to a different outcome than the original one. We were thus prompted to try to directly observe it on the biochip. 

b. Validation of the fusion on the biochip

As discussed in the introduction, we can detect DNA looping on the biochip following the formation of a link between the nanoparticles and the DNA tethers. Grafting a molecule on the particles able to specifically bind the T29 aptamer would induce this looped state, and shift in the amplitude of motion of the nanoparticles. This experiment would be a good indicator of the success of the aptamer grafting on the DNA anchors, and we could estimate its efficiency by measuring the fraction of looped DNA. With this view in mind, we decided to use the perfect complementary oligonucleotide of T29, the T29 antisense. As the T29 aptamer hybridizes with this antisense grafted on the particles and the DNA tether consequently loops, we can directly visualize the success and yield of the aptamer grafting on the DNA.

Coincidently, performing this we would also represent the first proof-of-concept in the use of the biochip as a sensor. First of all, we had to check that grafting a molecule, no matter how small, on the DNA tether would have no significant impact on the TPM experiments. Indeed, the resulting presence of single strand breaks could affect the amplitude of motion of the particles, though not very probable for our DNA construct where we are supposed to have only two breaks. As we can see on the graph in figure 41, a maximum shift of 2 nm was observed whether the tether was grafted or not, a value included in the error bar of our TPM measurements and therefore not significant compared to the shift expected when the DNA is looped.

To observe the DNA looping, we have to work in most favorable conditions. We thus used the perfect complementary oligonucleotide, the T29 antisense, to hybridize with the aptamer. With a melting temperature of about 80°C, measured by optical density measurements at 260 nm, the interaction, and thus the DNA looping, was expected to be strong enough to be observed in the above-mentioned TPM experiment settings (see the HT-TPM experiments chapter). The T29 scrambled sequence was grafted on the DNA in another batch to serve as a negative control, unable to hybridize with the T29 antisense and form a DNA loop.

Before injection in the channels, the biotinylated antisense is added at different ratios of 200:1 antisense:particle to the DNA-particle complexes), and left for 30 min at 37°C.

Whether we do not graft the particles with the complementary oligonucleotide, or use a scrambled sequence of T29 on the DNA tether as negative controls, we observe no significant decrease of the amplitude of motion of the particles (figure 42, grey and black lines). However, when we graft the antisense to the nanoparticles, we can observe two DNA populations. The most important one with a decrease of 60 nm in the amplitude of motion, and the other with the same motion amplitude as free DNA. The first peak corresponds to a looped DNA population, specific to the presence of T29 on the tether. This population fraction increases along with the density of antisense grafting. The antisense was incubated with the DNA/particles complexes at various concentrations (yellow, blue and red distributions). For negative controls, we either left the particles "naked" (in grey) or used a DNA tether replaced with a scrambled T29 sequence. For each condition, three fields of observation (n=3) were analyzed.

The value of the amplitude of motion of the looped population of DNA is the one we expected for a DNA tether length of about 1 kb if we refer to the calibration curve (165 nm, see HT-TPM experiments), comforting us in the specificity of the results and our general expertise of the biochip.

We can observe an already significantly high looping fraction of 85% at a T29 antisense/particle ratio of 2/1 (figure 32, yellow line). The maximum DNA looping of 91% is obtained at a T29 antisense/particle ratio of 20/1 (figure 32, blue line). Increasing the ratio at antisense:particle 2:1 antisense:particle 20:1 antisense:particle 200:1 non-grafted particles T29scramble-replaced DNA + antisense 200/1 did not have an impact on the looping efficiency (figure 32, red line). 91% of looping is still more than enough to keep going. We chose to keep a ratio of 20/1, the minimal ratio of oligos to particle tested needed to obtain the maximum looping, in order to avoid potentially lowering the sensitivity of the test further on. All those facts allow us to safely conclude that the observations made on the biochip are specific to the T29/antisense hybridization.

Why we do not observe a shift of 100% of the DNA population could be due to numerous limiting parameters: the strand replacement itself is not efficient at 100% is the most obvious answer. We cannot exclude however, that the T29 aptamer can interact with the DNA tether with which it is in close proximity. This same aptamer is known to display a stable G-quadruplex structure, that would be unable to hybridize with the T29 antisense. This high percentage of looping might reflect the equilibrium of the conformation of the aptamer, between the favored g-quadruplex and its 'open' state. In any case, the yield is more than satisfactory to go on with the experiments.

c. Stability of the signal

In order to go further with the characterization of our system, after setting the optimal aptamer/particles ratio, we looked at the behavior of the particles in buffer over time. It is necessary to be able to use the biochip at any point after the initial flushing of the channels with Buffer A, confident in the fact that the initial point we compare the results to is at zero.

As the figure 43 shows, the distribution of the amplitude of motion in Buffer A does not change up to one hour after the initial flushing, as we expect. For each time point, two fields were observed with 500 to 600 valid particles analyzed each, and averaged in the distributions shown above. We know that, should the biochip be used on site, the system remains stable over time, in both integrity of the sample preparation (high number of valid particles and statistics) and data (stable distribution).

Figure 43: Stability of the distribution of motion amplitude over time. The amplitude of motion of hundreds of particles at different points of time after Buffer A flushing were measured to show that the initial single Gaussian distribution did not show any significant changes over time.

Additionally, we observed the plots of amplitude of motion as a function of time for hundreds of nanoparticles, grafted with either the T29 antisense or the T29 scramble, to evaluate the stability of the free and looped states on the individual traces of particles. Considering a set standard deviation (s), 95% of the values calculated for the amplitude of motion of those particles vary within 2s around their mean (faded colored bands over the individual traces in figure 44). Out of three hundred nanoparticles grafted with the T29 antisense analyzed over 5 minutes, we do not observe significant switching events between the looped and unlooped states of the DNA/particle complexes. Only two displayed switching events between the amplitudes of motions corresponding to a looped or free DNA.

The rest showed a steady amplitude of motion, as shown in figure 44. This experiment shows the stability of the DNA looping, and consequently the T29-grafting on the DNA tether, that could have been unstable as no ligation is performed on the DNA after replacement. As a negative control, the scrambled sequence of the T29 antisense was grafted on the particles, and all particles analyzed show an amplitude of motion around 230 nn. This experiment allows us to validate the strand grafting protocol.

In the field of biosensing, the most commonly used and widely spread technique is the ELISA test: enzyme-linked immunosorbent assay. Described in 1971 [START_REF] Engvall | Enzyme-Linked Immunosorbent Assay, Elisa[END_REF], this analytical assay has been declined in numerous types taking advantage of the wellcharacterized and efficient antibody-ligand interaction. This biochemical technique is what inspired the configurations of the first assay we wanted to implement in the biochip. In its more popular design, the ELISA test uses two antibodies to recognize the same target and increase specificity and sensitivity. We thought of trying this sandwich configuration using the two thrombin aptamers to specifically detect the target. As we wanted to set the optimal conditions for the detection of thrombin, we chose the respective position of the T15 and T29 aptamers on the particles and the DNA tether respectively according to the measured affinity constants of both molecules found in the literature [START_REF] Tasset | Oligonucleotide inhibitors of human thrombin that bind distinct epitopes[END_REF]. As we described in the Molecular Tools chapter, we can insert an aptameric sequence in a single copy as only one insertion site is present on the DNA sequence. We reasoned then that the aptamer with the highest affinity, the T29 aptamer, should be the one grafted on the tether in a single molecule fashion to ensure a strong and Aeq = 235 nm T15 thrombin Aeq estimated = 165 nm T29 stable binding. On the particles, we had the possibility to graft multiple copies of the T15 aptamer, with the lower affinity, to improve the chances of encounter of thrombin.

Grafting density of the T15 aptamer on the particles

The way our assay is designed, it is important to keep in mind that only one type of event can give rise to a significant signal corresponding to an expected value of amplitude of motion. The target, thrombin, could either bind the T29 aptamer alone, or the T15 aptamer, or both. It is only in the last scenario that the DNA tether loops and decreases the amplitude of motion of the particle by an expected value unique to this interaction, showing the specificity of the observation (see calibration curve in the HT-TPM experiment chapter).

Figure 46: Distribution of the amplitude of motion of the nanoparticles for negative controls. The channels were incubated with either non-grafted DNA coupled to T15-particles (blue line) or T29-grafted DNA with naked particles (yellow line), and thrombin at 1 nM added. For each condition, three fields of observation were analyzed and averaged.

The other two events, when either the particles are grafted with T15 or the DNA grafted with T29, are not detected in our system: thrombin binding on either one of the aptamers alone has no effect on the amplitude of motion of the particles (figure 46).

In order to minimize the number of single-binding events, one important parameter is the density of T15 aptamers grafted on the particle. On one hand, the number of aptamers should be high enough to increase the probability of encounter and recognition of thrombin, additionally favoring its binding to T29. On the other hand, a high density of T15 on the particles could trap the thrombin molecules in high numbers when only one can be bound by the two aptamers and be detected. Additionally, a high surface coverage could induce steric hindrance, non-specific interactions and limit accessibility to the binding site [START_REF] Walter | Systematic Investigation of Optimal Aptamer Immobilization for Protein-Microarray Applications[END_REF]. These factors impair affinity of the aptamer and consequently lower the sensitivity of an assay. Surface coverage is therefore a crucial factor, studied for microarrays [START_REF] Macdonald | Influence of Aptamer Surface Coverage on Small Target Recognition: A SPR and QCM-D Comparative Study[END_REF] and nanoparticles which present an added curvature of the surface [START_REF] Chen | Impact of the Coverage of Aptamers on a Nanoparticle on the Binding Equilibrium and Kinetics between Aptamer and Protein[END_REF][START_REF] Hill | The Role Radius of Curvature Plays in Thiolated Oligonucleotide Loading on Gold Nanoparticles[END_REF]. The dissociation constants were found to be unaffected by the aptamer density in those studies, but the association constant decreased 3 fold at saturation of surface coverage for microarrays [START_REF] Macdonald | Influence of Aptamer Surface Coverage on Small Target Recognition: A SPR and QCM-D Comparative Study[END_REF], the apparent affinity constant increasing with the inter-ligand distance. The observations made for nanoparticles functionalization went along the same conclusions for particles of a diameter over 60 nm [START_REF] Hill | The Role Radius of Curvature Plays in Thiolated Oligonucleotide Loading on Gold Nanoparticles[END_REF]. The opposite was observed for particles of smaller diameter [START_REF] Chen | Impact of the Coverage of Aptamers on a Nanoparticle on the Binding Equilibrium and Kinetics between Aptamer and Protein[END_REF], obtaining the best limit of detection at aptamer saturation of gold nanoparticles. It should be noted however that different aptamer-ligand systems were used for these studies, and the molecular weight of the target and mechanism of recognition and binding could vary and impact differently the aptamer density parameter. It is with this mindset that we tested different densities of T15 aptamers in our system.

After the formation of the DNA/particle complexes, T15 was added to the mixture at different aptamer-particle ratios and incubated 30 min at 37°C, before injection in the channels of the chip. The ratios were chosen based on the calculated number of neutravidin molecules covering the surface of our nanoparticles. For particles with a diameter of 300 nm allowing us to calculate the sphere area, and considering the size of neutravidin available from its structure obtained in crystallography of 5.6 nm, one particle can "receive" about 5.10 4 neutravidin molecules. Considering the structure of neutravidin, out of its four binding sites two should be facing the particle, leaving two potential binding sites for the biotinylated aptamer. However, considering the size of the aptamer and potential steric hindrance, we should not bind more than one aptamer per neutravidin molecule. The number of neutravidin molecules calculated therefore corresponds to the maximum of aptamer molecules we can graft, in order to prevent steric hindrance, and minimize the density of T15 as was stated above. We therefore tested densities ranging from 2 to 2000 aptamers per particle during the incubation with the DNA/particle complexes. Any unbound aptamer is then washed away upon buffer A injection in the channel after the functionalization of the chip (see HT-TPM experiments section). Thrombin was injected in the channels when the chip was ready to use. We then observed and analyzed the detection of the target after 30 min (once the signal is stable) at room temperature. We led the experiment with the lowest thrombin concentration we aimed to reach, of 10 pM (figure 47), which is the limit of detection of the thrombin ELISA that we wanted to reach if not surpass. We could observe a significant DNA looping starting at a density of T15/particle of 200/1, where we calculated that 16% of the DNA population was looped. For higher ratios, the looped fraction decreased to 12%, showing that the 200/1 ratio was already an optimum for our assay. These results show that our concerns regarding the density ofT15 on the particles were valid: a low or high density of aptamer on the particle limits the sensitivity of the test. We decided to keep working with a T15/particle ratio of 200/1.

T15:particle ratios

Detection of the target a. Detection range

For a particle grafting ratio of 200 T15 per particle, thrombin was injected in a channel, and the looping observed after 30 min of reaction at room temperature. Only one concentration was analyzed per channel. The data was then processed as described in the HT-TPM experiments chapter. For each concentration, at least three fields of observation containing hundreds of particles were analyzed per channel, the data obtained averaged.

Three different channels, on different biochips during independent experiments, were analyzed for each concentration tested. We then show the results as percentage of looped fraction for each experiment, with standard deviation calculated from the three values cumulated for each concentration. As a negative control, we either injected Buffer A alone, or heat denatured thrombin (heated up to 95°C for 5 min), unable to be recognized by the aptamers. In both cases no looping was detected.

Figure 48: Dose-response curve for the detection of thrombin in the sandwich assay.

The looping fraction calculated according the thrombin concentration is represented on a graph on Prism using a semi-log scale. Results were obtained in triplicate for each concentration tested (standard deviation shown).

From 10 pM up to 10 nM, we observe an increase of DNA looping fraction from 15 to over 30%, increasing with the thrombin concentration injected. We obtained a reproductible dose-response curve for thrombin detection from picomolar to nanomolar range (figure 48).

We did try to detect thrombin at lower concentrations, however looping could only sometimes be significantly detected. Indeed, the base of the distribution of amplitude of motion of the particles (on the left side of the peak, corresponding to smaller motion amplitudes) is not always cut clear and we can observe what we call a shouldering that can drown a low DNA looping in background noise. Using our data analysis process (Gaussian fits as explained in the HT-TPM chapter), we can usually detect looping if the fraction represents over 5-7% of the entire population. The few trials we led to detect thrombin at 1 pM gave us a looped population below 10%, with a broader error than for high concentrations. We can reliably detect the protein starting 10 pM, the lowest concentration for which we obtained a significant (over 10%) and reproductible response. This value represents the limit of detection of our assay, the lowest quantity of analyte that we have tested for which we can distinguish the signal from negative control conditions with a confidence level of 99%. It is interesting to note that for concentrations higher that 10 nM, the response drops to around 20% of looping. As only the three partners complex induces DNA looping and is detected on the chip, we hypothesize that both aptamers have bound thrombin molecules and are not available when the target concentration is high, limiting the dual recognition of a single thrombin molecule by both aptamers and therefore the formation of the loop (figure 48).

Figure 49: Hypothetical scheme of the interaction of high concentrations of thrombin with the biochip.

We find the same phenomenon in one-step sandwich immunoassays, where high concentrations of target impair the formation of the complex, in what is called the hook or prozone effect [START_REF] Fernando | Studies of the "hook" effect in the one-step sandwich immunoassay[END_REF][START_REF] Schiettecatte | Interferences in Immunoassays[END_REF]. This also happens with high concentrations of recognition molecules, favoring competition for the target binding sites, partly explaining the lowered response observed for high densities of T15 on the particles (figure 47). This effect limits the dynamic range of the detection assay and leads to falsely low responses, explaining why it is common in ELISA experiments to analyze several dilutions of the same sample [START_REF] Davies | Chapter 9.1 -Clinical Concepts11This chapter is extracted from the first edition of The Immunoassay Handbook, with few changes, because of the high regard in which Chris Davies' original -material is held[END_REF]. To avert the high-dose hook effect, we can adjust the detection molecule to target molecule ratio [START_REF] Cole | Utility of commonly used commercial human chorionic gonadotropin immunoassays in the diagnosis and management of trophoblastic diseases[END_REF], in our case by lowering the T15 density on the particles. Doing so would limit the effect, but at the cost of the sensitivity of the assay as shown in figure 47. 

b. Inverted configuration

The choice of having T29 in a single copy on the tether as it displays a higher affinity than T15, grafted in numerous copies on the nanoparticles, was made at the beginning of this study. Considering that this statement was not verified in our buffer conditions and the results we obtained on the biochip, especially the maximum response of 33% of looped fraction that leaves room for improvement, we started to wonder if our reasoning was as sound as we thought. Indeed, as we began to discuss in the introduction, the affinity constants can vary up to ten-fold according to the experimental setup used in terms of technique (SPR, affinity capillary electrophoresis, Isothermal Titration Calorimetry, or Nitrocellulose Filter Binding to cite the most broadly used), mathematical model of kinetics and buffer [START_REF] Mears | Experimental and mathematical evidence that thrombin-binding aptamers form a 1 aptamer:2 protein complex[END_REF].

The respective selectivity of T15 and T29 should also be taken into account. It has been shown that T15 can bind both thrombin exosites. Could this limit thrombin recognition by T29? A sandwich assay was carried out by Daniel et al.; where either T15 or T29 was grafted on a microarray, and the opposite aptamer added with thrombin (co-injection) or in sequence [START_REF] Daniel | Real time monitoring of thrombin interactions with its aptamers: Insights into the sandwich complex formation[END_REF]. Interestingly enough, they obtained the same limit of detection of 1 nM no matter which aptamer was grafted on the array, and a linear range of 1 to 50 nM for direct thrombin recognition (not the sandwich configuration). They then tested the formation of the ternary complex, and found no sandwich occurred when thrombin and the second aptamer were added in a sequential manner. As for the co-injection protocol, the best results were obtained when T15 was grafted, and T29 interacted with thrombin beforehand, displaying the higher selectivity of T29 for thrombin, and that T15 surely interferes with the sandwich formation. Grafting the aforementioned aptamer at high density on the particles was then perhaps not the best choice.

In these sandwich experiments, we have to consider the particular assay design. Since both aptamers are confined rather closely to each other, thrombin binding to one aptamer molecule leads to a higher local concentration of the target, thus increases the probability of binding by the other aptamer and promoting sandwich formation. Once a thrombin molecule is captured by the particle, we can consider the half-sphere explored by the tethered DNA/particle complex. This volume can then be calculated to determine local thrombin concentration:

𝐶 NOP+N = 1 𝑉 NOP+N = 1 2 3 𝜋𝑅 U 𝑁 W (𝑀)
where R (in dm or 10 -1 m) is the radius of the half sphere and 𝑁 W the Avogadro number. R can be approximated by the average amplitude of motion in the free state of the DNA (A = 230 nm), giving 𝐶 NOP+N = 65 nM.

As T15 is present in numerous copies (200 molecules for one T29), we can state that the probability of thrombin binding to the particles is higher. The fraction of particles that would then be involved in a sandwich complex, 𝑓 NOOYZ[ , can be estimated from the following equation derived from the law of mass action:

𝑓 NOOYZ[ = 𝐶 NOP+N 𝐶 NOP+N + 𝐾 ]
Assuming a KD of 2 nM, a value comprised between 1.2 and 3.2 nM found for T15 and T29, respectively in PBS [START_REF] Trapaidze | Binding modes of thrombin binding aptamers investigated by simulations and experiments[END_REF], 𝑓 ^ON[Z[ = 97 %. The limiting factor is thus the fraction of particles which have bound a thrombin molecule, 𝑓 _O`a[ Y+bc , that can be calculated using the Langmuir adsorption model proposed by Zhang and collaborators to predict the detection limit of an immunoassay, taking into account the aptamer/particle ratio:

𝑓 _O`a[ Y+bc = 200 × 𝐶 𝐶 + 𝐾 ]
Solving the equation of a bound fraction of 15% (the lowest fraction we measured in our test), the concentration of thrombin corresponding would be equal to 1.5 pM. Of course, this valor is a prediction, based on an ideal experiment, a "we could not do better" situation. This does not take into account background noise limiting sensitivity and the variability of accessible aptamers on the particles on the limited yield of DNA grafting.

Since the affinity constants do differ in reality between T15 and T29, and knowing the higher selectivity of T29 for exosite II than T15, it stands to reason to test the inverted configuration, to maybe promote thrombin recognition with a higher number of T29 copies on the particles than the single molecule grafted on the tether, and lower the experimental detection limit.

We thus decided to switch the positions of the aptamers. T29 would be biotinylated and grafted on the particles, and the DNA tether grafted with T15. Alexia de Caro, our intern at the time, led the experiments under my supervision.

The T15 aptamer was inserted on the DNA tether following the protocol developed for T29 (see Molecular Tools). The yield of the aptamer grafting was estimated directly on the chip, grafting the 15 antisense on the particles in a 200:1 ratio to observe DNA looping. The rest of the protocol remains unchanged. We calculated a looped DNA population of 71% on the fit of the experimental distribution of amplitude of motion in figure 50, showing a lower yield than that obtained with the grafting of DNA using T29. But it was high enough for our test of the inverted configuration. Following the protocol introduced in the first configuration, thrombin was detected at different concentrations, the looped fractions calculated. A dose-response curve was obtained. We tested the entire thrombin range we could detect in the original configuration, performing one experiment for each concentration of thrombin. We observed a lower DNA looping for the entire range (figure 51, red dots). Considering the lower yield of DNA grafting, the data was rescaled to compare the looped fractions if we had obtained the same efficiency of grafting on the tethers, reducing the difference with the original configuration but not surpassing the maximum looped fraction observed (not shown) with T15 on the particles.

Perhaps in this case, the optimal aptamer/particle ratio is different and we wrongly kept the same value as for the original configuration tested. Another hypothesis could be that T29 is indeed the aptamer with the highest affinity, and thrombin preferentially binds to the numerous copies of the aptamer on the particles that we can consider to be the capture probe, limiting the sensitivity.

c. Optimizations

Following the protocol described above and in the HT-TPM experiments section, we obtained a sensitive detection of thrombin, with a detection range of three logs. We tried to further improve the sensitivity of the test. At 10 pM of thrombin, we are indeed very close but not below the detection limit of commercialized ELISA kits, around 7 pM (Abcam).

With this view in mind, we tried to further improve the conditions of the recognition of thrombin by the aptamers. Two parameters could be considered as the limiting factors of this test. One is linked to the assay configuration, being the immobilization of the aptamers that can prevent the free encounter of thrombin. The other is due to the recognition molecules, namely the mechanism of recognition and binding of the aptamer with the target itself.

Regarding the first parameter, the hypothesis is that the interaction between different molecules could have higher chances of happening when all partners are free in solution, as opposed to when the partners are injected separately and the interaction occurs close to a surface. Even if the fact that both aptamers being bound rather close to each other may also improve the chances of encounter of all three partners at the same time, we decided to carry out the molecular interaction before anchoring the DNA/particles complexes. We coincubated thrombin with the DNA-particle complexes, after T15 is added to the sample before injection in the channels of the biochip. Other than that, the rest of the protocol remained the same. After the 5 hours of incubation in the chamber, the channels were washed with 300 µL of thrombin diluted in Buffer A at the same concentration, as to not disturb the equilibrium that would have been reached in solution at the beginning of the experiment.

Looping fraction (%) Thrombin concentration (pM)

Direct injection

Prior incubation with the DNA/particles complexes 10 15 0 100 23 10

Table 52: Efficiency of the DNA looping for low concentration of thrombin using different protocols. Thrombin at 10 or 100 pM was either injected into the channels according to the protocol described in the HT-TPM experiments chapter, or co-incubated with the DNA/particle complexes.

We led this experiment with two concentrations of thrombin, comparing the results to the ones obtained with the previous protocol where thrombin was injected afterwards. As we can see in the table above (Table 52), the sensitivity was lowered by 56% for the detection of thrombin at 100 pM, and could not be detected at 10 pM, our previous limit of detection.

These results were quite surprising and we decided to set aside this protocol at this point of the study.

A hypothesis that could explain what we observed is that maybe the interaction with thrombin is disturbed upon injection of the sample in a channel, as shearing and additional stress can be caused by pipetting the solution and thus disrupting the interaction. However, we thereafter wash the channels with thrombin at the same concentration, which should allow us to retrieve the signal we obtain when we directly inject thrombin. The lower or complete loss of the signal means something else happens, most likely to the aptamers. The T15 aptamer is grafted on the particles through a strong neutravidin-biotin bond and is the least likely to be affected. The T29 aptamer is inserted on the DNA anchor through DNA hybridization over 30 nucleotides only, branching out and leaving a fragile zone on the DNA when we inject the sample in the channel, as the T15-thrombin-T29 complex is strong enough to tear off the T29 aptamer from the DNA by denaturing the insert. This would mean that our biochip is not suited for this type of test as performed. Having to inject by hand certainly does not help, as this becomes an experimenter-dependent key point in the protocol.

The second attempt to optimize the test and further improve sensitivity concerns the inner mechanism of interaction between thrombin and the aptamers. It is shown in the literature that the T15 and T29 aptamers present an antiparallel G-quadruplex and a mixed duplex-quadruplex folding respectively, the quadruplexes strengthened by the presence of potassium ions, and that this folding improves their affinity for their target (Neidle and Balasubramanian, 2006;[START_REF] Russo Krauss | High-resolution structures of two complexes between thrombin and thrombin-binding aptamer shed light on the role of cations in the aptamer inhibitory activity[END_REF].

We showed in the Molecular Tools chapter (figure 22) that we could still observe the T29-thrombin interaction in buffer A with no folding of the aptamer beforehand. Moreover, the grafting protocol of T29 is based on heating up and cooling down the sample, helping the aptamer to properly fold if necessary. However, we did lead a few exploratory experiments using circular dichroism to complement the observations made by gel electrophoresis. These biophysical methods allow us to identify the structure of biological molecules as the absorption spectrum of certain proteins or DNA are specific of their three-dimensional conformations. The typical antiparallel G-quadruplex structure presents a specific spectrum in circular dichroism with absorption maxima around 250 and 290 nm and an absorption minimal value between 260 and 270 nm.

The CD spectra of both aptamers were acquired with increasing temperatures in the PBS we use for Buffer A (1 mM KH2PO4, 3 mM Na2HPO4,2H2O, 150 mM NaCl) and another buffer with higher concentrations of potassium ions (K2HPO4/KH2PO4 10 mM; KCl 100 mM; EDTA 1nM). The spectra obtained in circular dichroism show that the T15 aptamer is properly folded into a G-quadruplex in both buffers, but loses its tertiary structure as the temperature is increased (figure 53 A) from 10 to 85°C. This loss is slowed down in the presence of Buffer K (panel B, figure 53) where the potassium ions in high concentrations probably stabilize the G-quadruplex until 30°C. In the case of T29 however, the data shows the necessity of high concentrations of potassium to observe the proper folding of the aptamer (panels C and D, figure 53). Though the spectra obtained in PBS does show the beginning of peaks at the expected wavelength values for the G-quadruplex, especially when we compare to the T15 behavior at high temperatures. We lead a preliminary test to solve this small doubt, by adding thrombin to T29 (panel E, figure 53). During this experiment the T29 aptamer used carried a 10 thymine and biotin tag in 5', explaining the slightly altered spectrum compared to figure 53 C. Still, we could compare spectra with or without the target at 1.5 µM. We could then observe the formation of a B form of T29 (parallel quadruplex?), confirming the interaction does happen even in our PBS with low concentrations of potassium.

To stay on the safe side, and based on the universally accepted consensus that an aptamer can bind to its target thanks to its three-dimensional architecture, we could still consider improving the interaction by properly folding the aptamers before their use, or adding ions to detect thrombin. In the previous chapter, we did show that the recognition of thrombin is preserved in Buffer A, using the EMSA test. However, the conditions in this experiment are different than those met in the biochip as all partners are free in solution, and the concentrations of the target were higher than those tested in the sandwich assay. It was therefore interesting to try to add higher concentrations of potassium ions to buffer A.

In order to properly fold the aptamers, the classical heating-cooling method was used: the solution containing T15 was heated to 90°C for 5 min, put on ice for 5 more minutes and finally left on the bench to reach room temperature before adding it to the DNA/particle complexes at 37°C. On a side note, it is impossible to fold T29 when the aptamer is already linked to the DNA tether as heating the aptamer grafted-DNA would denature the T29-insert.

However, the protocol used to graft the aptamer to the DNA tether relies on heating and cooling steps, and we can assume it is enough to fold the aptamer. After incubation, the channels were washed with Buffer K, before adding thrombin diluted at 10 pM in the either buffer. The DNA looping was not improved by the preliminary folding of the T15 aptamer, if we compare the orange and blue curves on figure 54 that present a similar relative distribution of amplitude of motion of particles.

Using the buffer K strangely led to the loss of DNA looping (grey curve, figure 54). This experiment however was only done once and would be worth repeating, at least to try and understand if the observations made were an artefact, since the presence of potassium ions should preserve, if not improve, the stability of the aptamer-thrombin interaction, and not hinder it.

In any case, despite their popularity and extensive use, the properties and mechanism of thrombin recognition by both aptamers is still debated to this day. Consider the T15 aptamer for example, [START_REF] Baldrich | Ability of thrombin to act as molecular chaperone, inducing formation of quadruplex structure of thrombin-binding aptamer[END_REF][START_REF] Baldrich | Ability of thrombin to act as molecular chaperone, inducing formation of quadruplex structure of thrombin-binding aptamer[END_REF] led NMR studies in the presence of potassium ions to study its binding to thrombin. Prior studies had shown that the aptamer did not need salts to bind its target, and they wondered whether thrombin could then induce aptamer folding or if the aptamer existed in its G-quadruplex folding in the absence of salts. They found that thrombin could act as a chaperone and induce aptamer folding, and theorized that the complex was stabilized by compensating the negative charges on T15. As for the necessity of potassium, the ion was essential for temperature higher than 25°C to maintain the G-quadruplex. In another study, the increase of the melting temperature of T15 in a potassium ion buffer over sodium showed that the K + ion is more efficient for stabilization than other monovalent cations [START_REF] Russo Krauss | High-resolution structures of two complexes between thrombin and thrombin-binding aptamer shed light on the role of cations in the aptamer inhibitory activity[END_REF]. Resolving its structure in crystallography helped the researchers theorize that potassium ions fit perfectly in the cavity formed by the quadruplex and could link all oxygen atoms of the nucleobases where sodium failed, explaining its increased efficiency.

As for the T29 aptamer, Marson et al. compared the structures of the aptamer with a corresponding truncated sequence that had lost the stem [START_REF] Marson | Folding versus charge: understanding selective target recognition by the thrombin aptamers[END_REF]. Using circular dichroism, they observed that thrombin promoted a parallel form of the G-quadruplex (like we obtained figure 53 E?), but transient under annealing, whilst potassium stabilized the aptamer in the antiparallel form. The presence of the stem seemed to impair the quadruplex stability and allowed the co-existence of several forms of T29. This duplex portion of the aptamer was however confirmed to be necessary for the aptamer binding affinity and selectivity for the heparin binding exosite.

Claiming that each one of the aptamers needs a certain ion to be properly folded, or that the folding is necessary for thrombin recognition proves to be harder than initially thought.

Conclusion and discussion

Based on the famous ELISA test, our sandwich assay configuration, using the gold standard thrombin aptamers and their target, allowed us to validate a proof-of-concept of the use of the biochip as a specific and sensitive aptasensor. A dose-dependent DNA looping was obtained, with a broad range of detection limit of 10 pM, rivaling the LOD of conventional ELISA tests. For example, Abcam commercialized a colorimetric sandwich kit for human thrombin (ab108909) with a sensitivity of 8.3 pM, and a detection range of 8.3 to 555 pM, in cell culture supernatant. The full assay time is estimated at 4 hours. Another kit (ab270210) allows the detection of thrombin from 3.8 to 250 pM, with a sensitivity of 1.5 pM, in 90 minutes of assay time. A plethora of other kits exist with similar characteristics. It is interesting to compare with our sandwich assay, for which a wider range of concentrations can be directly detected (about 4 logs) before dilution is necessary for higher concentrations. The lowest amount of thrombin detected is similar. For a similar assay time of 90 minutes, three samples of thrombin can be tested on the three separate channels. Lastly, the components involved in the assembly of our biochip are generally cheap and easily found on the market, compared to the high cost of a single ELISA kit.

Further optimization was tested to improve this already satisfactory sensitivity, premixing the target with the recognition molecules for example, or by trying to better promote the aptamer-thrombin interaction. A few factors could explain however why it was hard to reach concentrations lower than 10 pM. This assay, while based on a famous sensing test, involves three different partners. These molecules have to "meet" under the right conditions, in order for us to be able to observe the interaction. First of all, as we discussed in the introduction of this chapter, each aptamer has to bind to a different exosite on the thrombin.

The literature shows that T15 can however recognize the exosite II, binding site of T29, preventing the dual recognition from happening.

Secondly, the presence of a high number of T15 for each DNA-particle complex does mean more thrombin molecules are captured than there are T29 aptamers to form the loop, when only one molecule can lead to the formation of a DNA loop.

Besides the sensitivity, what surprised us was the saturation reached at only 33% of DNA looping. We have argued that T15 presents a limited selectivity for thrombin and was perhaps not the best choice to be present in numerous copies, but the inverted configuration did not show any improvement in this regard. Two hypotheses are left: first of all, the presence of a high enough concentration of potassium ions. Though their necessity is still argued to this day, it was till shown that they stabilize the G-quadruplex that constitutes the binding site of the aptamers. The small concentration present in the PBS we used for the composition of Buffer A may explain why we can still efficiently detect thrombin.

Another aspect is the mechanism of the formation of the ternary complex formed by both aptamers and their shared target. It was observed that addition of a second aptamer to an already formed aptamer/ligand complex destabilized this preformed interaction, alluding to a lack of allosteric cooperation [START_REF] Daniel | Real time monitoring of thrombin interactions with its aptamers: Insights into the sandwich complex formation[END_REF][START_REF] Pica | Through-bond effects in the ternary complexes of thrombin sandwiched by two DNA aptamers[END_REF] that could potentially hinder the efficiency of the sandwich assay.

Finally, a study has shown that BSA acts as a competitor to thrombin when present in high concentration [START_REF] Trapaidze | Investigation of the selectivity of thrombin-binding aptamers for thrombin titration in murine plasma[END_REF], around 800 nM, for T15 binding. Knowing the protein is present at the micromolar range in the Buffer A used for our chip, it is easy to imagine that thrombin recognition was limited by albumin for this already less selective aptamer. They however di not observe any interaction with T29. Removing BSA from the buffer A and comparing DNA looping at saturation might be necessary to make sure BSA is not competing with thrombin in our system as well.

As interesting as it was to try and optimize the test, the sandwich assay is not the universal approach for aptasensors, as very few targets can be bound by a couple of aptamers, and downright impossible for the detection of small molecules because of steric hindrance.

We feel that this assay was still necessary to develop, as it helped to establish the general experimental conditions for the detection of a target using the biochip. Additionally, we can imagine in the future working with recognition molecules other than aptamers, or combine one aptamer with another detection molecule for example, in which case the general proceedings of the sandwich assay are primordial. Overall, we obtained a promising proof-ofconcept for the use of our biochip as a biosensor.

We designed a second assay based on a common aptasensing assay format: the duplexed aptamer. As the name suggests, a duplexed aptamer corresponds to the hybridization of two nucleic acid-based molecules, on one side the aptamer of interest, and on the other a partially complementary sequence. The latter molecule is designed to compete with ligand-binding, allowing a specific, target-induced strand displacement able to generate a signal in the assay. The duplexed aptamer assay is one of the most common assay format for many reasons: theoretically adaptable to any aptamer, exploitable with a broad range of readout methods (electrochemical, fluorescence-based, colorimetric, or even piezoelectric), and generally cost-effective since the competitor is a nucleic acid sequence [START_REF] Munzar | Duplexed aptamers: history, design, theory, and application to biosensing[END_REF].

Adapting this assay configuration to our assay in the biochip, we decided to keep an aptamer grafted on the DNA tether, and link biotinylated partially complementary oligonucleotides on the particles. aptamer is recognized, should it display a higher affinity for the aptamer than the partially complementary oligonucleotide, the particle is freed and we observe an unlooped DNA population with a higher amplitude of motion of the particles.

There is one essential advantage of this assay: its universal aspect. Contrary to the sandwich assay, for which a couple of aptamers able to recognize different binding sites of the same molecule had to exist, here we only need one aptamer. This means that this assay is virtually compatible with any target for which an aptamer has been selected, as portrayed by the popularity of the assay format in the literature.

However, the entire test relies on the presence of a partially complementary oligonucleotide, able to hybridize the aptamer and form a stable-enough duplex in buffer conditions on our biochip, but not too strong that the thrombin interaction is prevented.

Design and characterization of the partially complementary oligonucleotides

We decided to embark on a tried-and-tested sequence, with a study led by Xiao et al;. (Xiao et al., 2005b) as a starting point. They developed an electrochemical aptasensor with a limit of detection of 3nM in a buffer containing 20 mM TrisHCl pH 7.4, 140 mM NaCl, 20 mM MgCl and 20 mM KCl (the T29 buffer from its original selection), in the form of a signal-on aptasensor. The T29 aptamer is covalently linked to a gold electrode and partially hybridized with a methylene blue-tagged oligonucleotide. Upon addition of the target, the aptamer sequence is released and the methylene blue extremity of the oligo able to exchange electrons with the electrode, producing a quantifiable signal.

We used the oligonucleotide they found as a starting point and reference, and called it "orig" for original. From this, we derived other sequences by inserting punctual mutations or deletions to introduce mismatches along the aptamer-oligo duplexes. We mostly targeted the nucleotides involved in the formation of the G-quadruplex, known to be the binding site for thrombin. Doing so we aim to leave the nucleotides free to fold into the ternary structure able to bind thrombin. The perfect complementary oligonucleotide, the T29 antisense, is used as a positive control and a reference of maximal yield of looping (table 56). Before testing those oligonucleotides in our assay, we had to evaluate the stability of the duplexes formed when hybridized with the T29 aptamer. The melting temperature (Tm) of double-stranded nucleic acid molecules corresponds to the temperature at which half of the DNA molecules are single-stranded. This parameter of the thermodynamics of DNA is a strong indicator of the stability of a duplex in solution, and was evaluated for all sequences. The oligonucleotides were mixed with T29 in equivalent molar ratios at room temperature, in PBS1X (the one used for Buffer A). The optical density at 260 nm was then monitored on a spectrophotometer as the samples were heated up from 20 to 90 °C.

Sequences

The antisense-T29 aptamer duplex presents an expectedly high melting temperature of 81°C (table 56). In contrast, hybridizing the oligonucleotide inspired by the study of Xiao (Xiao et al., 2005a) article leads to a melting temperature of 50°C less for the duplex formed,

showing that combining deletions and mutations greatly impacted its stability as expected.

Overall, we could classify the oligonucleotides in two categories: melting temperatures above or below room temperature (around 25°C). Oligonucleotide n°3b is the only one in the latter category, and we suspected we would not be able to observe DNA looping using this sequence as the complementary oligo. It is interesting to remark here that there is no obvious link between the place and number of consecutive mutations, and the resulting loss of stability.

Oligos n°2 and 4 for example display the same Tm, when one was mutated to form bubbles along the sequence, while the latter has single mutations distributed all along the sequence.

This observation does emphasize the difficulty of the rational design of partially complementary oligonucleotides. However, the melting temperature is not the only parameter to take in consideration for the selection of the mutated sequences candidates, especially because this experiment is led with the molecules free in solution.

All candidates were thus directly tested on the biochip.

Validation on the biochip a. Observation of the duplexes' hybridization

In the same manner as for the sandwich assay, the first step for the competition experiments was to determine the optimal grafting density of the particles. In the molecular tools chapter (figure 42), we showed that using the T29 antisense on the particles allowed us to observe the maximal DNA looping fraction we could obtain with a T29 antisense/particle ratio of 200/1, by forming the most stable duplex (melting temperature measured at 81°C).

This ratio was therefore used for all the complementary oligos. The principle of our competition assay is to observe a stable DNA looping in buffer condition, until the addition of a specific target displaces the equilibrium and releases the particles. Working with this 200/1 ratio of oligonucleotides on the particles, we then evaluated the looping fractions we could obtain with each sequence, following the same protocol as for the antisense (molecular tools chapter), translating the stability of the duplexes formed. We can distinguish two categories here, the oligonucleotides leading to a DNA looping of 50% or more, namely Oligo 2, 3 and 4 (figure 57 panel 1); and those that showed low or nonexistent looping on the biochip: Oligo 3a, 3b and Orig (figure 57 panel 2). The calculated looped fractions are reported in the table (figure 57). Additionally, we compared oligo Orig and 4 during longer runs, to see if we could detect a switch between the looped and open states translating the equilibrium of the duplexes formed.

Oligo grafted on the

Figure 58: Distributions of the amplitude of motion of the nanoparticles, grafted with different partially complementary oligos. The amplitude of motion was computed for five minutes for a particle grafted with oligo Orig (orange) or oligo 4 (green).

The amplitude of motion of a particle grafted with oligo Orig was steady around 230 nm, the free DNA state, and dropped to 170 nm for about 50 seconds (figure 58). On the contrary, a particle grafted with oligo 4 stayed free of motion for the first minute until the DNA looped for the rest of the experiment. Not only can we observe a global behavior of a given oligonucleotide on the biochip, but we can track its hybridization/denaturation through longer run times.

Another interesting thing at this point of the study was that using the oligos on the biochip not only showed we could observe DNA looping even with sequences less stable than the antisense, but also, we could not predict the efficiency of looping using the melting temperatures measured in solution. Indeed, we initially supposed that the sequences with the lowest melting temperatures would be the less stable on the biochip, as shown by a low DNA looping fraction. While this hypothesis proves to be true for oligo 2 and 4, with the highest melting temperatures at 42°C, oligos 3 and 3a display complete opposite behavior despite having the same Tm. On a final note, in the case of oligo Orig, the sequence inspired by the JACS study, we obtain a yield of only 10% of DNA looping in our system.

These observations go along with the difficulties encountered by researchers in the aptamer competition studies field, as it is difficult to establish general rules regarding the design of universally efficient complementary elements. In our case, we can add the relative strong and stable formation of a G-quadruplex that displaces the equilibrium towards denaturation. The partially complementary oligonucleotide used for the electrochemical aptasensor (Xiao et al., 2005b) is set aside in our study, as are oligos 3a and 3b. Even if oligo Orig loops a little, it would be hard to efficiently detect thrombin if the initial looping is too low to observe unlooping properly. Oligos 2, 3 and 4 were kept for further testing.

b. Quality control

The detection in this assay relies on the specific DNA unlooping, meaning the initial DNA looping is a crucial aspect of this assay configuration. The initial looping has to be homogeneous throughout a channel and stable after buffer injections. These two parameters are crucial and have to be verified for every independent experiment.

Firstly, the homogeneity of the looped fractions between fields of observation in the same channel is extremely important to calculate the loss of looping for a single experimental condition and hence constitutes the first important verification at the beginning of every single experiment. We calculate the difference in DNA population fractions after and before target incubation, and we need to make sure that the initial state is trustworthy. As we explained in the HT-TPM experiments chapter, at least three fields are observed for any time point, experimental condition or channel we are analyzing. On one hand, we maximize the number of particles recorded and strengthen the statistics of the experiment, and on the other we can make sure that the channel is what we call "homogeneous" in terms of relative DNA populations fractions. If this is not the case, calculating an arithmetical mean can lead to false interpretations. We set an interval of variability of 10% maximum comparing the looped fractions throughout a single channel. When we obtain a higher percentage, we set the channel aside.

Table 59: Looping loss following buffer flushing in the biochip, for the Oligo 4/T29 duplex. The looped DNA fraction was measured at three time points: a) just after the flush of buffer performed to wash the channel at the end of the DNA/particles incubation (measure 1), b) 30 minutes after this step (measure 2), and again c) 30 minutes later (measure 3) either injecting buffer a second time just after measure 2 (protocol 1) or leaving the channel (protocol 2). Looping loss was then calculated comparing measure 2 to measure 1 (third column) and measure 3 to measure 2 (fourth column). The experiment was repeated three times for protocol 1 and twice for protocol 2). Secondly, once the channel has been validated after the initial buffer wash, we wait an additional 30 minutes in the buffer. This step constitutes an internal control to each channel and is essential, as we can also find differences between channels in the same biochip, that we can consider as independent experiments. We decided to add this step to the protocol for the competition assay after observing some instability in the DNA looping, when oligo 4 was grafted on the particles.

Experiment

Overall, we could sometimes observe a DNA looping loss in the buffer A (figure 59), but analyzing the channel after another half hour or after a second buffer wash showed that any additional looping loss was not significant (less than 5%). These experiments allowed us to trust that after a first buffer incubation, the DNA looping was stable and thrombin could be injected.

We set a standardized protocol for the detection of a specific target with this assay.

After the washing step, an initial incubation in Buffer A only, for thirty minutes, should always be performed as reference point for each channel analyzed before injection of a molecule of interest. The looping fraction calculated after this step becomes the baseline to measure the unlooping.

c. Target-induced DNA unlooping

The next step in the validation of the partially complementary oligos, after observing the significant formation of DNA looping, is to observe the feasibility of strand displacement.

This test was performed in two steps, using the perfect competitor, the T29 antisense, and the specific target: thrombin. These tests allow the determination of the most favorable oligonucleotide for specific DNA unlooping. In both cases, DNA looping was observed and calculated 30 minutes after buffer injection for each oligo tested, then the competitor was injected at 100 nM, incubated for another half hour, before observing under the microscope.

We chose to work with high concentrations of targets to select the oligo with the potential highest dynamic range of detection thereafter.

Figure 60: Feasibility of strand displacement on the biochip. The looping percentage was calculated before (t=0) and 30 minutes after T29 antisense (hatched) or thrombin (dotted) injection at 100 nM (t=30 min) for oligos 2, 3 and 4.

As the perfect competitor, the injection of T29 antisense should allow us to observe the near complete loss of DNA looping, by replacing the partially complementary oligos and forming a stable duplex with the aptamer. The T29 antisense indeed displaced the equilibrium for all three oligos, but with varying efficiency (figure 60, hatched bars). Oligos 2 and 3 form a strong duplex with the aptamer, as shown by the high melting temperatures and limited strand displacement. This observation explains why thrombin could not significantly displace the equilibrium formed either, when even the T29 antisense had limited impact.

Interestingly, we obtained a DNA looping loss of 80 % following antisense incubation when oligo 4 was grafted on the particles, and about 30 % for thrombin, when this oligonucleotide displayed a similarly high melting temperature as oligos 2 and 3 and a high fraction of initial looping. Once again, the measured temperatures seem to be at odds with the observations made on the biochip. In any case, following those preliminary tests, we chose to use oligo 4 to fully characterize the competition assay.

On a side note, we found slightly lower initial looped fractions compared to the screening showed in figure 57, but we do not consider it a problem here as the initial values In order to further characterize the competition assay using oligo 4, we studied the kinetics of strand displacement by the nucleic acid competitor. Oligo 4 was grafted with a 200:1 ratio on the particles, and the T29 antisense injected in the channel. We selected a field of observation on the microscope and acquired the data of the initial looping and at several times after antisense injection at 100 nM.

The initial DNA looping obtained was at 71% in this field of observation (figure 62).

After antisense injection, we observed a very fast loss of looped DNA population, the equilibrium being reached as soon as 15 minutes after injection, nearing 20% of looped fraction remaining or about 70% of looping loss. It should be noted that in this experiment, we could still observe a small looped DNA population, stable up to one hour after antisense injection with the same distribution of amplitude of motion as the one obtained at 30 minutes. Since these observations were made for a single field, we checked the distribution of motion in several other fields of observation, that showed the same final percentage of unlooping.

The remaining shouldering observed, about 10-15% of looping, could be due solely to concentration of antisense injected that was not enough to obtain a completely unlooped DNA population, leaving the possibility of the detection of higher antisense concentrations and therefore a wider range of detection than the one obtained in the sandwich assay. What was more interesting for us was to then explore different concentrations of antisense to better characterize the assay. As the perfect competitor, completing the concentration range we can detect with the oligo n°4/T29 duplex is a good indicator of the maximum response we can then expect to obtain for thrombin. Concentrations of antisense ranging from picomolar to micromolar were injected in the biochip after the initial buffer incubation, and the data collected 30 minutes after antisense injection. Here again, starting 10 pM, we observe a dose-dependent signal of the perfect complementary oligonucleotide, up to 1 µM. In the micromolar range, we observe the complete reversal as we suspected when previous detection of antisense at 100 nM had left about 10 % of DNA looping, in accordance with previous tests (figures 60 and 62) showing a reliable response over time. The dynamic range is therefore set between 10 pM and 1 µM, with a broader dynamic range of the signal from about 9 to 100% than for the sandwich assay, facilitating the specific and reproductible detection of set concentrations of the target.

Optimizing the limit of detection here depends on the initial value of the looped fraction of the oligo 4/T29 duplex only in buffer A, as the higher the DNA looped population is, the more leeway we have to observe unlooping.

Detection of thrombin

In the same way we detected the T29 antisense, we finally evaluated the capacity of this assay to detect the actual target of the T29 aptamer: thrombin. Following the same protocol, For each concentration tested, the result was calculated as a percentage of loss of DNA looped fraction. Once the oligo n°4/T29 duplex was stable in the buffer (initial DNA looping, 30 minutes after injection of Buffer A alone), thrombin was injected and the data acquired 30 and 60 minutes after (final DNA looping).

In a first attempt, thrombin was injected at the same concentrations than those used for the antisense, in the picomolar to nanomolar range (figure 64). While we did find the same looping loss of around 30 % for 100 nM as we had obtained in the first proof-of-displacement test (figure 60), the response di not decrease with the thrombin concentration, down to 10 pM. No dose-response was observed, and it is difficult to extract a tendency. We first thought that the recognition of thrombin might be slower to reach equilibrium, and we analyzed the channels at 60 minutes after thrombin injection, with limited additional looping loss.

Our second hypothesis was that the system was already saturated, though not going higher than 40%, explaining the inconsistency in the signal. We decided to test lower concentrations, in the femtomolar range, but it did not help to clarify the observations. On the contrary, the abnormally high response calls into question the other observations, since have trouble believing we could reach such low concentrations. Yet all those experiments were led with buffer controls, and initial looping fractions varying only from 61 to 66%. Moreover, for each of the data point in the femtomolar range, we washed the channels with Buffer A after the hour of thrombin incubation as a control of the specificity of the signal, and observed a near complete recover of the initial looping fraction. Could the unlooping we observed be then due to contaminants in the thrombin samples? In this case the high dilutions

should have tampered down this potential non-specific effect. In our bafflement and incomprehension, we wanted to lead a second measurement campaign, with another human thrombin batch. Unfortunately, at the time, we started to observe high instability and decreasing fractions of looped DNA populations in the Buffer, preventing us from leading the assay.

The question we can ask ourselves is why thrombin 'failed' where the T29 antisense succeeded. Evidently, it is difficult to compare the two as the nature of the molecules detected dictates the mechanism of interaction involved. Maybe the protocol we set for the detection of the oligonucleotide is not suitable for the protein in terms of ratios of oligos to T29 and time of reaction.

Interestingly, the maximum signal obtained was around 40%, closer to the results obtained for the detection of thrombin in the sandwich assay than the T29 antisense in the competition configuration. It might just be that the assay design is not suited for the quantification of big molecules. We sought out our competitors at the Eindhoven University of Amsterdam, to see if they had continued to develop their sensor based on the TPM and compare our similar sensing assays. We were surprised to see that after their proof-of-concept of the detection of thrombin using their assay, a second study was led to detect creatinine [START_REF] Yan | Continuous Small-Molecule Monitoring with a Digital Single-Particle Switch[END_REF] instead. Maybe they encountered the same troubles that we did, and chose to work with a smaller molecule than thrombin (113 Da to thrombin's 36 kDa).

Discussion

Based on the results we obtained for the detection of the T29 antisense, we can say that the competition assay is very promising on our biochip. Designing the partially complementary oligonucleotides that will compete with the target to bind to the aptamer is the delicate part of the experiment. As we then showed during the initial validation steps, it is easy and fast to test the oligos directly on the biochip, and determine which sequences have the best potential for the specific detection of the target. As no service is available to our knowledge to screen partially complementary oligonucleotides on a large scale, except for the aptamer-complementary element scan microarray developed by David Juncker and his team [START_REF] Munzar | Comprehensive profiling of the ligand binding landscapes of duplexed aptamer families reveals widespread induced fit[END_REF], further discussed in the general discussion, the biochip offers a solution to directly test the stability of a duplex formed, its strength and ability to recognize its target sequence. We can imagine developing a platform in the future for high-throughput screening of these oligos for any aptamer we want used the biochip.

Another interesting point, is the rapid detection of T29 antisense we obtained following the kinetics of the strand displacement. We nearly attained the equilibrium at 15 minutes of incubation only (figure 62), a very promising result for the final conception of an aptasensor and its use on the field, as a rapid detection of a target can be expected, on the list of specifications for the development of new biosensors.

In addition, this demonstration of the detection of the T29 antisense showed that we could in the future use this configuration to detect nucleic acids. This aspect is exciting for the quantification of nucleic acid biomarkers in biomedical applications, opening up the potential uses of the biochip as a biosensor. These cell-free nucleic acids (cfNA) are usually found in physiological conditions in varying lengths and concentrations ranging from 10 to 50 ng/mL in the plasma [START_REF] Bruno | Circulating nucleic acids in the plasma and serum as potential biomarkers in neurological disorders[END_REF][START_REF] El Messaoudi | Circulating cell free DNA: Preanalytical considerations[END_REF], but are subject to increasing levels following necrosis, apoptosis, and other diseases leading to cell death and their release in the blood. If we look at the detection limit we reached with the antisense, at 10 pM for a 29 mer oligo (or about 100 pg/L) we are well below the cfNA concentrations, but refer to the global population and not a specific sequence. It gets harder when we consider a specific miRNA molecule, that can be found in only a few copies and the variations very slight. Not only do we need to reach femtomolar reliable detection, the sensitivity of the assay is the crucial parameter to optimize, which is why PCR is still the reference technique for nucleic acid detection.

Finally, the response obtained for the detection of thrombin rendered us quite perplexed regarding the maximum signal reached at only 30%, for nearly the entire range of concentrations tested. We hypothesized that the equilibrium needed an external force to be displaced more efficiently, but preliminary experiments on the biochip, using a Peltier plate under the microscope, have unfortunately only aggravated the instability problem we observed in the buffer in the end, unlooping completely and irreversibly the DNA, and preventing us form testing this hypothesis at the moment. Anyhow, our biosensor in its final form should be ready to use in the simplest experimental conditions to allow on site detection of molecules of interest, and the addition of a Peltier plate could take too much space and general care.

The results we obtained with thrombin tell us that Oligo 4 was perhaps not the right candidate, as the hybridization however partial with T29 was still stable enough to prevent the formation of the G-quadruplex, and thus thrombin recognition.

In circular dichroism, we can see that the formation of a duplex greatly impacts the shape of the spectrum and we lose the G-quadruplex signal (figure 65 A). The aptamer is therefore locked in a duplex state. When we analyzed the rest of the duplexes, we could observe a shift in the spectra (figure 65 B and C). Though no obvious pattern can be discerned to classify the oligos, it would be interesting for future testing of partially complementary sequences to study the duplexes using this analytical method, and watch if we retrieve the G-Quadruplex signal after addition of thrombin [START_REF] Lin | Studies of the binding mechanism between aptamers and thrombin by circular dichroism, surface plasmon resonance and isothermal titration calorimetry[END_REF].

Keeping in mind that it is quite delicate to properly interpret subtle shifts in circular dichroism, another important control would be to compare the spectra of another aptamer with a different three-dimensional structure and discuss those results with specialists. We also analyzed T29 and the duplexes at 295 nm, with increasing temperatures to obtain a fusion curve. Indeed, following the optical density at 295 nm is a good indicator of the presence of a G-quadruplex, showing a steady decline in absorbance as the temperature rises before increasing again when the molecule is denatured. As we expected, we can observe a G-quadruplex signature for the T29 aptamer alone, in both PBS and Buffer K, as portrayed by this declining slope up to 50°C (figure 66 panels A and B). This signature is more pronounced in buffer K. Once the aptamer is hybridized with its perfect complementary oligo, the antisense, we lose this typical signal completely, as melting temperature is only reached at 80°C (figure 66 panels A and B). The particularly interesting data here is the curve obtained with all the other oligonucleotides, for which we retrieve the G-quadruplex signature after the respective Tm are reached, even in PBS. In Buffer K, it seems Buffer K : KH2PO4/ K2HPO4 10 mM KCl 100 mM EDTA 1 mM lower temperatures are needed to be reached before we can observe the this. We could suppose that stabilization of the G-quadruplex is promoted thanks to the potassium ions for a higher percentage of T29 aptamers, compared to PBS. This experiment was in the end very informative compared to circular dichroism for the duplexes, showing us the formation the tertiary structure of the T29 aptamer even in PBS, but only when the temperature increased.

We could hypothesize that thrombin is not able to displace and denature the duplex alone.

A more general problem arose during the experiments, concerning the initial looping of the duplex on the chip using our final candidate, oligo 4. The loss and degradation of stability in buffer with time is both troublesome and peculiar, and prevented us from confirming the results obtained with thrombin. We tried to correlate this observation with the materials used, with the outdoor temperature that can affect the room temperature in the lab, but to no avail. No matter how many times the DNA was re-prepared from the beginning of the protocol, or the temperature checked at both the lab bench and the microscope room, we could not get back to the first months of testing this assay, where the initial looping was high and much more stable in buffer.

Another possibility is that the insert-T29 fusion oligonucleotide itself can be torn away from the tether from mechanical stress, of because the particle pulls on it through the duplex hybridization. Up until now, the fusion sequence simply hybridized on the DNA, leaving two single-stranded breaks resulting from the digestion. We therefore thought of ligating the insert-T29 fusion on the DNA tether. Of course, this would only work on the 5' end of the oligonucleotide, as the other branches out to the aptamer sequence, but ligating on one hand should be enough to strengthen the oligo binding. After purifying the T29-grafted DNA, the T4 ligase was added to the sample in its buffer and left overnight in melting ice to create a temperature ramp. The ligated DNA was then purified again on a S300 column, and tested on the biochip. Unfortunately for us, there was no improvement regarding the initial looping stability compared to the non-ligated DNA, as well as frequently unusable preparations because the particles would stick to the surface despite passivation. We suspected that the purification was not enough to eliminate the ligase, known to strongly bind to DNA, and the enzyme could cause aggregation and non-specific interactions.

In the end, our last hypothesis is that the nickase enzyme is less stable than our common restriction enzymes, and might degrade quicker than expected from the expiration date set by the furnisher. This could lead to an incomplete digestion of the DNA, and a partial or impossible hybridization of the insert-fusion oligonucleotide. It is easy to imagine then that the insertion of the aptamer is more prone to denaturation following external forces, ie the mechanical force exerted when we inject the buffer in the channels. There is no obvious and immediate way to test this hypothesis, but to order a new and fresh sample of Nt. BbvcI and prepare a new batch of replaced DNA to test on the biochip.

The idea of this project was to combine aptamers with the single-DNA biochip, in order to develop a biosensor for the detection of substances in aqueous media for water quality monitoring. We tested two assay designs using well-described and popular aptamers selected against thrombin for the proof-of-concept stage of the study. In the first assay, called sandwich, the couple of aptamers were grafted on the particles and DNA tether; whereas in the second assay configuration, the competition, the T29 aptamer was hybridized with a partially complementary oligonucleotide linked to the nanoparticles.

In both assays, the controlled binding of a single copy of an aptamer on a specific site on the DNA tether had to be implemented. Previous molecular engineering had left us the possibility to introduce an amine function group in the middle of tether to branch out and bind a recognition molecule. Taking advantage of this, we tried to crosslink the T29 aptamer using chemical reagents, with no apparent success. Analysis of the reaction steps on LC-MS showed the activation of the amine-functionalized insert was the limiting step, for reasons we have yet to uncover. At the cost of ligating the insert on the DNA, we opted for a simpler method, extending the insert sequence with the aptamer. The efficiency and yield of the protocol were directly tested on the biochip, where grafting the nanoparticles with the antisense of T29 showed 91% of DNA looping Once this first step was validated, we set up a general protocol for the detection of a target, and the analysis of the data collected. The grafted-DNA/grafted-nanoparticles complexes are first incubated in the biochip. The quality of the preparation is then verified before addition of buffer only or ligand in the channels. The distribution of the amplitude of motion of the particles is analyzed on the post-treatment nanomultiplex software and processed using a code written in RStudio, to calculate the relative fraction of looped and free DNA populations.

In the sandwich assay, we managed to obtain a specific dose-response curve for the detection of thrombin diluted in the buffer A. We reached a limit of detection of 10 pM, similar to the LOD obtained with commercial ELISA kits, and a range of detection and quantification of 10 pM to 1 nM. For higher concentrations, the samples would need to be diluted, something advised for ELISA kits as well. This assay did not pose us many problems, and we obtained satisfying results, compared with classical immunoassays. The main issue remaining is the maximum response we observed, around 30% of looping, which limits the amplitude of response and thus the range of detection.

Finally, in the case of the more universal competition assay, we tested the efficiency of looping on the biochip of different complementary oligonucleotides candidates, after measuring their melting temperatures in solution to compare stabilities. The experiment helped perform a first round of screening of what we deemed to be the best candidates for thrombin detection in this configuration. Three sequences were selected, and used for further testing: detection of the T29 antisense and thrombin at high concentrations. Only one sequence made it to the final round of testing, the oligo 4, presenting a high enough DNA looping efficiency, but an important strand displacement by the two molecules. We then obtained a dose-dependent curve for the detection of the antisense, between the picomolar and micromolar range when the whole DNA population was unlooped. This experiment served as both a proof-of-concept of oligo 4 displacement by a competitor, and a potential use of the chip to detect nucleic acid molecules. Detecting thrombin however proved to be trickier than we initially thought. We might be able to detect the protein, though the results are to be taken with caution and the experiments need to be repeated, but not quantify thrombin the way we could in the sandwich assay.

Most of the problems we encountered with the competition configuration, trying to detect and quantify thrombin, come down to the design of the assay itself. While this type of assay format is the most commonly used for the development of aptasensors, there are no rules set for the design of the partially complementary oligos, arguably the key elements of this test. The literature describes all kinds of strategies employed, rarely accompanied with an explication of the thought process. We find studies opting for oligonucleotides with deletions and mutations, or complementary but shorter sequences than that of the aptamer. The inherent problem is that the duplexes formed between the aptamer and the oligo have never been well documented, and the global approach seems to be empirical, besides a general strategy of hybridizing with the binding site of the target on the aptamer. One important explanation could be that, even with their widespread use in the aptasensor field, the mechanism of ligand binding remains unclear, even at the aptamer-target level only. If we consider the T15 or T29 aptamers for example, the golden standards in aptamer research, we can still see many debates as to the mechanisms of recognition of their target. Our tests in circular dichroism and on the biochip put into question the necessity of the presence of coions for the stability of the g-quartet/thrombin interaction. Despite the determination of the aptamer/protein complex structure, the interaction is still not completely understood [START_REF] Baldrich | Ability of thrombin to act as molecular chaperone, inducing formation of quadruplex structure of thrombin-binding aptamer[END_REF][START_REF] Marson | Folding versus charge: understanding selective target recognition by the thrombin aptamers[END_REF].

The following question can be posed for any aptamer: is it the nucleic acid sequence or the three-dimensional folding of the molecule that allows the specific recognition of its target? This problematic is crucial to understanding why competition assays can be difficult to put in place, as it boils down to the two mechanisms of ligand binding describing aptamer/target interactions. On one hand, we can hypothesize that the aptamer is in a constant equilibrium between random coil and the folded, determined, stable structure that allows recognition of the ligand, in a manner resembling the lock-and-key enzyme/ligand interaction pathway. On the other, some researchers pose the theory that it is the interaction of the target that leads to the structuration of the aptamer, consequently leading to its stable binding, in process called "induced fit" (figure 67). The aptamer might display an equilibrium between a non-binding and binding-ready state, in the case of conformational selection, or the interaction with the target induces the modification of its structure, in the induced fit model. Figure from [START_REF] Munzar | Complementary oligonucleotides regulate induced fit ligand binding in duplexed aptamers[END_REF] These two mechanisms remain true when another partner is involved: the complementary oligonucleotide, adding the equilibrium between duplex and free configurations. Piling up all those facts, we can understand why it is difficult to predict the sequence of the partially complementary oligo best suited for any assay, and consequently why aptamers and aptasensors are yet to be found on the market.

Juncker and al.; [START_REF] Munzar | Comprehensive profiling of the ligand binding landscapes of duplexed aptamer families reveals widespread induced fit[END_REF] developed a screening platform for duplexed aptamers in order to understand the mechanisms of binding involved. They synthesized thousands of complementary oligonucleotides of varying lengths on a microarray, so as to cover the entire sequence of a given aptamer, and with or without mismatches. The aptamer was functionalized with a fluorophore and added to the array, allowing the researchers to map the spots where it hybridized with an oligonucleotide (figure 68). The ligand was linked to another fluorophore. The duplex dissociation rates were measured as function of loss of fluorescence, in buffer only and after addition of the ligand. An increase in dissociation rates in the last case over buffer only conditions is assigned to the induced fit pathway. a general pattern could be discerned. Induced fit was indeed maximized for relatively short oligonucleotides (7 to 12 mer) complementary to the nucleic acids involved in the interface with their ligand, which is quite counter-intuitive. They theorize that the oligonucleotide structures the duplex so as to leave the aptamer predisposed for ligand binding.

This study portrays the complexity of the rational design of competitive assays for aptamers, with optimal strategies varying according to the aptamer and the probable coexistence of the two different pathways of ligand binding. With the same general objective, we could implement this kind of screening on the single-DNA biochip. This would present the advantages of direct evaluation of a duplex stability in our system by analyzing traces over long runs, with any aptamer and target we would like to test.

The ligand and the complementary oligonucleotide competing for the same site might not be the best strategy to apply in the end. We could imagine a more classical competition mode where an analog of the ligand, a small peptide or a mutated form of the molecule for example, interacts with the aptamer but with a lower affinity and could be displaced by the native ligand. Molecular cloning can be set up to direct mutations at the interaction site of the aptamer, in the case of thrombin at the exosites, to obtain the ligand analog. Another, simpler idea would be to use bovine thrombin as a competitor, for which the t29 aptamer presents a decreased affinity as has been measured (Visser et al., 2018) (figure 69). In the end, the results we obtained for the competitive assay are encouraging, and the versatility of aptamers and the HT-TPM offer many alternative uses and assay set ups. It is necessary for the new sensing devices developed to be able to specifically detect multiple targets in the same sample, if not the same run. We can easily imagine grafting different recognition molecules on the DNA tethers at different sites (figure 71), leading to specific decreases of amplitude of motion after target binding as we obtained in the sandwich assay.

The second point, miniaturization leading to portability, relays in our case only on the optical microscope, the camera and the software for data analysis as the chip itself is already small. We find in the literature many efforts to adapt our smartphones to portable microscopes. Indeed, with the already high capacities of our everyday companions, researches only need to use smartphone cameras for visualization of a sample, and combine it to miniaturized microscope equipment (figure 72). We have run a couple of preliminary tests in the lab using an old phone to record the motion of micrometric particles in a channel of a biochip with success, and we know that the software could be developed as an application users can download directly on their phone to analyze the data on site. The future of the biochip can only be improved and favored by the never-ending evolution of technologies, and promise to be a true opponent to existing sensing platforms.

We initially directed this project for the future development of a biosensor in the water quality field, but we are still far from achieving this goal. We can wonder about the chances of success of our sensor in waters with varying qualities. The ionic strength of samples can affect the DNA tether persistence lengths and therefore the amplitude of motion of the nanoparticles. Unlike the blood where molecules are well identified with known concentration ranges, we can find a broad range of unknown contaminants of varying nature that could lead to non-specific signals and background noise. It is absolutely necessary to build a stable sensor, and fully characterize its behavior in real water samples to control our tool.

That being said, the first proof-of-concept obtained for the combination of aptamers with the single-DNA biochip are encouraging, even if work still needs to be done. A German company called Dynamic Biosensors has developed a sensor chip where DNA levers are immobilized on an electrode and the dynamic oscillation depends on the size and quantity of ligand bound to its other end. The technology is compatible with varying salt concentrations and pH. This success is reassuring for the use of our HT-TPM as a sensor. As for aptamers, despite the difficulties we have encountered, the fact remains that they are the best candidates because of their many advantages, especially for future applications in the water field.

What remains to be done in the immediate future is to fully characterize the stability of the grafted DNA, during an experiment but also over time, to determine how long we can preserve the grafted DNA and in what storage conditions. This question is especially concerning after the variations in initial DNA looping we observed during competition experiments. We need to understand if the lack of ligation of the insert-aptamer on the DNA is a problem, or/and if like we are suspecting, the Nt.BbvcI enzyme loses activity over time and the grafting efficiency drops because of it.

Finally, we would like to lead the competition assay with a target of interest for water.

Not only would it help cement the proof-of-concept of the use of our sensor for water quality monitoring, but one of the hypotheses we emitted over the limitations of our competition assay was the size of thrombin. As a harmful and widespread contaminant, a cyanotoxin such as microcystin-LR, much smaller than thrombin and for which several aptasensors have been developed would be interesting. Additionally, the aptamers targeting the toxin are quite long, around 60 mer, which could help determine the optimal length of sequence we can use for DNA grafting.

In the initial proposition of the project, a third assay was designed to detect pathogens.

In this test, the idea was to capture a microorganism at the end of the DNA tether functionalized with a detection molecule, and directly observed in optical microscopy. 

aptamer pathogen

The idea came from the first tests to develop TPM, as the particles were added after the anchoring of the tethers to the glass slide. This 'fishing' configuration only relies on one aptamer-target interaction, making it adaptable for the detection of particle-like targets such as bacteria, and easier to implement than the competitive assay. We unfortunately did not have the time to run preliminary experiments, but this assay will surely be developed in parallel of the full characterization of the competitive assay. 
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Aptamer-functionalized biochip protocol

Polystyrene microspheres with a diameter of 300 +/-30 nm (F1-XCO30, Merck Estapor, stored at 4°C) functionalized with carboxyl groups are used.

-Wash an Eppendorf tube with AB1X buffer (activation buffer AB10X, Ademtech, stored -Add 75 µL of Neutravidin at 0.2 mg/mL (aliquots stored at -20°C at 2 mg/mL in PBS, pH 7.4) for 2h at 37°C.

-Prepare BSA at 0.5 mg/mL (protease-free, Sigma-Aldrich) diluted in the activation buffer -Add 300 µL of this BSA solution to the particles for 30 min at 37°C.

-Centrifuge for 15 min at 10000g -Wash with 100 µL of storage buffer SB1X (SB10X, Ademtech, stored at 4°C) for 8 min at 10000 g -Repeat the last step -Final resuspension with 112 µL of SB1X, giving a final concentration of 500 pM.

-Sonicate on ice: 4 pulses of 5s, with 15s long pauses, power at 50 and tune at 25 (VibraCell, Bioblock Scientific).

The particles are then stored at 4°C and remain stable for about two months, though vigorous pipetting is recommended before each sample preparation to break-off aggregates. -Filter PBS10X with 0.2 µm membranes (store at 4°C) -Prepare aliquots of BSA at 50 mg/mL (store at -20°C) -Prepare Pluronic-F127 at 20 mg/mL (store at 4°C) -Mix 3 mL filtered PBS10X + 1.5 mL Pluronic solution + 60 µL BSA qsp 30 mL (Final composition should be PBS1X, 1 mg/mL Pluronic, 0.1 mg/mL BSA) -Store at 4°C

Microcontact printing.

Each step has to be covered so as to avoid dust:

-Remove the PDMS from the master -Cut in three small pieces (or as many as there are channels on your biochip) -Add 10 µL of antidigoxygenin antibody at 100 µg/mL (in PBS, pH 7.4, stored at -20°C) on each of the PDMS stripes for 10 min at room temperature -Rinse with deionized water -Dry with nitrogen flow -Put in conformal contact with the microscope slide for 2 min.

Biochip preparation and assembly

A single PDMS stamp can be reprinted once or twice without inking it again, to cover the channel surface.

Assembly of the flow cell.

-Seal a printed microscope slide with a pierced one (cleaned with the thanol protocol) using a 0.1 mm thick adhesive silicon joint (CultureWell silicone sheet, SigmaAldrich), with 10 x 3 mm hand-cutouts. This gives three individual channels of 10 µL.

-Flush each channel with 30 channel volumes of Buffer A (300 µL)

-Leave the buffer for 30 min at room temperature -Flush again with 300 µL each of Buffer A -Add at least 20 µL of the DNA-particle complexes per channel, prepared in the meantime (see next section).

These washing steps are done by injecting the solutions with a micropipette directly into the holes of the channel of the upper glass slide, the buffer coming out of the other hole is gently pumped with Kimtech wipes.

DNA-particle complexes.

-Dilute purified grafted-DNA in Buffer A (store at 4°C for less than a month) at 100 pM -Mix diluted grafted-DNA with the functionalized particles at 50 pM final each in -Targets or buffers are added by injecting at least 100 µL of the solution chosen -Take care not to leave the channels out for too long to avoid drying (3 to 4 hours in one go is the limit).

Introduction

The demand for novel monitoring methods for the control of water status was pointed out by the EU parliament and council in the founding Directive of 2013 regarding priority substances in the field of water policy [START_REF] Eudirective | [END_REF]. This directive announced the establishment of the first watch list of substances and was followed by vast Union-wide monitoring programs. Among contaminants posing threat to aquatic environment and human health are i) the microorganisms (bacteria, viruses and parasites) and ii) micropollutants with negative effects at low concentrations, ranging from μg/L to ng/L. The latter include an immense variety of inorganic and organic chemicals: metal ions, in particular heavy metal ions, hydrocarbons, plasticizers, pesticides, pharmaceuticals, personal care products, detergents and sanitizer products.

Massive analytic, ecotoxicological and toxicological data are collected and reviewed on the basis of what risks are assessed for determining new priority substances and environmental quality standards (EQS). The discharge of micropollutants in surface waters comes for a large part from the wastewater treatment plants which are rarely designed to eliminate micropollutants. In addition, an important diffuse pollution exists also with contamination of ground and surface waters from rainfall runoff draining pollutants from agriculture and livestock. Pesticides, for example, are among the contaminants for which the EQS are the most frequently exceeded [START_REF] Petit | The status of surface water and groundwater[END_REF]. Climate change and, since micropollutants are mainly of anthropogenic origin, demographic growth will increase water stress, the ratio between water withdrawals and the available renewable water supplies. Preserving the quality of water has hence become a major worldwide concern and monitoring devices will help to set regulatory limits for micropollutants and enable their continuous control with the most extensive coverage.

The disclosure of micropollutants occurrence in surface water owes much to the progress of analytical methods, in particular liquid chromatography coupled to mass spectrometry (LC-MS) which has become a gold standard of water micropollutant analyses [START_REF] Eudirective | [END_REF]. Thanks to the sensitivity of the technique and its capacity of identification of a large multiplicity of compounds in a complex matrix (Cotton and Leroux, 2016), massive campaigns of measurements revealed the extent of the contamination and also of the variety of the compounds [START_REF] Petrie | A review on emerging contaminants in wastewaters and the environment: current knowledge, understudied areas and recommendations for future monitoring[END_REF]. While LC-MS is extremely useful to unveil this environmental concern, such a technique is not adapted for a regular and systematic control of catchment stations, urban and industrial WWTP effluents, …To meet the future challenges, in addition to high sensitivity, the pre-requisites for devices adapted to such a mass use are: portability, automation, rapidity, versatility, reduced cost, ease of use and, ideally, sustainability.

The use of antibodies has led to the development of a panel of fast and cost-effective alternatives to this analytic approach relies on the detection of analytes through their specific recognition. The wellknown ELISA tests (for Enzyme Linked Immuno Sorbent Assay) allow to reach detection limits comparable to LC-MS/MS in some cases and sometimes even below the European Union limit for drinking water. https://doi.org/10.1016/j.ijheh.2020.113485 Received 5 December 2019; Received in revised form 28 January 2020; Accepted 10 February 2020 Antibody-based commercial kits are widely used in biology and biomedical laboratories, where conditions are met to perform those assays routinely but their format is not usually suitable for field applications.

Nanoscale or nanotechnology-enabled sensors offer the potential of integration in miniaturized and automated devices. Based on a nanomaterial, a recognition element and a mechanism for the transduction of the detection event efficient at the molecular level, they promise high performance with extremely low detection limit and rapid analysis [START_REF] Vikesland | Nanosensors for water quality monitoring[END_REF]. Over the past decades, DNA, apart from its obvious interest for species identification, has emerged as a highly potent recognition element, with enormous advantages: versatility, robustness and cost-effective mass synthesis [START_REF] Palchetti | Nucleic acid biosensors for environmental pollution monitoring[END_REF]. DNA has also made a breakthrough in the domain of nanotechnology as a building block for the construction of refined nanostructures [START_REF] Abu-Salah | Biosensors for whole-cell bacterial detection[END_REF]. Devices embarking DNA-based nanobiosensors are most promising candidates.

This mini-review depicts the essential features of recent achievements in the field of DNA-based nanobiosensors, focusing on functional solutions for the monitoring of ions, pesticides and pathogens and discusses the future developments in progress.

Detection principles of DNA-based nanosensors

Biosensors can be classified according to the different components employed for their design: the recognition element used, the signal transduction method, or the analyte of interest (IUPAC definition) (Bhalla et al., 2016). The selectivity of a sensor is provided by the recognition element chosen. While it is commonly thought that the biorecognition element is the most important part of a biosensor, we will also discuss how choosing the transducer affects the device's performance. Accordingly, biosensors can be designed as electrochemical, optical, or piezoelectric devices. Here we present another classification, showing how different assay configurations can be designed to exploit the polymorphism of DNA.

Conformational change

DNA molecules, contrary to protein recognition elements, present a potential for malleability often exploited in the conception of bioassays. Conformational change tests are based on the measurement of a distance shift consecutive to the recognition event. To the polymorphism of DNA is added the versatility of surfaces used in sensors: modified electrodes, noble metal nanoparticles, quantum dots, carbon nanotubes, graphene sheets, …offering a wide range of experimental designs [START_REF] Dolatabadi | Optical and electrochemical DNA nanobiosensors[END_REF].

We distinguish two categories of sensors: one using (de)hybridization, and the other nucleic acid probes (aptamers and DNAzymes). In the first case, the capacity of nucleic acids chains to shift from singlestranded molecules to double-stranded helices in the presence of a complementary strand is exploited. Alternatively, a single-stranded oligonucleotide can be functionalized with a fluorophore and its complementary sequence carries the quencher or vice versa.

Another, more often used type of DNA probe, is the aptamer, first introduced in 1990 by the laboratories of Szostak and Gold (Ellington and Szostak, 1990;Tuerk and Gold, 1990). Aptamers are singlestranded oligonucleotides ranging from 20 to 100 nucleotides in length, which can bind specifically to the target of interest (Fig. 1). They are obtained by a process called Systematic Evolution of Ligands by EXponential enrichment (SELEX), developed by the two aforementioned teams. A randomized DNA (or RNA) library of around 10 14 sequences, flanked by specific primers is incubated with the immobilized target to allow binding. The unbound sequenced are washed, the rest is eluted and amplified by Polymerase Chain Reaction (PCR), dehybridized before going through another round of incubation with the target. The cycle is repeated between 8 and 30 times with increasing stringency, and the enrichment of bound sequences is followed by sequencing after each round. Some of the aptamers are consequently tested to single out the best ones. Since the 90s, several researchers have been trying to improve SELEX and adapt it to a wide variety of applications [START_REF] Sharma | ABCs of DNA aptamer and related assay development[END_REF][START_REF] Wang | Three decades of nucleic acid aptamer technologies: lessons learned, progress and opportunities on aptamer development[END_REF]. Indeed, aptamers can recognize targets such as ions, small molecules, proteins, pathogens and eukaryotic cells. Aptamers are therefore considered as the nucleic acid analogs of antibodies, and their affinity and selectivity can sometime rival those of the more commonly known recognition molecules. Aptasensors can be found in as many different assay configurations as immunosensors based on antibodies, and benefit from the advantages inherent to the molecular nature of aptamers, including versatility in target recognition (even non-immunogenic molecules), cost-effective development, long shelf-life and possible chemical modifications. The latter allows to graft aptamers on various nanomaterials [START_REF] Nguyen | Aptamer-based environmental biosensors for small molecule contaminants[END_REF][START_REF] Liu | Aptasensors for pesticide detection[END_REF]. Aptamers adopt a three-dimensional structure when they recognize their target, a conformational change that is taken advantage of for sensing methods. It is interesting to note that, while many RNA aptamers have been generated by SELEX, very few can be found in the water quality field as they are more fragile than DNA, despite the various chemical modifications made to improve their stability [START_REF] Meek | Enhancing aptamer function and stability via in vitro selection using modified nucleic acids[END_REF].

Alongside the development of aptamers, it is also possible to carry out the in vitro selection of oligonucleotides called DNAzymes, which possess catalytic properties that only work in the presence of metal ions as co-factors for which they have high specificity (McGhee et al., 2017) (Fig. 1). When functionalized with a fluorophore-quencher pair on each end of the DNA strand, these DNAzymes allow on-site and real-time detection of picomolar concentrations of metal ions including UO2 2+ , Pb 2+ , Hg 2+ , Cu 2+ , Ag + , Cr 3+ , and Ce 3+ , Ni 2+ , Zn 2+ in different aqueous media.

This list of the different types of nucleic acid-based sensors is far from being exhaustive. Starting from the same type of biomolecule, a wide variety of assays can be designed. Reminding us of building blocks, researchers can combine nucleic acids with different nanomaterials and different signal transducers. This is how, and why, hundreds of different biosensors have been developed; some more fit than others for the specific detection of a target of interest. The complexity of this field is then easily understood when we realize that it comes from its wealth in sensors architecture.

When we take an interest into what makes a biosensor fit for commercialization and used by the public, we find that optical based devices are the most successful. Based on plasmonic resonance, colorimetry or fluorescence (Damborský et al., 2016), their coupling to nanomaterials such as nanoparticles strongly enhances signal transduction (Table 1). Among noble metals, gold nanoparticles (AuNPs) are by far the most popular [START_REF] Aldewachi | Gold nanoparticle-based colorimetric biosensors[END_REF]. Smaller than 100 nm, they offer an ease of preparation and biocompatibility, making them perfect candidates for bioassay designs, all the more so since their unique optical, chemical, and electric properties can be explored for signal amplification. Their most common utilization is as platforms for colorimetric sensors: a color shift is observed according to their shape, size and aggregation state [START_REF] Jain | Calculated absorption and scattering properties of gold nanoparticles of different size, shape, and Composition: applications in biological imaging and biomedicine[END_REF]. The amino function groups found in the bases of nucleic acids non-covalently bind to the negative charges of AuNPS, stabilizing the particles' suspension. When a molecule of interest is added to the suspension, the DNA will preferentially bind to its target, leaving the AuNPS bare and susceptible to aggregation due to the presence of high salt concentration. The extent of the resulting absorbance shift being target concentration dependent (Li and Rothberg, 2004). While simple visual observation can be used to detect this phenomenon, the resonance behavior of AuNPs provides an alternative transduction method. As AuNPs present unique Localized Surface Plasmon Resonance (LSPR) properties, sensitive to the mean interparticle distance, transduction is often coupled to Surface Enhanced Raman Spectroscopy (SERS). SERS enhances Raman scattering by a 10 10 factor when molecules are adsorbed on metal surfaces, allowing us to reach single molecule sensitivity, a perfect example of how nanotechnology can be used to improve detection limits [START_REF] Blackie | Single-molecule surface-enhanced Raman spectroscopy of nonresonant molecules[END_REF]Wei et al., 2015).

Despite their numerous advantages, sensors based on particle aggregation are yet to be used for in situ studies as further development is still needed. Since their properties are shape and size-dependent, a better control of these parameters is required during the particles' preparation. On the other hand, progresses made for point-of-care (POC) devices using such colorimetric assays could be transposed to environmental applications.

The other frequently developed type of sensor is based on electrochemistry. Ease-of-use and facile miniaturization are the main advantages of this sensing method (Willner and Vikesland, 2018). The interaction of an analyte of interest with an electrode is measured, using one of four main modes: amperometric (change in current), potentiometric (change in potential), conductometry or impedance, and finally field-effect methods (Thévenot et al., 2001) (Table 1). The last one is based on transistor technology and measures current as a result of a potentiometric effect at a gate electrode. The surface architecture of the electrodes has benefited from the development of nanotechnology, improving detection limits and lowering signal-to-noise ratios [START_REF] Hammond | Electrochemical biosensors and nanobiosensors[END_REF]. Overall, electrochemical sensing presents the most advantageous detection limits, and the possibility of reuse as regeneration of the surfaces is possible. Portability in most cases is also feasible making them interesting candidates for their use in environmental monitoring. However, they do require instrumentation and complex, expensive fabrication steps when nanotechnology is involved.

Other transduction methods are not discussed in this review: piezoelectric effect, sensitive to mass change, and thermal-based sensors that rely on the energy released by biochemical reactions. Since both are too sensitive to environmental conditions and not adapted for onsite use, we will not discuss them further here.

Nucleic acid amplification

Stemming from a growing need in the biomedical field, gene amplification techniques have been developed alongside biosensing strategies. The most popular, Polymerase Chain Reaction (PCR), was created by K. Mullis in 1983[START_REF] Mullis | Specific enzymatic amplification of DNA in vitro: the polymerase chain reaction[END_REF]: a specific region of a DNA strand is amplified by a polymerase enzyme after repeated and cyclic steps of denaturation, specific primers hybridization to the target DNA strand (annealing) and elongation (Fig. 1). PCR-based conventional methods rely on nucleic acid amplification of a specific target sequence, and are used for detection of pathogens at low concentration (Ahmed et al., 2014). A limit of this strategy is the potential amplification of a contaminant sequence due to non-specific or mismatched hybridization of PCR primers. Therefore, a precise knowledge of the genetic information of interest is vital. Other downsides to its use on the field are the length and complexity of the sample preparation steps [START_REF] Lazcka | Pathogen detection: a perspective of traditional methods and biosensors[END_REF] and the potential amplification of genetic material from non-viable cells [START_REF] Velusamy | An overview of foodborne pathogen detection: in the perspective of biosensors[END_REF]. The limitations of conventional PCR should be overcome by lab-on-chip platforms integrating solid-phase PCR and recently proven to work for the detection of pathogens [START_REF] Hung | A novel lab-on-chip platform with integrated solid phase PCR and Supercritical Angle Fluorescence (SAF) microlens array for highly sensitive and multiplexed pathogen detection[END_REF].

Isothermal Amplification of nucleic acids have been developed as a simpler alternative to the former technique [START_REF] Zhao | Isothermal amplification of nucleic acids[END_REF], allowing the detection of a wide spectrum of targets with higher sensitivities. They are commonly divided into three categories: linear amplification, cascade amplification and exponential amplification. Hybridization Chain Reaction (HCR), is an example of enzyme-free amplification process where an initiator sequence triggers a cascade of hybridization between two populations of DNA hairpins. The latter can be directly functionalized with labels or signaling molecules or incorporated to nanostructured platforms such as NPs for the detection of a broad range of targets [START_REF] Bi | Hybridization chain reaction: a versatile molecular tool for biosensing, bioimaging, and biomedicine[END_REF]. Another method, called Exponential Amplification Reaction (EXPAR) has been thoroughly explored using a simple template, a polymerase and a nicking endonuclease achieving amplification up to a 10 8 fold in less than 30 min [START_REF] Reid | Exponential isothermal amplification of nucleic acids and assays for proteins, cells, small molecules, and enzyme activities: an EXPAR example[END_REF].

Although the detection of nucleic acids (miRNA, genomic DNA, ...) is the most straightforward application of isothermal amplification techniques, research has been led to incorporate them in assays for a Table 1 Overview of nanomaterial-based biosensors transduction methods. For further information, see [START_REF] Sutarlie | Nanomaterials-based biosensors for detection of microorganisms and microbial toxins[END_REF]. broader range of targets by linking the oligos with recognition molecules and DNA probes, increasing the sensitivity of the detection of molecules that cannot be chemically amplified such as proteins or metal ions. To this versatility is the added bonus of a wide choice in the mode of detection of the amplification products, from simple colorimetry (AuNPs), to fluorescence and electrochemical transducers, displaying the important potential in developing amplification techniques to carry out on-site tests.

Proven sensing solutions

Among the abundant literature reporting a multiplicity of detection sensing solutions, it is worth emphasizing the following few examples of advanced or very successful developments commercially available (see also Table 2).

Metal ions

The real-time and on-site detection of metal ions is of primary importance as they have strong negative impact on human health. Lead, mercury, cadmium, chromium, copper, zinc, arsenic… produced by industrial activity or released by various equipment can compromise the quality of water resources. These elements are easily and efficiently identified by standard laboratory techniques, but those are not adapted to field measurements. Although aptamers have been successfully selected against a variety of metal ions [START_REF] Abu-Ali | Development of novel and highly specific ssDNAaptamer-based electrochemical biosensor for rapid detection of mercury (II) and lead (II) ions in water[END_REF], DNAzymes sensors indisputably took the lead in the field of metal ion sensing due to their extremely high selectivity. Several methods with limits of detection (LOD) in the pM range have been developed using the ease of DNA functionalization, to label it with fluorophores, electrochemical agents, or attach it to nanomaterials followed by various detection modes: fluorescence, SERS, colorimetry, electrochemistry or electroluminescence.

DNAzymes are synthetic single-stranded DNA sequences consisting of a substrate strand, with a ribonucleoside adenosine at the cleavage site for the RNA-cleaving DNAzymes, and an enzyme strand with catalytic activity in the presence of the analyte (Fig. 1). The group of Yi Lu [START_REF] Li | A highly sensitive and selective catalytic DNA biosensor for lead ions[END_REF] was the first to report the utilization of DNAzymes as metal ion biosensors, starting with Pb 2+ , which could be detected down to 10 nM with a high selectivity over other metal ions. After this breakthrough obtained using a fluorophore-quencher pair as a signaling method, alternative methods for the detection were investigated, aiming at reducing the required instrumentation and cost and/or enhancing the sensitivity, such as colorimetry with gold nanomaterials [START_REF] Liu | Accelerated color change of gold nanoparticles assembled by DNAzymes for simple and fast colorimetric Pb2+ detection[END_REF]) and SERS spectroscopy with Ag nanoparticles-on-afilm [START_REF] Fu | DNAzyme-based plasmonic nanomachine for ultrasensitive selective surface-enhanced Raman scattering detection of lead ions via a particle-ona-film hot spot construction[END_REF]. Nowadays fluorescent DNAzyme-based sensors have reached LOD in the pM range. This is well below the guideline value in drinking water of 50 nM for lead for example which is one of the more stringent prescription with arsenic and selenium [START_REF] Who | Guidelines for Drinking-Water Quality[END_REF]. Commercially available in a portable format (ANDalyze) they are successfully applied to an extended list of metal ions in a large range of water types.

Chemicals and drugs

Synthetic chemicals are introduced in the water cycle by industrial and urban WWTP effluents and agriculture. While advanced processes can be used to improve the rate of chemicals' abatement at a WWTP output, and thus reduce the contamination of surface waters by chemicals of domestic and industrial origin, the application of crop protection products and fertilizers in agriculture is followed by their penetration in groundwater and their runoff in rivers in case of heavy rains. Pesticide contamination is one of the major problem of public health worldwide and will remain so for a long time. Indeed, pesticides can have long break down times and products banned more than ten years ago are still found in rivers and groundwater (Cotton et al., 2016).

Table 2

Performances of DNA-based nanobiosensors for the detection of micropollutants and microorganisms in water, with regard to EU and WHO guideline values for drinking water and commercial ELISA tests. Examples of targets were selected to represent the following types of contaminants: metal ions, chemicals, microorganisms. Excessive concentrations of pesticides and fertilizers is the major cause of abandonment of drinking water catchments. The demand for frequent and rapid control of pesticide content is strong and devices to meet this great challenge are eagerly expected.

This context has motivated massive research efforts for the development of aptasensors. The first and essential step in this direction is the selection of fully potent aptamers. A dozen of aptamers are presently available for a variety of pesticides with good (Kd around 1 μM) to very good affinities (Kd between 10 and 100 nM), the best candidate being the aptamer against atrazine with a Kd of 0.6 nM [START_REF] Liu | Aptasensors for pesticide detection[END_REF].

Colorimetric platforms using aptamers and gold nanoparticles allowing simple visual detection (see section 2) proved to be functional. In one version of these assays, DNA aptamers are used as stabilizers of a gold nanoparticle suspension and desorb from the particles surface in the presence of the analyte. Such assays are susceptible to be biased by the ion composition of matrices.

Here again sensors based on fluorescence detection have been designed following various strategies. Typically, a fluorophore is attached at one end of the aptamer and the other end is bound to a quencher, or to a surface acting as a quencher, leading to a loss of fluorescence as the analyte binds to the aptamer and changes its conformation. More complex designs, involving a complementary DNA sequence functionalized with the quencher that is released upon analyte binding, result in an increase of fluorescence signal upon aptamer conformational change. Validated in a large variety of aqueous matrices, the main limiting step of such aptasensors is the optimization of the design which becomes all the more difficult the longer the aptamer is.

Finally, an original impedimetric biosensor was proposed that is highly selective and has the lowest LOD of electrochemical sensors for atrazine equal to 10 pM [START_REF] Madianos | A highly sensitive impedimetric aptasensor for the selective detection of acetamiprid and atrazine based on microwires formed by platinum nanoparticles[END_REF]. Conventional Ti interdigitated electrodes are bridged by Pt nanoparticles microwires deposited along patterns designed by electron beam lithography. The sensor surface is then silanized to immobilize the thiol modified aptamers that hinder the charge transfer between electrodes upon binding of the analyte. This method which has been tested with two pesticides in tap and bottle mineral waters can be easily integrated in portable devices and could be exploited for the control of drinking water.

Pathogens

According to the World Health Organization, a plethora of bacteria, viruses, protozoa and parasites are recognized as harmful and are classified by health significance in their water quality guidelines. Conventional methodologies such as colony counting do not allow the continuous, real-time monitoring of the presence of pathogens in the environment, and while their use is still widespread researchers all over the world work to develop portable, rapid and sensitive biosensing platforms to overcome their limitations [START_REF] Sutarlie | Nanomaterials-based biosensors for detection of microorganisms and microbial toxins[END_REF][START_REF] Rajapaksha | A review of methods for the detection of pathogenic microorganisms[END_REF]. Waterborne pathogen sensing relies on either the detection of whole cells, a representative epitope (a membrane protein for example), genetic material or pathogen product such as toxins.

In terms of specificity, detecting the genetic material of a microorganism is by far the most secure way to determine its presence in a sample. As was discussed above, nucleic acid amplification techniques, particularly isothermal and enzyme-free methods, have taken over this particular field. Paradoxically, however, most of the research published using these techniques is for the detection of cancer biomarkers, tumor cells, and pathogens for diagnostics and point-of-care purposes [START_REF] Mayboroda | Multiplexed isothermal nucleic acid amplification[END_REF]. The problem with genetic material, however, is that it does not provide information on the viability of a pathogen detected. Combining this type of assay with the detection of toxins released or RNA expression would offer better and more informative alternatives for water quality analysis. Here we present a few examples.

Several aptasensors have been developed for the detection of whole bacteria, viruses or spores (Hong and Sooter, 2015;[START_REF] Davydova | Aptamers against pathogenic microorganisms[END_REF]. Based on aptamers hybridized with complementary DNA, grafted on AuNPs and Upconversion Nano Particles respectively, an aptasensor reached a detection limit of 3 cfu/mL for the ATCC 8739 strain of E. coli in tap and pond water [START_REF] Jin | Upconversion nanoparticles based FRET aptasensor for rapid and ultrasensitive bacteria detection[END_REF]. This sensitivity does not meet the requirements for drinking water (WHO, 2017) but is suitable to evaluate the quality of recreational waters [START_REF] Eudirective | DIRECTIVE 2006/7/EC of the EUROPEAN PARLIAMENT and of the COUNCIL of 15 February 2006 Concerning the Management of Bathing Water Quality and Repealing Directive 76/160/EEC[END_REF][START_REF] Khang | Chemiluminescent aptasensor capable of rapidly quantifying Escherichia Coli O157:H7[END_REF]. Detection of toxins produced by pathogens is also useful. Of special concern are the toxins released by cyanobacteria because of their potential lethal effect. One of them, the microcystin-LR is hepatotoxic and can be detected using an aptamer developed against the toxin in 2012 [START_REF] Ng | Selection, characterization, and biosensing application of high affinity congener-specific microcystin-targeting aptamers[END_REF] leading to many different nanomaterial-based aptasensors (Bostan et al., 2018) reaching detection limits in the ng/L range, well below the guideline value set by WHO (WHO, 2017) for drinking water.

Ozkan-Ariksoyal et al. designed an electrochemical sensor targeting the conserved 16s-rDNA region of E. coli using DNA wrapped multiwalled carbon nanotubes from PCR amplified real samples, in less than 20 min and with a detection limit as low as 0.5 pmol [START_REF] Ozkan-Ariksoysal | DNA-wrapped multi-walled carbon nanotube modified electrochemical biosensor for the detection of Escherichia coli from real samples[END_REF]. Melaine et al. successfully and simultaneously detected the RNA of Pseudomonas aeruginosa, Legionella pneumophila and Salmonella typhimurium in a multiplex SPR imaging platform based on DNA probes coupled to AuNPS, applicable to a wider range of waterborne bacteria, with a LOD of 10 pg mL -1 [START_REF] Melaine | Selective and high dynamic range assay format for multiplex detection of pathogenic Pseudomonas aeruginosa, Salmonella typhimurium, and Legionella pneumophila RNAs using surface Plasmon resonance imaging[END_REF]. These methods require additional preparation steps, for which many integrative sensors are being tested.

Several methodologies were developed for diagnostics, assessment of water and food contaminations, using paper, microfluidics or lateral flow [START_REF] Kumar | Point-of-Care strategies for detection of waterborne pathogens[END_REF], showing promising future breakthroughs for rapid in situ microorganisms detection. For example, Feng Xu's lab created a paper-based device combining all the steps necessary for genetic material detection and analysis, including extraction and amplification [START_REF] Tang | A fully disposable and integrated paper-based device for nucleic acid extraction, amplification and detection[END_REF].

Ongoing developments

DNA origami

As was stated previously, the polymorphism of DNA allows us to use it not only as a recognition element (probes) or a signal transducer (amplification), but also as the building block of a sensor architecture. In this section, we present DNA as a nanoscale platform upon which it is possible to graft recognition elements. The interactions between the recognition element and the target can be observed directly on the nanostructure, or indirectly by the modification of the shape of the platform. This last concept counts as an emerging tool for the development of bioassays and biosensors.

The in vitro constructs of DNA nanostructures have evolved during the last forty years [START_REF] Seeman | Nucleic acid junctions and lattices[END_REF][START_REF] Seeman | DNA in a material world[END_REF][START_REF] Goodman | Rapid chiral assembly of rigid DNA building blocks for molecular nanofabrication[END_REF] to be used as sophisticated large scaffolds called origami with broad potentials. Using bioinformatics and the large single stranded DNA of the M13 phage, combined to short ssDNA called "staples", it is now possible to create a diverse catalog of DNA structures [START_REF] Rothemund | Folding DNA to create nanoscale shapes and patterns[END_REF]. Many studies demonstrated the potential use of origami for target drug delivery and diagnostics (for a complete review concerning recent progress in origami studies see Ijäs [START_REF] Ijäs | Dynamic DNA origami devices: from strand-displacement reactions to external-stimuli responsive systems[END_REF] and Sakai [START_REF] Sakai | DNA aptamers for the functionalisation of DNA origami nanostructures[END_REF]. We focus here on the evolution of DNA origami for biosensing applications.

Ke and al. designed tiles as arrays (built like DNA chips) with a 2D origami on which DNA probes were grafted to detect (RNA) target in solution and observed by Atomic Force Microscopy (AFM) to quantify hybridization events [START_REF] Ke | Self-assembled water-soluble nucleic acid probe tiles for label-free RNA hybridization assays[END_REF]. This paved the way to use origami in sensing devices, demonstrated in 2016 by grafting the aptamer targeting the malaria biomarker PfLDH on origami tiles [START_REF] Godonoga | A DNA aptamer recognising a malaria protein biomarker can function as part of a DNA origami assembly[END_REF]. Beyond the simple use of origami as a support for recognition molecules, Andersen showed that it was possible to have a conformational transition of a 3D origami (a box) in response to stimuli to detect DNA (or RNA) in solution, observable by AFM, TEM or FRET [START_REF] Andersen | Self-assembly of a nanoscale DNA box with a controllable lid[END_REF]. Recently the same origami box was designed to detect plasmodium using the malaria biomarker aptamer [START_REF] Tang | An aptamer-enabled DNA nanobox for protein sensing[END_REF].

Other designs of DNA origami that fold differently in response to various stimuli were published by Kuzuya [START_REF] Kuzuya | Nanomechanical DNA origami 'single-molecule beacons' directly imaged by atomic force microscopy[END_REF]. In this article authors constructed origami pliers that could detect metal ions by zipping, small molecules (miRNA and ATP) by unzipping and proteins by pinching mechanisms, at the single molecule resolution. In a similar manner, Ke and al [START_REF] Ke | Regulation at a distance of biomolecular interactions using a DNA origami nanoactuator[END_REF]. designed an elegant tunable DNA origami device named "nanoactuator" responding to different stimuli ranging from small ions, to large molecules like miRNA and proteins.

These studies demonstrated the potential of origami as a signal transducer. However reaching single molecule detection still has to be improved, and the most important problem is of course the signal readout, as AFM is not transposable to carry out in situ studies and demands expertise. Another limitation is the growing cost of some of these complex structures compared to the more basic sensors discussed in this review. It is too early to have an idea about the reproducibility and the selectivity of biosensors based on origami. In terms of sensitivity that could be reached, Selnihhin et al. [START_REF] Selnihhin | Multifluorophore DNA origami beacon as a biosensing platform[END_REF] recently developed a high-throughput, optical DNA origami nanobiosensor based on strand displacement by the target DNA sequence at concentrations down to 100 pM, with future multiplexing development (Fig. 2). We believe DNA origami is still in the early stages of its development for application purposes, but presents an important potential that still needs to be explored.

Single DNA sensing

In contrast to the complex DNA origami structures, single molecule approaches emerge that propose simple designs of detection assays. Single molecule sensing is an exciting and extremely active field bearing the promise of very high sensitivity. After a few decades of instrumental developments in optics, scanning probe microscopy and nanofabrication, measurements at the single molecule level are now part of the scientist's toolbox. DNA has been one of the favorite object of interest for the pioneers of single molecule methods. With a view to elucidate biological behaviors by unmasking the effects of averaging inherent to conventional methods, a panel of techniques have been developed to visualize and manipulate DNA leading to important contributions in the detailed understanding of the cellular processes involving DNA (Kapanidis and Strick, 2009). Remarkable technological achievements are the third generation sequencing methods, single molecule long-read methods, which took only about 10 years to go successfully from the bench to the market [START_REF] Van Dijk | The third revolution in sequencing technology[END_REF].

One family of these methods where the motion of a particle linked via a DNA tether to a surface is observed by video-microscopy can be diverted for a use as a biosensor for the analysis of water pollutants. Indeed, the efforts devoted to the development of these new tools have led to progress in nanoscale engineering leading to reliable, accurate and robust techniques. Pulling on the particle, while measuring the extension of the DNA molecule determined by tracking the particle's position in real time, informs about DNA conformation and elasticity. It is referred to as single molecule force spectroscopy measurements [START_REF] Bustamante | Ten years of tension: single-molecule DNA mechanics[END_REF].

Halvorsen et al. designed a clever approach using DNA origami to construct a DNA tether with two distant functional sites [START_REF] Halvorsen | Nanoengineering a single-molecule mechanical switch using DNA self-assembly[END_REF] and optical tweezers to exert a force on the DNA tether. This simple method gives in principle access to measurements of forcedependent bond rupture and bond formation of pairs of interacting molecules which can be performed repeatedly for the analysis of molecular interactions (Fig. 3 A). A simpler design of DNA tethered particle pulling assay is proposed by Silver and Neuman (Silver et al., 2015) as sandwich immunoassay. The sensor uses DNA tethers attached by one end to a flow cell surface, particles bind the other end of the DNAs via an immune sandwich formed in case of capture of the analyte (Fig. 3 B). The number of tethered particles determined by the particles displacement upon application of a flow allows to quantify the concentration of analyte with a detection limit down to pM, at the prototype stage.

Even more simple but effective is the so-called particle mobility sensing by Visser et al. (Visser et al., 2018) wherein no force is applied on the DNA tethered particle. In this sandwich assay, the particle and the surface are functionalized with affinity molecules (Fig. 3 C). The particle experiences successive reversible binding events, leading to immobilization periods upon recognition of the analyte, the duration of which is related to the analyte concentration. Demonstrated on model biomarkers, single stranded DNA and a protein in complex media, the technology has a picomolar range sensitivity and the potential for a broad range of applications.

An improvement of these single molecule sensing methods is their controlled parallelization by self-assembly of the DNA tethered particles on regular nanoarrays. Using a standard microcontact printing technique, Plénat et al. (2012) successfully developed a single DNA biochip for the simultaneous acquisition of data from more than 500 DNA molecules, strongly increasing the yield and quality of the output (Fig. 3 D). Together with the possible miniaturization of the readout system using mobile phone-based wide field fluorescence or dark-field imaging [START_REF] Mcleod | Democratization of nanoscale imaging and sensing tools using photonics[END_REF], these capabilities make single DNA tethered particle methods promising platforms for the development of systems for water monitoring in either laboratory or field conditions. candidates for the implementation of highly sensitive, specific and rapid methods into portable and cost-effective devices. We soon expect to see more to arrive on the market, combining DNA with nanomaterials in creative ways, continuously enriching the field.

The ideal assay would be a fully integrated device, something already conceptualized with lab-on-chip and paper-based sensors, overcoming the tedious preparation steps necessary in conventional methods [START_REF] Mahadeva | Paper as a platform for sensing applications and other devices: a review[END_REF]. Another benefit would be the accessibility of these cheaper, one-shot devices for low income countries.

We foresee that new solutions, transposable to environmental monitoring, inspired from biomedical devices will emerge in the future. Indeed, sensors developed for point-of-care diagnostics and personalized medicine share similar technical specifications with water quality monitoring systems. Fig. 3. Single DNA tethered particle mobility sensing. The displacement of the particle under an applied force using either magnetic or optical tweezers (A) or flow (B) allows, with ad hoc functionalizations of the DNA tether, to analyze interactions between receptor and ligand grafted to distant locations on the DNA (A, adapted from Halvorsen et al. Nanotechnology 2011[START_REF] Halvorsen | Nanoengineering a single-molecule mechanical switch using DNA self-assembly[END_REF] with permission of IOP Publishing Ltd or to identify the presence of an analyte (B, adapted from Silver et al. Biosensors andBioelectronics 2015 (Silver et al., 2015) with permission of Elsevier). In the absence of force, target binding events between the recognition elements on the particle and the substrate are detected through immobilization periods of the particle (C, reproduced from Visser et al. Nature Communications 2018 (Visser et al., 2018)). The parallelization of the Tethered particle Motion technique by the controlled positioning of the tethered particles on regular nanoarrays drastically improves the throughput capacity (D, reproduced from Plénat, Tardin et al. Nucleic Acids Research 2012(Plénat et al., 2012) with permission of Oxford University Press). Dark field microscopy images of single DNA tethered particles scale bars equal to 50 μm and 20 μm for upper and lower frames, respectively.
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Figure 1 :

 1 Figure 1: Illustration of the first single-molecule approach to study DNA molecules attached to a surface. DNA molecules carrying gold nanoparticles on one end undergo transcription by RNA polymerase immobilized to a glass surface[START_REF] Schafer | Transcription by single molecules of RNA polymerase observed by light microscopy[END_REF].

Figure 2 :

 2 Figure 2: Scheme of a nanoarray (B) for the parallelized monitoring of nanoparticles in TPM measurements. Once the DNA-particles objects (A) are parallelized on the nanoarray, the data is cumulated for each nanoparticle observed and analyzed with video-microscopy and image analysis to obtain a distribution of the amplitude of motion of the population, centered around a maximal value (C). Calibration curve (D) comparing the motion amplitude of particles tethered to a glass slide by various lengths of DNA, in classical TPM experiments (squares) and the high-throughput TPM-on-a-chip (red dots)(Plénat et al., 2012) 

Figure 5 :

 5 Figure 5: Motion amplitude of different DNA tethers according to the temperature. For DNA molecules of 2060 bp (orange dots), 2000 bp without (blue dots) or with (green dots) a 50 adenine tract.

  processes and intrinsic physical properties of DNA, improving along the way the experimental setup and protocol as well as data analysis. The HT-TPM relies on the simple observation of a single parameter, the amplitude of motion of anchored nanoparticles, and yet can offer a wide range of applications and studies, displaying the versatility and potential of this tool. Adding the fact that the chip is an enhanced version of a single-molecule technique, a high resolution can be reached for DNA studies, and new perspectives and enlightenment on DNA-proteins interactions characterization. The idea to use TPM and its parallelized form as detection platforms and tools follow naturally from all the advantages of the technique. The attempts of other labs to use their version of the Tethered Particle Motion technique as a sensor will be relayed in the next section of this chapter.

  now called the digital single-particle switch. With the aim to answer the limitations posed by their previous work, they opted for the development of a competitive assay, immobilizing analogs of the analyte on the particles and thus allowing the detection of small molecules that otherwise cannot be detected by two detection molecules simultaneously.

Figure 8 :

 8 Figure 8: Scheme of the creatinine assay (A). A creatinine-DNA conjugate molecule is grafted on the particles and bound by detection molecules grafted on the glass surface. Addition of the native substrate displaces the equilibrium and frees the DNA/particles complexes. The resulting switching between immobilized and free states is translated by the activity, concentration-dependent (B)[START_REF] Yan | Continuous Small-Molecule Monitoring with a Digital Single-Particle Switch[END_REF].

Figure 9 :

 9 Figure 9: Scheme of the different ELISA configurations. The direct ELISA relies on the sole recognition of a target by a primary antibody, functionalized with a reporter molecule. In indirect ELISA, a secondary antibody able to bind the primary one is used for signal amplification. In the sandwich assay, A capture antibody is added for dual recognition of the target. Finally, in competitive ELISA, an inhibitor antigen competes with the specific target (image from Bosterbio).

Figure 10 :

 10 Figure 10: The different components of a biosensor. The device comprises a biorecognition element of varying nature, a transducer and the signal output, for the detection of a wide variety of sample molecules and organisms.

  They are either used to directly capture the analytes as binding probes or to translate the binding into a signal, as transducers. Nanomaterials and their properties. List of the most commonly found nanomaterials in the biosensing field and their intrinsic properties.

Figure 13 :

 13 Figure 13: Scheme of the gold nanoparticle-based detection of a target. Nucleic acids such as aptamers are adsorbed to the surface of Gold nanoparticles in suspension in a red solution, which shifts to blue upon target recognition and binding to aptamers that are desorbed from the surface of the particles.

Figure 15 :

 15 Figure 15: Scheme of the general protocol of SELEX.A random library of DNA or RNA oligonucleotides is mixed with the target of interest generally bound to a surface. Unbound molecules are washed, and the bound oligo eluted and purified before going another round. The final selected molecules are amplified by (RT-)PCR and cloned for further analysis.[START_REF] Stoltenburg | SELEX--a (r)evolutionary method to generate high-affinity nucleic acid ligands[END_REF] 

Figure 17 :

 17 Figure 17: Surface representation of thrombin bound to the T15 and T29 aptamers, as obtained by crystallography by Pica et al; Scheme adapted from the publication[START_REF] Pica | Through-bond effects in the ternary complexes of thrombin sandwiched by two DNA aptamers[END_REF]. The surface representation of thrombin is shown at the center, bound by its two aptamers (T15 in yellow and T29 in orange) in cartoon representation, on opposite regions of the protein with different affinities from[START_REF] Tasset | Oligonucleotide inhibitors of human thrombin that bind distinct epitopes[END_REF]. A scheme of their three-dimensional folding is shown on the far left and far right of the figure, displaying their intramolecular G-quadruplex based folding.

Figure 19 :

 19 Figure 19: Split T15 thrombin aptamer assays. The arrow indicated the position of the split of the thrombin T15 aptamer (right panel), used in a fluorometric assay. One of the fragments is coupled to a fluorophore, and the FRET signal is measured in the presence of a cationic polymer (blue molecule) that adsorbs to the fragments. Addition of the target induces the formation of the native aptamer and loss of the polymer and the FRET signal[START_REF] Liu | Target-Induced Conjunction of Split Aptamer Fragments and Assembly with a Water-Soluble Conjugated Polymer for Improved Protein Detection[END_REF].

Figure 20 :

 20 Figure 20: Assay designs based on duplexed aptamers. The sensing assays can be based on fluorescence(a, b, c, d,g), electrochemistry (e, also the sensors developed by(Xiao et al., 2005a)), colorimetry (h) and finally SPR (f). All assays and the figure can be found in[START_REF] Munzar | Duplexed aptamers: history, design, theory, and application to biosensing[END_REF], with their own configuration at the center of the figure.
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 22 Figure 22: Scheme of the sandwich assay.The two aptamers are grafted on either the DNA tether in a single copy or the particle in the initial state, with a motion amplitude of 235 nm. Upon thrombin binding by both aptamers, the tether forms a loop and we should observe a decrease of 70 nm.

AeqFigure 23 :

 23 Figure 23: Scheme of the competitive assay. The T29 aptamer is still grafted on the DNA tether, and is hybridized with a partially complementary oligonucleotide inducing DNA looping. Addition of thrombin leads to the oligo/aptamer duplex dehybridization and DNA unlooping.

Figure 24 :

 24 Figure 24: Tethered Particle Motion. A biotin and digoxygenin functionalized molecule of DNA is anchored on one extremity to a microscope glass slide printed with anti-digoxygenin antibody, and linked to a neutravidin-coated nanoparticle on the other. The particle undergoes Brownian motion in solution, in a hemisphere which volume is determined by the length (L) and conformation of the DNA tether. In the configuration described by Plénat et al; (Plénat et al., 2012) (figure 2 in the introduction), a nanoparticle is coated with antidigoxygenin antibody and attached to the digoxygenin end of the DNA molecule. The other extremity of the DNA is functionalized with

Figure 25 :

 25 Figure 25: Simplified map of the pTOC15 plasmid. The forward (F2060) and reverse primers (R2060) are linked with biotin and digoxygenin at 5' position. They encompass three nickase sites (Nt-BbvcI) in the middle of the sequence, illustrated by the three arrows. A more detailed version of the pTOC15 map can be found in the annex.

  introduce an additional group, for example an amino function, allowing the subsequent binding of another molecule. On the plasmid map (figure15), we highlighted the two primers used to perform the PCR and obtain a 2 kb DNA fragment, displaying.

Figure 26 :

 26 Figure 26: Microcontact printing procedure.The Silicon master (upper left) is casted with PDMS (1). The resulting stamp is removed and cut into pieces(2). The PDMS pieces are inked with the anchoring molecule (3) before we put them in conformation contact with a microscope slide (4). The chamber is then assembled by adding the pierced glass slide, stuck together by a silicon adhesive joint(5). Finally, we can incubate the channels with buffer (6) by gently pumping the liquid with a tissue.

Figure 27 :

 27 Figure 27: Scheme of the flow cell assembly. The microscope slide (bottom) is sealed with a pierced glass slide (top) by a silicon joint (in orange). The red stripes drawn on the support indicate the area where the anchoring molecule is printed.

  Experimental instrumentation. The DNA tethered particles are visualized using a dark-field microscope (Axiovert 200, Zeiss) with a x32 objective and a x1.6 magnification lens (x 51.2 in total). The experiments are led in at a controlled room temperature (23 +/-1°C). An infrared cutoff filter (BG40, Schott) is introduced in the illumination path to avoid a local increase of temperature on the region observed. A CMOS Dalsa Falcon 1.4M camera with a pixel size of 7.4 µm is used to record videos at 25 frames/sec. An area of ∼150 µm x 125 µm, corresponding to 2080 sites of antidigoxygenin spots is covered by a single microscope field of observation.

Figure 28 :

 28 Figure 28: Scheme of the projected positions of a nanoparticle tethered to a surface. The trajectory of the nanoparticle is observed and analyzed through the projected positions on the x-y plane (panel A). The resulting amplitude of motion is calculated over time to obtain a distribution frequency of this parameter (panel B). Calibration curve of the amplitude of motion of nanoparticles as function of the DNA tether length (C). Data obtained by Sebastien Chevalier (ANR TPM on a chip 2012-2017).

Figure 29 :

 29 Figure 29: Distribution of the averaged amplitude of motion of particles for two populations of DNA. We display the fit (blue dot line) of the experimental curve (black line) with the theoretical equation. A single Gaussian equation is fitted for the first peak for the looped DNA population only (red dot line), with amplitudes of motion under 100 nm not taken into account.
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  𝟏) ∶ 𝑓(𝑥) = 𝑦 *+,- * exp 2-(𝑥 -𝐴 *+,-ymax, Amax and σ corresponding to the maximum number of events (height of the distribution), maximal value of amplitude and width of the distribution respectively for each gaussian. The nls (nonlinear least squares) function of R is used to estimate the parameters of a non-linear model.The data points obtained for an amplitude of motion under 100 nm are excluded from the calculations. Indeed, those correspond to the particles stuck to the channel, or the NA tethers/surface interactions. The maximum amplitude and width of the first Gaussian (for the looped fraction) are predetermined and fixed points. We start with 165 nm and 10 respectively, and modify the values if the statistics of the fit show a poor correlation (p-value).The software calculates parameters such as the p-value, and the remaining unknown of the Gaussian equations. Once a good fit is found (first approved visually by the user, and then checking if the values calculated by the software match) we redraw each gaussian separately using the coefficients calculated by the double gaussian fit: (𝟐) ∶ 𝑔𝑎𝑢𝑠𝑠1 = 𝑦 *+,- * exp (-(𝑥 -𝐴 *+,-) 5 /(2 * σ -) 5 ) (𝟑) ∶ 𝑔𝑎𝑢𝑠𝑠2 = 𝑦 *+,5 * exp (-(𝑥 -𝑐𝐴 *+,5 ) 5 /(2 * σ 5 ) 5 ) The area under the curve (auc) of the double gaussian (equation 4) and each Gaussian separately (equations 5 and 6) are then calculated. (𝟒) ∶ 𝑎𝑢𝑐(𝑥, 𝑦, 𝑓𝑟𝑜𝑚 = 100, 𝑡𝑜 = 𝑚𝑎𝑥(𝑥)) (𝟓) ∶ 𝑎𝑢𝑐(𝑥, 𝑔𝑎𝑢𝑠𝑠1, 𝑓𝑟𝑜𝑚 = 100, 𝑡𝑜 = 𝑚𝑎𝑥(𝑥)) (𝟔) ∶ 𝑎𝑢𝑐(𝑥, 𝑔𝑎𝑢𝑠𝑠2, 𝑓𝑟𝑜𝑚 = 100, 𝑡𝑜 = 𝑚𝑎𝑥(𝑥)) The results are expressed in percentage of looped (equation (5)/equation (4)*100) or free (equation (6)/equation (4)*100) fraction, or sometimes as a percentage of loss of looping (initial looped fraction/final looped fraction*100).

Figure 30 :

 30 Figure 30: Principle of the BioLayer interferometry measure.The biosensor tip (panel A) is functionalized at its extremity with the recognition molecules of choice (loading step) and dipped in a sample containing a target (association). Incident white light is emitted from the device and crosses along the tip to the sample. The light reflected form a reference optical layer in the tip and from the layer of grafted molecules on its extremity is collected, and the shift in the wavelength as molecules bind to the tip measured over time (panel B). Figure adapted from Kumawaswami et al;[START_REF] Kumaraswamy | Label-free kinetic analysis of an antibody-antigen interaction using biolayer interferometry[END_REF].
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 32 Figure 32: Electrophoretic Mobility Shift Assay Gel of the T29 aptamer and thrombin interaction in different buffers. We compare the shift in the migration of T29 if the aptamer interacted with thrombin in the T29 buffer or Buffer A. The 12% PAGE gel was colored with Ethidium Bromide and revealed by UV light on the transilluminator.
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 2 aptamer + 2 µM thrombin in the T29 buffer 4: T29 aptamer + 2 µM thrombin in Buffer A 5: T29 aptamer + 2 µM heat denatured thrombin in the T29 buffer 150 Insertion of an aptamer on the DNA tether

Figure 33 :

 33 Figure 33: Scheme of the DNA functionalization protocol. The three nickase sites (Nt-BbvcI) are illustrated by the three arrows on the second panel. The purified PCR product obtained, 2 kb long and functionalized with digoxygenin and biotin on different ends, undergoes enzymatic digestion and heat denaturation, at which point the insert, internally modified to carry an amino group, is added in excess and left to hybridize at its melting temperature for an hour, effectively replacing the two oligos on the DNA fragment.

  and length. We chose to work with Succinimidyl 4-(N-maleimido-methyl)cyclohexane-1carboxylate (SMCC), non-cleavable, and therefore stable, and with a spacer arm of 8.3 angstrom.

Figure 34 :

 34 Figure 34: General reaction steps for an NHS-maleimide crosslink, as described by the supplier (adapted from the Thermofisher Crosslinking Handbook).

Figure 35 :

 35 Figure 35: Analysis of the crosslinking efficiency between the insert and the T29 aptamer. On a 12% PAGE gel, colored by Ethydium bromide.

  and insert crosslinking attempt been easier to optimize by playing of the reactions parameters like we tried to do, but the gel migration results showed absolutely no coupling. In order to understand what was happening in the experiment, we analyzed each step of the reaction separately. As the first step of the crosslinking, we analyzed the activation of the insert, its yield being crucial for the following steps of the chemical reaction.
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 362 Figure 36: Analysis of the short-insert and short-T29 crosslinking by the SMCC in liquid chromatography.(1) short-T29 and short-insert crosslinking test (2) SMCC-activated short-insert and as controls (3) short-insert alone (4) short-T29 aptamer alone.

Figure 37 :

 37 Figure 37: Analysis of the activation of the insert by the SMCC in liquid chromatography as a function of time. The chromatographs show the retention profile of the insert alone (T=0 min), and the insert supposedly activated by the NHS function of the SMCC (T=5 min and 4 hours).

Figure 38 :

 38 Figure 38: Analysis of the activation of the insert by the SMCC in mass spectrometry. The graph on the above was obtained for the insert alone. Below, the insert activated with SMCC was analyzed by the MALDI spectrometer.
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 3940 Figure 39: Scheme of the strand replacement protocol. The three nickase sites (Nt-BbvcI) are illustrated by the three arrows. The purified PCR product obtained, 2 kb long and functionalized with digoxygenin and biotin on different ends, undergoes enzymatic digestion and heat denaturation, at which point the insert-T29 fusion molecule is added in excess and left to hybridize at the melting temperature of the insert sequence for one hour, effectively replacing the two oligos on the DNA fragment.
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 41 Figure 41: Distribution of the amplitude of motion of the DNA tether, replaced or not with the aptamer T29 or a T29 scrambled oligonucleotide. The corresponding mean amplitude of motions were measured after fitting the distributions with a Gaussian and reported in the table.

Figure 42 :

 42 Figure42: Distribution of the amplitude of motion of the T29-replaced DNA tether, with T29 complimentary oligonucleotide 'antisense' grafted on the nanoparticles. ND: not detected. The antisense was incubated with the DNA/particles complexes at various concentrations (yellow, blue and red distributions). For negative controls, we either left the particles "naked" (in grey) or used a DNA tether replaced with a scrambled T29 sequence. For each condition, three fields of observation (n=3) were analyzed.

Figure 44 :

 44 Figure44: Amplitude of motion of a T29 antisense or Scrambled T29 antisense graftednanoparticle over time. Whether the DNA/particles are in a looped (165 nm, blue) or unlooped (235 nm, red) configuration, the amplitude of motion calculated is stable over acquisitions of one minute within a set standard deviation (faded bands).

Figure 45 :

 45 Figure 45: Scheme of the thrombin sandwich assay on the biochip. A single T29 aptamer is grafted on the particles and numerous copies of T15 on the DNA tether. Upon dual binding of the target, the DNA tether forms a loop, decreasing the amplitude of motion of the nanoparticle.

Figure 47 :

 47 Figure47: Normalized distribution of the amplitude of motion of the nanoparticles, grafted with different densities of T15. The distribution of motion of the particles for each condition were brought to the same arbitrary number of events as to facilitate the visual observation of the data, without impacting the relative populations. Thrombin was injected at 10 pM into the channels, and the data acquired 30 minutes after.

Figure 50 :

 50 Figure 50: Distribution of the amplitude of motion of the nanoparticles in the switched configuration.

Figure 51 :

 51 Figure51: Dose-response curve for the detection of thrombin in the sandwich assays. The looped fraction was calculated for each thrombin concentration and represented on a graph on Prism using a semi-log scale. A single experiment per concentration was led. The results (blue) were overlaid with the original configuration dose-response graph (black). The data set in red shows the curve if we correct the signal response according to the DNA grafting efficiency.

Figure 53 :

 53 Figure 53: Spectra of the thrombin aptamers in circular dichroism and fusion curve in different buffers. The T15 and T29 aptamers were studied in circular dichroism in PBS (A and C) and Buffer K (B and D), at different temperatures. The addition of thrombin (THR) was also analyzed (E) in PBS buffer.
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 54 Figure 54: Rescaled distribution of the amplitude of motion of the nanoparticles in different experimental conditions, for the detection of thrombin at 10 pM. The distribution of amplitude of motion was observed in the usual conditions (blue line) and compared to either the distribution in buffer K (grey curve), or with the T15 aptamer folded before grafting on the nanoparticles (orange line) with a 200:1 ratio.
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 55 Figure 55: Configuration of the competition assay for thrombin detection.

  were still high enough to let us observe the detection of high concentrations of targets.

Figure 61 :

 61 Figure 61: Configuration of the competition assay for T29 antisense detection.

Figure 62 :

 62 Figure 62: Kinetics of strand displacement by the antisense. The distribution of the amplitude of motion of particles after antisense injection was observed at different times after antisense injection at 100 nM for the same field of observation on the microscope. The results are compiled in a single graph to show the loss of DNA looping as a function of time after antisense incubation in the channel.

Figure 63 :

 63 Figure63: Detection of the T29 antisense on the biochip. Once the oligo n°4/T29 duplex was stable in the buffer (initial DNA looping, 30 minutes after injection of Buffer A alone), the antisense was injected and the data acquired 30 minutes after (final DNA looping). The resulting loss of looping was then calculated as a percentage. For each experimental point, three fields of observations were analyzed per experiment, in duplicates. The error bars indicate standard deviations with a confidence interval of 95%.

  we tested different concentrations of the protein diluted in Buffer A. The amplitude of motion of the particles was analyzed at 30 and 60 min after thrombin injection, and the looped fraction of DNA calculated for both time points.

Figure 64 :

 64 Figure64: Detection range of thrombin in the competition assay. For each concentration tested, the result was calculated as a percentage of loss of DNA looped fraction. Once the oligo n°4/T29 duplex was stable in the buffer (initial DNA looping, 30 minutes after injection of Buffer A alone), thrombin was injected and the data acquired 30 and 60 minutes after (final DNA looping).
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Figure 65 :

 65 Figure 65: Spectra of the duplexes in circular dichroism. T29 duplexed with the antisense (A) or Oligo Orig (B) was observed in PBS. Duplexes formed with all the other candidates are shown in panel C, compared to T29 alone (with a biotin-10T tag in panel A). All spectra were obtained at 20°C.

Figure 66 :

 66 Figure 66: Fusion curve of the T29 aptamer and the duplexes in different buffers. Measured by optical density at 295 nm at room temperature, in PBS (A and C) and Buffer K (B and D).

Figure 67 :

 67 Figure 67: Mechanisms describing the ligand binding to aptamers.The aptamer might display an equilibrium between a non-binding and binding-ready state, in the case of conformational selection, or the interaction with the target induces the modification of its structure, in the induced fit model. Figure from[START_REF] Munzar | Complementary oligonucleotides regulate induced fit ligand binding in duplexed aptamers[END_REF] 

Figure 68 :

 68 Figure 68: Duplexed aptamer scan scheme.The complementary oligonucleotides (ACE) are immobilized on the microarray surface, and hybridized wit cyanine3 labeled aptamers. The ligand is labeled with cyanine5.[START_REF] Munzar | Duplexed aptamers: history, design, theory, and application to biosensing[END_REF] 

Figure 69 :

 69 Figure 69: Alternative competition assay configuration. The T29 aptamer is grafted on the DNA and bound to bovine thrombin grafted on the particles. Addition of human thrombin leads T29 to recognize and its bind exosite II with more affinity, and the DNA unloops.

  back to look at this project and what we managed to achieve in those three years, we can be satisfied with a very promising new tool for sensing.

Figure 71 :

 71 Figure 71: Scheme of the implementation of a multiplex detection on the biochip. Different recognition molecules couples would be grafted at different sites, leading to distinct motion amplitudes of the looped DNA population.

Figure 72 :

 72 Figure72: Pictures of an integrated optical microscope on a smartphone as developed by[START_REF] Wei | Imaging and Sizing of Single DNA Molecules on a Mobile Phone[END_REF] 

Figure 73 :

 73 Figure 73: Pathogen capture assay. The aptamer is grafted on the free end of the DNA tether, and captures a specific pathogen in solution we can observe in optical microscopy.

-

  Centrifuge at 10000g for 9 min -Resuspend the particles with 40 µL of N-(3-dimethylaminopropyl)-N'ethylcarbodiimide (EDAC crosslinker, Sigma-Aldrich, dry powder stored at -20°C) at 4 mg/mL -Incubate at 37°C for 10 minutes.

98°C-

  PLASMID PTOC15 (diluted at 1 ng/ µL) 200 nM for each primer (digoxygenin-R2060 and biotin-F2060) Taq Polymerase and its buffer diluted accordingly Final volume 50 µL -Protocol saved under username "Laurent" on the PCR machine Purification on NEB Cleanup kits (see manufacturer protocol), -Elution in 30 µL of pure water (MiliQ).-Concentration estimated on the Nanodrop (Thermofisher).Aptamer grafting-Digestion of 500 ng of purified DNA with 1 EU of Nt.BbvcI nickase enzyme in its buffer (NB: limiting the volume is better to ensure complete digestion, around 30 µL is enough) -Place the tube at 70°C (bloc sec labo Rols) for 5 min -Add the insert-fusion oligo of your choice with a 100 fold molar excess (NB: same remark, limit the volume added to favor grafting, < 5 µL is possible) -Set the temperature at 55°C and let it decrease -Once at 55°C, leave for an hour -Pull out and leave to cool off at room temperature for about 15 min -Purify on home-packed s300 columns (see below)Grafted-DNA purificationMicrocolumns preparation: -Mix 5 mL of Sephacryl s300 High Resolution resin (GE Healthecare, stored at 4°C) with 5 mL MiliQ water in a falcon Synthesis and purification of the grafted-DNA tether (2kb). -Centrifuge 2 min at 735g -Add 5 mL MiliQ water, repeat the last step -Add 5 mL MiliQ water, repeat again -Add 5 mL PBS1X, centriguge 2 min at 735g -Repeat the last step twice again -Resuspend in PBS1X -Wash microspin G25 colums with miliQ water and replace with 700 µL of the washed resin -Spin for 1 min at 735g -Throw away excess PBS on the top -Store the columns at 4°C To purify the grafted DNA: -Break off the lid at the bottom of a column -Spin for 1 min at 735g -Place the column in a clean tube -Add the DNA sample (it should be at least 70 µL, dilute if necessary to reach this volume) -Spin for 2 min at 735g -Final concentration of the eluted grafted-DNA estimated on Nanodrop The DNA is stored at -20°C. In advance: Slides preparation: -microscope glass slides are moped with Kimtech wipes soaked in ethanol -sonication step in absolute ethanol bath (5 min) -the slides are dried at 110°C in an oven for at least 15 min -Cover to keep away dust PDMS preparation: -PDMS Sylgard 184 is prepared in 10/1 prepolymer/curing agent ratio in mass -Mix as you add the two solutions in a 50 mL falcon -Centrifuge at 500g to eliminate air -Store at -20°C PDMS can then be added on the silicon masters, and left overnight at 65°C. The casted masters are stored at room temperature. Buffer A preparation :

-

  Add the desired biotinylated aptamer at 10 nM final -30 min at 37°C -Inject in the channels Place the flow cell in a humid chamber (wet paper in an empty cones box, elevate the biochip on a flacon lid or a float), leave for 4 hours minimum at room temperature. Biochip observation. Microscope: dark-field microscope (Axiovert 200, Zeiss) with a x32 objective and a x1.6 magnification lens (x 51.2 in total) at room temperature, with BG40 infrared cutoff in place. Camera: CMOS Dalsa Falcon 1.4M camera with a pixel size of 7.4 µm, records videos at 25 frames/sec. Nanomultiplex software settings for 2kb DNA: channels with 300 µL each of Buffer A before observation -Analyze at least three fields of observation per channel (at least 100 particles valid per field for further observations)

Fig. 1 .

 1 Fig. 1. Main features of DNA nanobiosensors for water monitoring. The various water contaminants (metal ions M x+ , chemicals and pathogens) can be detected through different processes via DNA-based recognition elements: target induced conformational changes for DNAzymes and aptamers and, nucleic acid amplification for oligos (primers).

  5. Concluding remarksBiosensor development for environmental contamination is growing rapidly, benefiting from the advances made in new nanotechnologies and single molecule assays. As demonstrated by a first successful industrialization based on DNAzymes, DNA nanobiosensors are excellent

Fig. 2 .

 2 Fig. 2. DNA origami sensing platform. Two arrays made of DNA origami harbor multiple donor and acceptor fluorophore pairs for enhanced FRET signal. The device immobilized on a glass slide switches from closed to opened state upon binding of the target to the recognition elements (sensor modules) on the free edges of the arrays. Reproduced and adapted from Selnihhin et al. ACS Nano 2018 (Selnihhin et al., 2018) with permission of the American Chemical Society and from Xavier and Chandrasekaran (2018) with permission of IOP Publishing Ltd.

  

  

  

  

  

  

  

  

  .. 2. DETECTION OF SUBSTANCES IN AQUEOUS MEDIA ............................................................................................ a. Referential techniques in the

Table 16 :

 16 Comparison of aptamers and antibodies for environmental sensing applications.

Table 56 :

 56 List

	Tm measured	Tm calculated
	(°C)	(°C)

of the sequences of partially complementary oligonucleotides (color-code kept throughout the chapter) designed. The associated melting temperatures (Tm) were measured by UV absorption in PBS, and calculated (4*(G+C) + 2*(A+T)). The guanines forming the Gquadruplexes are bolded on the T29 sequence. The mutations are represented in blue, underscores corresponding to deletions.

Table 70 :

 70 Characteristics of conventional and new sensing platforms compared to our biochip.

	The characteristics we reported in table 70 correspond to what we developed with the
	sandwich assay for thrombin, with fast, simple and sensitive detection of a target. Those
	performances compete with the existing conventional methods for water quality monitoring
	(LC-MS and the ELISA) as well as with aptasensing methods we can find in the literature. Two
	main points, while not having been presented in this project, can very well be developed for
	the future of the biochip as a sensing device: multiplex detection, and miniaturization leading
	to portability.

Acknowledgments

We thank the colleagues of our research teams of IPBS "Membrane and DNA dynamics" and "Cellular Biophysics".

We acknowledge the Agence Innovation Defense and University of Toulouse for the fellowship to Diana Soukarié.

THE SANDWICH ASSAY DISCUSSION & CONCLUSION PERSPECTIVES

You will find here the general protocol to run HT-TPM experiments with aptamers, the compositions of the buffers we used, the sequences of the nucleic acids as well as the PCR protocol to obtain the DNA tether. Finally, a list of the abbreviations used is detailed below.

Nucleic Acid sequences

Molecule name

Sequence ( 5 Water pollution is a global concern for human and environmental health. As technology and industries have developed over the past decades, increasingly more complex and diverse pollutants are found even in treated waters. For better management of water resources, continuous and efficient monitoring is needed to detect the broad range of contaminants.

Biosensors have the potential to meet this challenge and to overcome the limitations of the conventional methods used for water analysis. They combine a biological recognition element to a transducer in a sensitive and robust device, capable of specific detection of molecules of interest. DNA-based sensing technologies meet this set of specifications and benefit from the progress made in nanoscience and nanotechnology. This minireview proposes an overview of this upcoming new generation of DNA-based biosensors, focusing on promising innovations having for portable, stable, rapid and sensitive devices for water quality monitoring.