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Synopsis

Single molecule nanopore sensing is a promising technique that has been developed over the past two decades. In this chapter, we will review different aspects of this technology in order to introduce the main principles and the relevant literature that constitute the foundations of this thesis work. From biological to synthetic solid-state nanopores, we will also consider the different ways to operate surface chemistry for their functionalization. We will also assess the possible applications ranging from the advanced DNA sensing technology to the more recent uses in protein detection. A specific part will be dedicated to the use of aptamer technology combined with nanopore sensing. Finally, we will describe the aim of this thesis work which is the discrimination of closely related proteins with an aptamer functionalized nanopore.

The state of the art presented in this chapter has been the object of a review in the Journal Sensors: Scale is important in the study of living organisms (Figure 1.1). Sizes can range from 25 meters (blue whales) to nanometers (biomolecules) and timescales range from billions of years (evolution) to femtoseconds (biochemical reactions). Biophysics is a science that studies life from various and multidisciplinary viewing angles and goes through those various scales 1 . The combination of life science and recent technological developments allows the biophysicist to bring quantitative information to understand complex biological systems and their interactions. The applications of biophysics are numerous, such as imaging systems, neurosciences or environmental ecosystem studies to cite a few.

Biomedicine is one of those applications. Each human being has a unique genome and phenotype, and billions of different people are living a variety of lifestyles. That triggers an inherent complexity into finding a suitable medical treatment for each person. Over the past two decades, there has been an increasing interest toward P4 medicine 2,3 , a discipline that follows four principles: Predictive, Personalized, Preventive, Participatory. It consists in an adapted medical therapy which holds the promise to find an optimal treatment for each patient, improve risk prevention and even lower medical costs. However, even at the individual level, the cellular heterogeneity adds complexity into understanding biological mechanisms. This discrepancy arises from the complex expression of genes, proteins and all metabolites. Up until now, a majority of analyses and tests are performed on a cell ensemble, providing an average bulk result that does not reflect the profile of each particular cell. That is where emerging technologies such as micro or nano fluidics and microfabricated devices meet biophysics in order to assess this problem and offer single-cell and single-molecule analyses [4][5][6][7] . With single-molecule analyses, the spatiotemporal accuracy of the measurement greatly improves the answers that research can offer to this complexity. Proteins are structurally complex and functionally sophisticated molecules 9 . They offer a wide variety of functions with precise ligand binding affinities and enzymatic activities 10 . Amino-acids are the building blocks of proteins. They contain an amino group, a carboxyl group and a side-chain (Figure 1.

2). The nature of the side-chain gives the properties of the amino acid, there are 20 different natural side chains. Each type of protein is a unique sequence of amino acids linked through covalent peptide bonds. The linear sequence of amino acid, or polypeptide chain, is the primary structure of the protein.

It is the first level of protein organization (up until four). The secondary structure consists in the reorganization of the polypeptide chain into α helices and β sheets arising from local interactions between neighboring amino acids (hydrogen bonds). A protein usually contains several α helices and β sheets that fold together to create the full three-dimensional organization, the tertiary structure of a protein. Finally, we talk about a quaternary structure when a protein is composed of several polypeptide chains formed as a complex 9 .

Biosensors toward Single-Molecule Sensing

Advances in the study of DNA and proteins have been enabled by the extensive use of biochips over the past decades and the rise of single-molecule studies. Biochips are a microarray of biosensors that can monitor simultaneously biochemical reactions 11 . The first referenced biosensor in 1962 was an electrode measuring sugar and oxygen levels in blood samples 12 . Nowadays, thanks to the integration of microfabrication technologies and microfluidics, some devices are designed as lab-on-a-chip systems (LOC) 13 . Protein biochips are used in many areas of biological research, such as drug screening, study of protein interactions, biochemical activities, or immune responses 14 . The possibility to perform various experiments on a minimal quantity of sample holds great promises for personalized medicine 14,15 .

A biosensor is generally composed of two elements, an immobilized biological probe (antibodies 16 , DNA 17,18 , proteins [19][20][21] , etc.) and a transducer that converts the monitored biochemical reaction into a measurable physical signal (electrical, thermic, optical etc.). The immobilization techniques of the biological probe over the sensing surface are numerous 22 . Among the variety of biomolecular probes, aptamers have raised interest as an easily synthesizable, cheap, highly selective and stable probe for the specific recognition of various targets [23][24][25][26] such as proteins, vesicles or toxins. Aptamers are small single-stranded RNA or DNA oligonucleotides (15 to 60 bases). Their three-dimensional conformation provides affinity toward the target against which it has been selected (Figure 1.3). They are able to specifically bind proteins, small molecules, cells, bacteria... The aptamer selection is achieved with a Darwinian-like in vitro selection process called SELEX 27,28 (Systematic Evolution of Ligands by EXponential Enrichment). During this cyclic and repetitive approach, a library of different sequences and structures is incubated with the desired target. The bound sequences are then selected and amplified by PCR (polymerase chain reaction). This process is repeated until the remaining population represents only the aptamers with the most affinity toward the target. To go further in the understanding of proteins and DNA, interest toward single-molecule studies techniques has grown over the past decade 5,7,30,31 . The field for detection and manipulation of singlemolecules is expanding, we can mention several techniques such as single-molecule ELISA assays 32 , optical trapping 33 and optical tweezers 34 , single-molecule electrochemical assays 35 (SM-EC), surfaceenhanced Raman spectroscopy 36 (SERS), nanoplasmonic sensing with localized surface plasmon resonance 37 (LSPR). Another promising technique for single-molecule study is nanopore sensing 5,38 and will be the main subject of the present thesis work. This label-free technology can be performed without the need of optical instruments and is based on the Coulter counter principle 39 . Nanopores are going to be described in the next part (Section 1.2).

1.2 Nanopore Sensing

Principle

Nanopore sensing is based on the Coulter counter 40 principle proposed in 1953, a resistive sensing device able to count and size objects going through an aperture. Nanopore technology comes from the merging of the Coulter counter and single-channel electrophysiology 41 , which is the study of transmembrane current through lipid bilayers. In the 90s, studies about single-molecule translocation through a single biological nanopore in a planar lipid bilayer emerged 42 . In the beginning of the 2000s, the first solid-state nanopores for studies of single-molecule translocation were fabricated 43 . Recently, a new sub-group of solid-state nanopores called nanopipette is emerging 44 . Illustration of a biological, a solid-state nanopore and a nanopipette can be found in Figure 1.4. A typical nanopore device consists in a nanometric aperture in a dielectric membrane between two reservoirs of a conductive electrolyte solution. In this work, we consider nanopores ranging between 1 and 100 nm. An illustration of a solid-state nanopore and its principle is given on Figure 1.5. The nanopore is the only contact between the two reservoirs. Electrodes are immersed on each side of the membrane, and an electric current flowing through the nanopore is established when a voltage is applied across those electrodes 45 . This steady-state current is called open-pore current. Typically, current is monitored for different applied voltages and a linear current-voltage (I-V) curve is obtained.

The nanopore conductance and size can be calculated from this curve 45 . More insights about the physical phenomena behind this principle will be discussed in the Chapter 3 of this work. 

Biological Nanopores

Biological pores are found in Nature as proteins acting as transport channels through the membrane of cells. They take various forms and purposes 48 , such as ion channels proteins (for ionic transport), porins and aquaporins (for water-soluble components and water), nuclear pore complexes 49 54,55 (1.0 nm).

However, for sensing larger molecules such as proteins, different biological nanopores with a wider diameter are also used, such as Cytolysin A ClyA 56,57 (diameter 3.3 nm) and phi29 motor pores 58,59 Biological nanopores have the advantages to offer highly reproducible translocation results thanks to a well-defined pore structure. The lipid bilayer in which they are embedded offers low electrical noise 60 . Their chemical structure can be tuned with the addition of functional groups thanks to genetic or molecular engineering 61 and the variety of available biological pores increases over time 62 . However, they present a low mechanical and chemical stability over time 63 , and the range of pore size is restricted which limits the possible applications. (STEM), electrochemical removing of atoms in molybdenum disulfide MoS2 [START_REF] Graf | Fabrication and practical applications of molybdenum disulfide nanopores[END_REF] or dielectric breakdown [START_REF] Kwok | Nanopore fabrication by controlled dielectric breakdown[END_REF] .

It will be further discussed in Chapter 2. The material used for the dielectric membrane are various, apart from SiNx and SiO2, nanopores have been fabricated in thin materials for a higher sensitivity 60 such as graphene [START_REF] Goyal | Hydrophilic and size-controlled graphene nanopores for protein detection[END_REF][START_REF] Wilson | Graphene Nanopores for Protein Sequencing[END_REF] or hafnium oxide [START_REF] Larkin | Slow DNA Transport through Nanopores in Hafnium Oxide Membranes[END_REF] . There is a recent subclass of solid-state nanopores called glass nanocapillaries or nanopipettes 44,[START_REF] Clarke | Trapping of Proteins under Physiological Conditions in a Nanopipette[END_REF][START_REF] Steinbock | Detecting DNA Folding with Nanocapillaries[END_REF][START_REF] Steinbock | Controllable Shrinking and Shaping of Glass Nanocapillaries under Electron Irradiation[END_REF][START_REF] Li | Single Protein Molecule Detection by Glass Nanopores[END_REF][START_REF] Terejánszky | Calibration-Less Sizing and Quantitation of Polymeric Nanoparticles and Viruses with Quartz Nanopipets[END_REF][START_REF] Sze | Fine tuning of nanopipettes using atomic layer deposition for single molecule sensing[END_REF][START_REF] Youn | Selective Detection of Single-Stranded DNA Molecules Using a Glass Nanocapillary Functionalized with DNA[END_REF] , but we will not describe this specific category in this work.

Working on fabricated solid-state nanopores has some advantages over their biological counterparts [START_REF] Kudr | Fabrication of solid-state nanopores and its perspectives[END_REF] .

They present tunable geometrical designs, a better mechanical stability over a wide range of experimental conditions such as pH and ionic strengths, and a possible control over surface chemistry (that we will tackle in subsection 1.2.5). The fabrication process is generally long and fastidious but some new techniques such as dielectric breakdown can overcome this problem [START_REF] Kwok | Nanopore fabrication by controlled dielectric breakdown[END_REF] . Another drawback is the possible non-specific adsorption of analyte onto the surface, leading to pore clogging [START_REF] Yusko | Controlling protein translocation through nanopores with bio-inspired fluid walls[END_REF] . Those problems can be overcome thanks to surface functionalization or original combinations of biological nanopores with solid-state nanopores. We will discuss about these alternatives in the next sections.

Hybrid Nanopores

As mentioned earlier, biological nanopores such as α-hemolysin possess a precise structure and the potential for site-specific chemical modifications. However, the lipid bilayer in which it is embedded can be unstable. On the other hand, solid-state nanopores present a good robustness overtime but the reproducibility between each nanopore is more uncertain. The concept of hybrid nanopores combines the advantages of both types. A hybrid nanopore was first reported in 2010 by Hall et al. 81 with the insertion of an α-hemolysin biological pore in a solid-state nanopore using a DNA guiding tail (Figure 1.8 A). The integration of α-hemolysin into solid-state nanopores is since then performed in several other studies [START_REF] Cabello-Aguilar | Slow translocation of polynucleotides and their discrimination by α-hemolysin inside a single track-etched nanopore designed by atomic layer deposition[END_REF][START_REF] Bentin | Polynucleotide differentiation using hybrid solid-state nanopore functionalizing with α-hemolysin[END_REF] . After that, other researches have shown different strategies for hybrid nanopores, such as the grafting of FG-nucleoporins into solid-state membranes to mimic nuclear pore complexes [START_REF] Jovanovic-Talisman | Artificial nanopores that mimic the transport selectivity of the nuclear pore complex[END_REF][START_REF] Kowalczyk | Single-molecule transport across an individual biomimetic nuclear pore complex[END_REF] . Another example is the insertion of a viral protein portal into a solid-state nanopore [START_REF] Cressiot | Thermostable virus portal proteins as reprogrammable adapters for solid-state nanopore sensors[END_REF] (Figure 1.8 C). Challenges regarding such hybrid nanopores remain in the control of the protein insertion into the membrane, and the control of possible peripheral leakages around the biological pore. Another interesting approach toward hybrid nanopores is the increasingly popular use of DNA origami (Figure 1.8 B). They offer a good control over shape, size and other functional options [START_REF] Wang | The Beauty and Utility of DNA Origami[END_REF][START_REF] Hernández-Ainsa | DNA origami nanopores: an emerging tool in biomedicine[END_REF] . DNA origami shaped as a nanopore docked onto solid-state nanopore has already been demonstrated in several studies [START_REF] Bell | DNA Origami Nanopores[END_REF][START_REF] Wei | DNA Origami Gatekeepers for Solid-State Nanopores[END_REF][START_REF] Barati Farimani | DNA Origami-Graphene Hybrid Nanopore for DNA Detection[END_REF][START_REF] Balasubramanian | DNA Translocation through Hybrid Bilayer Nanopores[END_REF] and single translocations of molecules such as proteins and DNA have been performed. Surface functionalized nanopores can also sometimes be categorized as hybrid nanopores.

Due to the importance of surface functionalization in this work, we will tackle this category in the following section 1.2.5.

Figure 1.8: Examples of hybrid nanopores. A) First hybrid nanopore reported consisting in a αhemolysin biological pore inserted in a solid-state nanopore 81 . B) A DNA origami nanopore from reference [START_REF] Wei | DNA Origami Gatekeepers for Solid-State Nanopores[END_REF] . C) Virus portal protein inserted in a solid-state nanopore from reference [START_REF] Cressiot | Thermostable virus portal proteins as reprogrammable adapters for solid-state nanopore sensors[END_REF] .

Functionalized Solid-State Nanopores

After the fabrication of solid-state nanopores in the beginning of the 2000s, interest has grown over their inner surface functionalization [START_REF] Wanunu | Chemically Modified Solid-State Nanopores[END_REF] . Challenges and objectives met for the functionalization of nanopores can be the same encountered for the functionalization of biochips 22 , and many functionalization techniques are inspired from the biosensor's field. The objectives for nanopore functionalization range from antifouling and anti-clogging properties [START_REF] Yusko | Controlling protein translocation through nanopores with bio-inspired fluid walls[END_REF][START_REF] Eggenberger | Fluid surface coatings for solid-state nanopores: comparison of phospholipid bilayers and archaea-inspired lipid monolayers[END_REF][START_REF] Li | Non-sticky translocation of biomolecules through Tween 20-coated solid-state nanopores in a wide pH range[END_REF][START_REF] Shan | Surface modification of graphene nanopores for protein translocation[END_REF][START_REF] Roman | Functionalized Solid-State Nanopore Integrated in a Reusable Microfluidic Device for a Better Stability and Nanoparticle Detection[END_REF] (reduction of non-specific interactions at the pore surface), to the addition of original functionality or offering biomimetic properties [START_REF] Lepoitevin | Functionalization of single solid state nanopores to mimic biological ion channels: A review[END_REF] . Some recent reviews describe all the different techniques and purposes of surface functionalization in nanopores [START_REF] Lepoitevin | Functionalization of single solid state nanopores to mimic biological ion channels: A review[END_REF][START_REF] Eggenberger | Surface coatings for solid-state nanopores[END_REF][100] .

A first technique consists in the controlled deposition of a coating material with a gas phase. It is inspired from microfabrication technologies: atomic layer deposition 101 (ALD) and chemical vapor deposition 102 (CVD). Such techniques are employed to monitor size and shape of the nanopore 103-105 , or modify surface properties such as charge or hydrophobicity 103,104 . A good advantage of such a coating is that it can increase the stability of the membrane over time by preventing a slow etching by the electrolyte 106 . In particular, some studies have shown that the gas phase deposition of hafnium oxide has inhibited SiNx dissolution 107 . Another technique consists in the use of surfactants adsorption or physisorption of chemical reagents on the surface. Surfactant can be used on the surface to reduce non-specific interactions of the biomolecule with the pore walls [START_REF] Li | Non-sticky translocation of biomolecules through Tween 20-coated solid-state nanopores in a wide pH range[END_REF]108 . Physisorption can be used as a straightforward technique to coat a nanopore surface. A popular coating using this method is Poly-L-Lysin (PLL), a positively charged synthetic amino acid chain 109,110 . It also provides the possibility to engineer specific interactions with various proteins 111,112 . Layer-by-layer (LBL) self-assembly is another approach to nanopore functionalization. It consists in the formation of multilayer structure alternating between polyanionic and polycationic layers. The control of the deposition allows a fine-tuning of pore diameter 113 , modify the surface physical characteristics [114][115][116] or even combine it with PLL in order to detect specific proteins 116,117 . Another commonly used technique for surface functionalization of goldcovered nanopores is the use of self-assembled monolayers (SAMs). They are composed of molecules bearing a thiol group which reacts and provokes the grafting on a gold layer surface. They are used in nanopore sensing for various applications such as the detection of specific analytes [START_REF] Jovanovic-Talisman | Artificial nanopores that mimic the transport selectivity of the nuclear pore complex[END_REF][118][119][120] or the addition of a functionality such as pore gating [121][122][123] . Lipid coating of nanopores is an increasingly popular technique due to the biomimetic features it provides [START_REF] Yusko | Controlling protein translocation through nanopores with bio-inspired fluid walls[END_REF]124 . It can prevent from non-specific adsorption of analytes to the pore walls, but can also be used to decorate the membrane surface with lipid anchored ligands or receptors [START_REF] Eggenberger | Surface coatings for solid-state nanopores[END_REF] that are specific to target proteins. Lipid coating allows a reduction of protein's translocation speed and thus enhance the sensitivity of the sensor 47,[START_REF] Yusko | Controlling protein translocation through nanopores with bio-inspired fluid walls[END_REF][START_REF] Shan | Surface modification of graphene nanopores for protein translocation[END_REF] . In most surface functionalization, the whole surface of the nanopore membrane is covered, inducing a loss in recognition specificity inside the pore for sensing applications. ContactLess ElectroFunctionalization (CLEF) is a technique developed by our group that allows functionalizing only the inner part of micro and 200 nm pores [125][126][127][128] . Although this beholds great promises for the specific sensing of proteins 129 , this technique has not been yet adapted to ~ 10 nm diameter nanopores and was not the object of this study.

The final surface functionalization technique that we will tackle in this manuscript is silanization. It involves the reaction of covalent binding between organo-silanes molecules with the hydroxyl groups on a surface 130,131 , which are created after plasma treatment of SiO2 or the thin oxidation layer on SiNx in a solid-state nanopore. A reactive functional group (amine, carboxylic group, epoxide etc.) in the silane molecule allows the reaction with specific probes. In the nanopore field, silanization has been used to functionalize the surface of nanopores with various biomolecules [START_REF] Eggenberger | Surface coatings for solid-state nanopores[END_REF] such as DNA 132-135 , nucleoporins [START_REF] Kowalczyk | Single-molecule transport across an individual biomimetic nuclear pore complex[END_REF] , cystein amino acid 136 , peptides 137,138 , polymer brushes 139 and various chemical components [START_REF] Wanunu | Chemically Modified Solid-State Nanopores[END_REF][140][141][142][143] .

The functionalization of the surface of a nanopore is a good strategy for enhancing the detection of protein with solid-state nanopore 129 . In the next section, we will discuss the applications of nanopore sensing for DNA sequencing and the detection of proteins.

1.3 Nanopore Applications

DNA Sequencing

Nanopore sensing has been broadly used for DNA sequencing [144][145][146] . The electric field is used to drive the negatively charged DNA in the pore, and the drops in the ionic current caused by the translocation are used to distinguish nucleotides. This method has the advantage to avoid DNA modification or amplification and require minimal sample preparation 144,146 . There are indeed some challenges to face regarding such a technique. One of the most troublesome is the rapid DNA translocation velocity 144,147 , which limits the identification of a single base in the current trace.

From a historical point of view, single-stranded DNA and RNA sensing with a nanopore has been introduced by Kasianowicz et al. in 1996 42 , offering the perspective to sequence nucleic acids.

Afterward, it has been rapidly considered that nucleotides segments could be differentiated one from another 148,149 . The differentiation of nucleotides from an immobilized single-stranded DNA sequence has finally been performed in a α-hemolysin pore in 2009 150,151 , showing that nanopores could provide a sufficient resolution for sequencing as a rapid platform. The immobilization of the sequence allowed overcoming the challenge of high-speed translocation. Sequencing of DNA has later been performed with a biological nanopore coupled with a polymerase enzyme which slowed down the DNA and offered the required time resolution 152 . A commercial apparatus called MinION from Oxford Nanopore Technologies (United Kingdom) has been since released, using a biological nanopore on a lipid bilayer and an enzyme for the control of DNA motion in the nanopore 153,154 . This miniaturized device has already been extensively used to sequence DNA 155 and RNA 156,157 in various application domains 147,158 such as Escherichia coli genome sequencing 159 or early mutations in Alzheimer disease 160 . A photography of this commercial device is shown on Figure 1.9. DNA sensing with nanopore technology is proving to be a powerful tool in an increasing number of fields. In the medical field, it has been used for genomics 162 , the detection of diseases 163 , and oncology 164 . It has also been used to detect bacteria directly in tissue biopsies 165 and has potential application in forensics 166 . On a recent topic, nanopore sensing has been used to detect the respiratory virus SARS-CoV-2 167 . From an environmental perspective, DNA sensing with nanopores has been used

to detect wild viruses 156,168-170 , animals 171 , or to study an ecosystem with bumblebee pollen 172 . The technique has also been tested on Antarctic samples 173 , proving its versatility in wild sample detection.

Besides, there has been a growing interest toward the use of nanopores for DNA sensing for astrobiology and life detection in space [174][175][176][177] , and even toward its use in DNA hard drive technology and data storage 178 .

Protein Sequencing

Determining the amino-acid sequence of a protein plays an important role in proteomic studies 179 .

Even though the field of DNA sequencing with nanopores has advanced and reached the market with a commercial device 153 , the development of single-molecule sequencing of proteins is an emerging yet promising field [180][181][182][183] . Challenges inherent to the detection of proteins arise and make it harder to detect than DNA. First, DNA has a relatively simple spatial linear structure while proteins exhibit a natural folding, their tertiary structure. Therefore, the nanopore-based sequencing of proteins requires an unfolding process. Secondly, the surface of a protein is not uniformly charged, and its translocation through the nanopore cannot be driven simply by the electrophoretic force 184 . Finally, protein sequencing requires the distinction between 20 amino acids, while DNA sequencing requires the distinction between only four bases.

The first step for protein sequencing with a nanopore is then to unfold its structure. Several means are employed such as high temperature [185][186][187] or high voltage 186,188,189 . Another solution is to denature the protein with different agents such as sodium dodecyl sulfate [START_REF] Kennedy | Reading the primary structure of a protein with 0.07 nm 3 resolution using a subnanometre-diameter pore[END_REF]190 (SDS), guanidium chloride 191 or urea 186 . After SDS treatment, the linearized peptide chain is more negatively charged which has been shown to be an advantage for the control of translocation through the pore 190 . The distinction between amino acids and protein sequencing with nanopores has shown promising debuts 192,193 . The spatial resolution of nanopore sensing is a key parameter to assess. Only one amino acid must be sensed in the pore. Distinction between individual amino acids has been suggested in some works [START_REF] Kennedy | Reading the primary structure of a protein with 0.07 nm 3 resolution using a subnanometre-diameter pore[END_REF][START_REF] Wilson | Graphene Nanopores for Protein Sequencing[END_REF]194 with the use of ultra-thin nanopores which length is similar or below the space between each amino acid or the diameter as close as possible to the size of an amino acid. Another difficulty arises from the time scale of linearized protein going through the pore, which is less than 1 ms 192 . With the average acquisition frequency of 100 kHz, there is a high probability of event loss 195 . A way to overcome this problem is to extend the dwell-time of the protein in the pore. A method proposed by Ouldali et al. is to trap an amino acid within the nanopore with a polycationic carrier 196 (Figure 1.10), they showed that the identification of all 20 amino acids could be performed. Another solution is the "nanopore tweezer technology" [197][198][199]193 , the protein is engineered with positively and negatively charged tails at its C-and N-termini. Therefore, during translocation those tails act as a tug-of-war pulling the peptide chain in both directions and increasing the dwell-time. Inspired by DNA sequencing, protein sequencing with nanopores uses proteins linearized in their primary structure. However, there is a growing interest toward the sensing of naturally folded protein in their tertiary or quaternary structure. 

Protein Detection and Characterization

Protein detection and characterization in their native folded state is a key element in this thesis work.

Single proteins going through the nanopore generates current drops. Those drops have been associated to the volume occupied by the protein in the pore [START_REF] Yusko | Controlling protein translocation through nanopores with bio-inspired fluid walls[END_REF][200][201][202] and will be further discussed in Chapter 3. The detection of proteins with a nanopore is a challenging task. In 2013, Plesa et al. have presented the detection of a range of proteins from 6 to 660 kDa in 10 to 57 nm diameter solid-state nanopores 195 . They highlighted the difficulties to detect small proteins due to the high signal-to-noise ratio and the limited temporal resolution of the measurements. They suggested that the observed events originate from the proteins that interact with the pore's walls while the other events are too fast and lost (Figure 1. 11). This loss of events has since been described in other studies 203,204 .

Figure 1.11: Proteins going straight into the nanopore might not be sensed because of the high signal-to-noise ratio and the limited temporal resolution 195 , the observed events are the ones resulting from the proteins interacting with the pore's walls. Illustration adapted from reference 203 .

In 2017, Yusko et al. have used lipid bilayer coated solid-state nanopores to determine the shape, volume, charge, rotational diffusion, and dipole moment of proteins bound to a lipid anchor 47 . They used a theoretical model to estimate the shape and volume based on the proportionality between the current drops caused by the protein going through the pore and an electrical shape factor. Those models will be discussed in this thesis work to experimentally retrieve the volume of proteins and discriminate them. In a later study, they successfully determined the shape, volume and dipole of proteins that are not anchored to the nanopore 205 .

An important challenge regarding protein research is the study of its conformation and structural properties such as its size or charge which is directly linked to its activity in cells 60,180,206 . As mentioned Chapter 1 34 in the previous part, the mechanisms of protein structural deformation or complete unfolding have been intensively studied 188,[207][208][209] . It has also been used to assess the stiffness of proteins 210 or conformational changes 56,211,212 . Nanopores have also been used to characterize oligomeric states of proteins [213][214][215][216]108 (their quaternary structure) or post-translational modifications such as phosphorylation [217][218][219] or ubiquitination 57,213 . Those dynamic studies show potential applications of protein detection with a nanopore toward drug discovery 220 and the understanding of diseases such as cancers 221 or neurodegenerative mechanisms [222][223][224] .

There are other applications of nanopores for the study of proteins, such as the study of DNA-protein complexes 202,225-232 or protein-protein interactions [233][234][235][236][237] . There is notably an increasing interest toward the use of nanopores for enzymology 218,[238][239][240][241][242] . Therefore, nanopore sensing is a promising tool for a real-time and label-free detection technique to characterize protein's structure and dynamics in their native form as well as their interactions with other proteins or DNA. nanopore that the structure is more stable in presence of K + ions than other monovalent cations 249 .

In 2014, Mahmood et al. have proposed a molecular dynamics simulation of a thrombin aptamer in a 6 nm diameter SiNx nanopore 225 . They showed that the 3D structure of the aptamer is more stable under low voltage. Moreover, they worked on the interaction of the aptamer with its thrombin ligand into the nanopore when the aptamer is free or grafted on the nanopore's wall. They observed with the simulation that the binding affinity is impacted by the applied voltage and that the thrombin translocation time in the nanopore is greater when the aptamer is grafted on the walls. More and more experimental studies assess the interactions between an aptamer and its specific ligands in a nanopore. The thrombin-aptamer association rates have been discussed in several studies 250,251 .

Moreover, conformational heterogeneity of the thrombin-aptamer complex has been demonstrated with a ClyA biological nanopore 252 . They showed with the current blockade amplitudes and dwell-times that the complex had two different isomeric conformations, which originate from the aptamer being able to bind two different areas of the thrombin protein (Figure 1.12 B). This proves the opportunity to probe conformational heterogeneity at a single-molecular level of protein-aptamer interactions with a nanopore. Other interactions of proteins with their specific aptamers have been investigated

with nanopores, such as nucleocapsid protein 7 253 , a protein biomarker of the HIV-1 virus, or TATA binding protein and HIV DNA integrase 243 . ). They pulled the aptamerligand system by one strand captured in the nanopore, the strand can only fully translocate when the complex has been disrupted by the pulling force. Then, they could determine the dissociation constant Kd ≈ 0.1 mM and the voltage dependence of unfolding rates. The higher the ligand concentration, the higher the voltage needed for unfolding of the aptamer-ATP complex, which was called the "critical unzipping voltages of the complexes". A limit of this force spectroscopy was drawn to attention in this study while doing the same test with the stable thrombin G-quadruplex aptamer. They showed that aptamers with a strong secondary structure could not be tested by this pulling technique because of their highly stable nature.

The differentiation between the interaction of an aptamer and two photo-isomeric forms of a molecule have also been demonstrated 256 . Spiropyran and merocyanine are isomers of the same molecule respectively under visible light and ultraviolet light. The spiropyran specific aptamer generates two specific current signatures when going through a nanopore when it is bound to spiropyran or free. It does not interact with the merocyanine form of the molecule. When inserting the aptamer and the spiropyran molecule under visible light, typical current trace of aptamer-ligand complex were observed. Under ultraviolet light, the aptamer dissociated from its target. Finally, the structure and stability of aptamers complexed with chemical compounds targets such as lead 257,258 and mercury 258 ions have also been assessed.

Single-molecule studies with nanopores represent a great tool for the structural study of aptamers when captured in the vestibule of biological nanopores, for example. New strategies for studying the stability of aptamers and aptamer-ligand complexes, their association and dissociation constants as well as their structures under various conditions are being developed, such as the force microscopy reverse pulling technique presented by Arnaut et al. 254 . We can probably expect that nanopore popularity amongst scientists will probably increase for the next years, improving the fundamental studies in the field of aptamers.

Aptamers as Carrier Probes for Nanopore Sensing

Nanopore sensing and aptamers have been used in numerous studies for the specific detection of target molecules and proteins. A strategy for the detection of specific targets consists in the singleevent detection of aptamer-ligand complexes going through the nanopore. The aptamer and its target are inserted into the solution and freely associate before going through the nanopore. We can categorize this technique in two approaches: free aptamers in solution and the use of aptamerfunctionalized nanoparticles.

Aptamers as Carriers for Nanopore Sensing of their Target

This category appears as the most straightforward approach of using nanopores and aptamers for the specific detection of targets. Free aptamers in solution have been used for the specific nanopore detection of proteins such as vascular endothelial growth factor (VEGF) 259 , thrombin 259 or viruses protein biomarkers 260 . Nucleocapsid protein 7 (NCp7) is a protein biomarker of the human immunodeficiency virus (HIV-1). In a study, NCp7 protein was specifically detected with three different aptamers variants (high, medium and no affinities with the target) 260 . They analyzed single-events of current blockades when the protein-aptamer complex went through the SiNx nanopore and assessed the effect of nanopore dimension (< 6 nm or 7-15 nm diameters in a 40 nm thick membrane). As a result, they showed that the detection sensitivity is optimal when the nanopore's diameter is comparable to the target's size, hence the cross-sectional size of the NCp7-aptamer complex.

Other research works involving a nanopore detection of a target with an aptamer in solution concerns small molecules such as ions 257,261 , ATP 262 , or sensitive compounds such as cocaine 259,263-265 or pesticides [266][267][268] . In 2011, Kawano et al. presented an embedded device for a rapid aptamer-based detection of 1 µM cocaine in solution with an α-hemolysin nanopore 263,264 . With the study of current blockades through the nanopore, they observed the difference between the cocaine complexed with the folded aptamer, too large to go through the pore and thus captured, and the free unfolded aptamer when cocaine is not present (Figure 1.13 A). The size of the nanopore compared to the analyte is a key parameter in this study. In the absence of cocaine, the aptamer stays in a linear single-stranded DNA conformation and goes through the 1.5 nm constriction of the biological nanopore. They performed the detection of cocaine within a minute on multiple nanopores at the same time, showing that this device could be used for massive and parallel drug detection. A similar approach has been performed by Rauf et al. with an aptamer hybridized with a short complementary DNA 265 . When the aptamer binds to its target, the complementary strand is released and generates a specific current output when going through the nanopore. They could quantify cocaine with a concentration range from 50 nM to 100 μM and proved the selectivity of their device with control molecules (ATP, adenosine diphosphate ADP, dopamine, and theophylline). Moreover, they performed the detection of 50 nM cocaine in human serum and saliva samples, which ensures a great potential practical application of this technique. The nanopore detection of specific targets with free aptamers beholds great promises for applications in the healthcare domain (detection of drug compound in human samples) or in environmental safety (detection of pesticides). With the inventive bar-coding approach, it is notably possible to sense multiple targets at the same time with a great sensitivity. However, this approach is limited to the detection of small molecules or specific care must be taken into the ratio between the target size and the nanopore diameter. If the desired target is relatively large, another approach has emerged with the sensing of an intermediate DNA sequence released when the aptamer-ligand complex is formed, this allows the sensing technique to be freed from this size limitation.

Aptamer-Functionalized Nanoparticles as Carrier Probes for Nanopore Sensing

Another strategical approach for the detection of specific targets with an aptamer consists in the use of a nanostructure holding the aptamers. The detection via aptamer-coated nanostructures (nanobeads, nanorods) can sometimes require a setup with a relatively larger nanopore (several hundreds of nanometers).

In 2012, proteins with aptamer-functionalized particles aggregates were specifically detected with a nanopore 275 . 300 nm thick and 1 µm long rods with gold and nickel segments were functionalized with PDGF-BB aptamers in a spatially controlled way. Therefore, they could obtain a precise agglutination pattern between the aptamer-rods after addition of the target PDGF-BB protein. They could detect the target with a concentration down to 10 fM and validated the specificity with BSA as a control protein.

Later, they detected 128 nm superparamagnetic beads coated with streptavidin and biotin bound thrombin-specific aptamers 250 . After addition of thrombin in a range of concentration from 0.1 nM to 1 µM, they observed a decrease in the event rates sensed in the nanopore. The specific binding of thrombin on the beads resulted in a shielding effect of the negative charges that drives the beads through the nanopore. They also employed another technique to detect thrombin via the monitoring of aggregates disruption 276 . A mix of superparamagnetic beads of 1 µm coated with thrombin aptamers and 400 nm-beads coated with the complementary aptamers forms aggregates. After addition of thrombin down to sub-picomolar concentrations, the aggregates were disrupted and specific singleevent signals were observed with the nanopore. In another study, they used 120 nm diameter streptavidin coated beads functionalized with biotin-bound VEGF aptamer to detect VEGF proteins with a concentration down to 18 pM 117 . In 2015, they developed a strategy for the simultaneous detection of PDGF and VEGF 277 . They grafted VEGF aptamers and PDGF aptamers to 120 nm and 300 nm superparamagnetic beads, respectively. After addition of VEGF and PDGF at the nanomolar scale, the frequency of bead translocation through the nanopore and the current blockade level of each event could be related to each type of protein and their concentration (Figure 1.14 A). This study proved the possibility of simultaneous label-free detection of proteins with aptamer coated nanoparticles. Other groups have worked on aptamer-functionalized nanoparticles for the detection of biomolecules.

In 2017, nanopore sensing of lysozyme was performed using 21 nm diameter quartz nanopipettes and cancer biomarker. After addition of the magnetic aptamer-nanoparticles (~5 nm diameter) in a complex human sample containing 1 nM of CEA, the nanoparticles could be magnetically separated for the analysis. Then, a nanopore analysis was performed with a 30 nm diameter quartz nanopipette.

By analysis of single-events current blockades of particles going through the pore, they could Aptamer-coated nanostructures have been used for various applications such as water pollution and contaminant detection or advanced biomedical diagnostics. In most of the cases, the ligand-aptamer nanostructure is relatively large (~ 100 nm). The single-events of particles going through the pore are analyzed to discriminate the size and the velocity of the nanoparticles according to the presence of the target or not.

Even though monitoring the nanoparticle functionalization can be a technological challenge, using a nanoparticle-coated aptamer instead of a free aptamer in solution could allow an easier nanopore detection thanks to larger objects. Nevertheless, there is still no study that thoroughly compares those two approaches and further examination would be required.

Gating with Aptamer-Functionalized Nanopores

Nanopore or nanochannel gating has raised interest as nanofluidic valves or biomimetic selective transport tools. Mimicking the selectivity of gating functions from the biological ion channels can allow a controllable release of molecules into a fabricated system. A lot of different approaches already exist for stimuli-responsive gating of nanopores [START_REF] Lepoitevin | Functionalization of single solid state nanopores to mimic biological ion channels: A review[END_REF] . Aptamer-coated nanochannels represent a new strategy for the precise control of gating systems responding to biomolecule stimuli.

In Other aptamer-coated channels have been reported to respond to small molecules such as cocaine 288 or adenosine 289 in a reversible manner. In the latter case, the study was inspired by natural adenosine receptors found on the cell's membrane and responsible for cellular signaling pathways. Polymer membranes with ion-track etched nanopores (20 nm) were coated with adenosine aptamers 289 that filled the inside of the channel. After addition of adenosine, the aptamers folded in a compact way, allowing the flow of the ionic current. They could reverse the process and close the channel again by addition of adenosine deaminase, an enzyme which converts adenosine into inosine molecules that are no more recognized by the aptamers. 

Target Specific Detection with Aptamer-Functionalized Nanopores

Over the past years, the grafting of aptamers inside nanopores has been an extensively used approach to detect specific molecules, proteins or dangerous substances such as drugs or toxic molecules. Solidstate nanopores are mainly employed but several cases of genetically or molecularly engineered biological nanopores combined with aptamers have also been reported.

The main physical phenomenon employed for measurements with aptamer-coated nanopores is ionic current rectification (ICR). Nanopores usually exhibit a linear current-voltage (I-V) curve following an ohmic behavior. However, it has been shown that this I-V curve is no more linear when the pore is conical (asymmetric) or has a non-homogeneous fixed charge distribution on the pore walls 286,299,300 . This phenomenon will be further discussed in Chapter 3. Such ICR phenomenon is used as an indicator for the modification of nanopore's surface and grafting of charged biomolecules.

Specific detection of lysozyme protein with aptamers was performed in a single conical glass 20 nm nanopore thanks to ICR 301 . After the grafting of lysozyme binding aptamers on the inside of the nanopore, ICR was observed due to the negatively charged walls. After the binding of the protein, the global surface charges were partially neutralized and the ICR effects decreased (Figure 1. Several studies show the interest of aptamer-coated nanopores for the specific detection of thrombin proteins 111,303,304 . A 30 nm diameter glass conical nanopore has been functionalized with thrombin binding aptamers and tested with 50 pM of target thrombin in undiluted serum 303 . Successive decreases in the current level has shown the consecutive binding of thrombin proteins on the aptamers. With a probabilistic model, they showed that this device can be efficiently used for quantification of the target with a response time of 10 minutes. Another group has presented a similar device with a 50 nm quartz conical nanopore coated with thrombin binding aptamers 111 . With a measurement of ICR, thrombin could be detected at a concentration of 270 nM in phosphate buffered saline (PBS) while the control protein bovine serum albumin (BSA) did not affect the current levels.

They reported that using undiluted serum would clog their device. Another approach has been performed by Zhao et al. 304 with the use of a 100 nm thick porous anodic alumina membrane with an array of nanopore (~ 40 nm average diameter). After grafting of thrombin aptamers on its surface, they monitored ICR induced by thrombin binding in 1 mM KCl with different pH conditions. They obtained a limit of detection of 0.22 fM for specific pH conditions. Moreover, they showed that in human serum they could detect thrombin with a concentration down to 0.111 nM. This could indicate that using nanopore arrays and nanoporous membranes instead of single nanopores could be an alternative to enhance the measurements when using ICR as an indicator for protein detection. However, with arrays instead of single nanopore, the possibility for single-molecule sensitivity is lost. Blundell et al. have used both ICR and single-event measurements in the same study for the aptamer detection of VEGF 117 in a relatively large nanopore (800 nm). In one part of the study, they coated the nanopore with VEGF aptamer and measured ICR to monitor VEGF concentrations down to 5 pM. Aptamer-coated nanopores are also employed for the detection of proteins such as immunoglobulin 134,306 or the extremely toxic ricin protein 134,307 . Gao et al. have focused their works on the detection of ricin 134 that can be used as a bioterrorist agent. They also used the same kind of device in their study for the detection of immunoglobulin proteins. They functionalized a 56 nm glass nanopore with ricin binding aptamers. After addition of ricin at a concentration of 100 nM, they could monitor the decrease of current when each protein bound to the aptamers. They performed the same experiments with immunoglobulin E specific aptamers (Figure 1.16 B) and could detect the protein with a concentration down to 5 nM. This particular example shows the possibility to use aptamercoated nanopores as a versatile tool for both diagnostic purposes and environmental detection of dangerous substances.

In this applied field of research, nanopores coated with aptamers has also been used to detect small toxic molecules: cocaine 288,308 and Ochratoxin A (OTA) 305 , a dangerous product of fungi species that can be found in agricultural products. different strategy for the detection of OTA toxins with an aptamer coated nanopore 305 . In a 90 nm diameter glass conical nanopore, they grafted a first DNA sequence that is partially complementary to the OTA binding aptamer. The latter aptamer is hybridized with the pre-immobilized sequence, following the principle of DNA-directed immobilization 309 . After addition of the OTA, the aptamer that partially pairs with the immobilized DNA sequence will bind to OTA and subsequently dissociate from the nanopore surface (see illustration on Figure 1.16 C). Therefore, ICR is generated by the aptamer dissociation that causes a negative charge reduction on the nanopore inner surface. An interesting point for this method is that the ICR measurement is independent from the charge of the target biomolecule, which is an undeniable advantage for this type of detection. Moreover, they showed a simple regeneration of the device by adding a solution containing the OTA binding aptamer for its immobilization on the grafted partially complementary DNA sequence.

Other aptamer coated solid-state nanopores have been used for the detection of ATP 310,311 , potassium 310 or TATA box binding protein 312 . Nevertheless, the grafting of aptamers on the surface of a nanopore for the detection of a target is not restricted to solid-state nanopores. Genetic and molecular engineering allows the modification of biological nanopores as well.

Figure 1.17 : A) α-hemolysin biological nanopore engineered by Rotem et al. 313 to specifically detect thrombin with a thrombin aptamer at its entrance. B) Engineered ClyA nanopore with an aptamer sieve for the specific detection of proteins from Soskine et al. 314 .

In 2012, an α-hemolysin biological nanopore was engineered by Rotem et al. to specifically detect thrombin with an aptamer 313 (Figure 1.17 A). With the analysis of current blockades, they showed that the insertion of thrombin with a concentration down to 20 nM could generate a specific current signature. They also defined specific equilibrium dissociation constants Kd that are consistent with the ones obtained using standard approaches. The selectivity of this sensor toward the natively folded thrombin protein was proved using a denatured form and BSA as negative controls.

Later the same year, Soskine et al. have reported an engineered ClyA biological nanopore that exhibited a sieve of aptamers for the specific recognition of proteins (thrombin or lysozyme) 314 . They grafted aptamers to the ClyA monomers, resulting in an assembled nanopore that contains 12 aptamers at its entrance that are ~ 2 nm apart from each other (Figure 1.17 B). By analysis of the singleevents of current blockage through the nanopore, the decorated nanopore showed an excellent specificity toward the target analyte even when another protein was introduced. For example, with a thrombin aptamer decorated ClyA nanopore, a control protein was added in large excess concentration compared to the specific human thrombin target (2.2 nM) but they managed to record twice as much thrombin specific events compared to the control protein. With this nanopore, they succeeded in mimicking the nuclear pore complex selectivity of translocated molecules, which is one of the goals of engineering nanopores for biomimetic applications. Another study using aptamerfunctionalized nanopipettes in combination with surface-enhanced Raman scattering showed localization of cancer biomarkers inside single-cells 315 .

As a conclusion, specific detections of targets have been performed on aptamer-functionalized nanopores thanks to ICR measurements and successive current decreases when each target binds the inside of the nanopore. ICR is a great indicator but is generally dependent on the target's charge. An interesting variation of this sensing strategy was presented by Zhang et al. with DNA-directed Chapter 1 52 immobilization of the aptamer for the detection of OTA toxin 305 . With the release of the aptamer-OTA complex from the nanopore walls, the ICR measurement was independent from the target's charge and the device could be easily regenerated for further experiments. There are some examples of aptamers grafted on biological nanopores. In this case, the monitoring of single-events of biomolecules going through the nanopore is then used for the specific recognition of a target.

Either free in solution or grafted onto the nanopore, the aptamers are generally used as recognition elements to improve the sensibility and/or the selectivity of nanopores to detect a target. Thanks to the versatility of the aptamers, the range of accessible targets is large: from simple ions, pesticides, hormones or proteins to name a few. This wide range of targets allows for applications in various domains like health (diagnostics or drug discovery), environment (water pollution) and security (drug detection). The ease of production and molecular modifications along with the low cost of aptamer chemical synthesis and the huge stability of aptamers are good assets for the industrialization of functionalized nanopore devices. The combination of aptamer sensing with nanopore technology is therefore a winning association promised to numerous developments.

Focus of this Project

The objective of this thesis project is to use an aptamer-functionalized nanopore for the specific detection and discrimination of closely related proteins.

The studied protein is thrombin, an enzyme involved in the blood coagulation cascade 316,317 . This protein converts fibrinogen, a blood-clotting element dissolved in blood, into long stranded fibrin that helps coagulation. Thrombin exerts a multitude of regulated actions on the blood and vessel wall. It is involved in diverse physiological and pathological processes such as bleeding disorders, atherosclerosis, or cancer [318][319][320][321][322] . Thrombin is the product of the cleaving of its precursor prothrombin by another enzyme called factor Xa 323 .

Thrombin is an extensively studied target for aptamer sensing. In 1992, thrombin aptamer was the first aptamer designed to target a protein that does not interact with nucleic acid as its basic function 324 . It has been since widely used with aptamer-based assays and biosensors 111,303,304,[325][326][327][328] . It should be highlighted that in those assays, thrombin is often used as a model protein to demonstrate the proofof-concept of a developed technique 325 . In this work, we also decided to study thrombin with the thrombin binding aptamer as a first approach. Further studies might consider using other proteins and aptamer models.

Three different proteins are used in this study to take advantage of the nanopore capabilities to differentiate proteins with different volumes, as well as the aptamer properties to interact with a specific protein. The protein that is specifically detected by our selected aptamer is α-thrombin 324,329 , a 5 nm diameter globular protein with an approximate volume of 65 nm 3 . Its molecular weight is 36 700

Da. ɣ-thrombin is a modified α-thrombin lacking the aptamer binding epitope 330,331 . It is also a 5 nm diameter globular protein with the same volume as α-thrombin. Its molecular weight is 34 300 Da.

Finally, prothrombin, the precursor of α-thrombin, is a 9 nm x 5 nm pear-shaped protein with a volume of 212 nm 3 The aim of this thesis is to detect and discriminate the aforementioned proteins thanks to nanopore technology. With a classical solid-state nanopore setup, we can expect to discriminate α-thrombin and prothrombin because their excluded volume in the pore is different; hence prothrombin might generate a deeper current blockage in the signal. However, due to their similar size, α-thrombin and ɣ-thrombin cannot be differentiated by this approach. Therefore, we decided to benefit from the recognition capabilities of aptamers to differentiate α-thrombin, which interacts with the aptamers, from ɣ-thrombin which lacks the recognition site. To do so, we aim to functionalize the surface of the nanopore with aptamers recognizing α-thrombin. The surface functionalization technique chosen is silanization. Moreover, we expect surface functionalization to increase the probability of proteins interacting with the pore's walls and facilitate the observation of single-events of proteins going through the pore 195 .

On Figure 1.19 is illustrated the expected outcome of the three different proteins going through a bare solid-state nanopore (top) and through an aptamer-functionalized nanopore (bottom). With a bare nanopore, α-thrombin and ɣ-thrombin are expected to generate the same single-events signature dwell-time δt and current blockade amplitudes ΔI. Prothrombin is expected to have a deeper ΔI. After functionalization with the aptamers, we expect to be able to differentiate α-thrombin from ɣ-thrombin because of the increased interaction of α-thrombin with the surface aptamers; hence a longer dwelltime. In order to obtain such results, there are several milestones that will be described in this thesis manuscript. First, the solid-state nanopore chips need to be designed and fabricated. In Chapter 2 will be described a process flow to fabricate single-nanopore chips at a wafer scale, as well as another faster technique using commercial membranes and a transmission electron microscope (TEM). Then, the Chapter 3 will relate to the building of an experimental bench for nanopore sensing. The theory and physics behind this technique will be described. Finally, the experimental steps for the grafting of aptamers on the nanopore and membrane surface will be depicted. In Chapter 4, the bench will be validated thanks to pilot experiments such as the characterization of a nanopore or the translocation of a biomolecule with a well-known current signature. The surface chemistry will also be validated in nanopores. Finally, the detection of closely related proteins in a bare and functionalized nanopore will be performed. 
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Nanopore Fabrication

Synopsis

In this chapter, we will briefly review the principal techniques used for solid-state nanopore fabrication. Being fully independent for the fabrication of nanopores is an interesting promise for further studies in our group. Therefore, a process flow for cleanroom fabrication of single nanopore chips at wafer scale has been developed and will be discussed in this chapter. Then, the fabrication of nanopores on commercial silicon nitride membranes with a transmission electron microscope will be described.

State of the Art: Solid-State Nanopore Fabrication

Solid-state nanopores offer a good stability over time, tunable dimensions and geometries and can be integrated into microfluidic devices for added functionality 1,2 . A nanopore device usually consists in a pore (~5-30 nm diameter) fabricated in a suspended thin dielectric membrane (from a few nanometers to ~100 nm thick). The membrane is typically supported by a rigid substrate and is either made from polymeric or inorganic materials. Commonly used polymers are polyethylene terephthalate (PET), polycarbonate and polyimide 3 . Typical inorganic membrane materials are silicon nitride (SiNx) 4 , silicon dioxide 5 , aluminum oxide 6,7 , boron nitride 8,9 or graphene [10][11][12] . Pulled glass nanopipettes are also an increasingly popular type of solid-state nanopores [13][14][15][16] . Silicon substrate nanopore technology has been broadly used in the nanopore research community thanks to the already standardized semiconductor fabrication technologies in cleanrooms and the possibility to develop a massive production of devices on wafers 1,11,[17][18][19] . Advances in nanopore fabrication development are made every year on various kinds of substrates 1,17,20 . Low stress SiNx is one of the most popular materials for a dielectric membrane thanks to its advantageous properties 17 such as a high resistivity (in the order of 10 16 Ω/cm) 21 , a good thermal stability and mechanical robustness, and it is chemically inert over a wide range of electrolyte conditions 3,17,22 (pH, temperature, etc.).

Fabrication of nanopores in polymeric membranes is usually carried out with the ion track etching Ar + ion beam was used to sputter the membrane on the other side until a nanopore was formed. They showed that the ion beam can be used to later reduce the pore diameter. Nanopores with a diameter down to 1.8 nm could be formed. Since then, FIB fabricated nanopores have been popular in the nanopore research field. Pores have been fabricated with FIB into various materials such as SiO2, Cr or Al 27 by using a variety of ions 28 such as Ga + , Ar + , Ne + , Kr + or Xe + . The most commonly used ions are Ga + .

However, those ions can alter pore surface charge 3 . Moreover, it has been proven difficult to fabricate nanopores with a diameter below 20 nm without ultrathin membranes due to the scattering effects of incoming ions and redeposition of sputtered material 29,30 . An alternative is the use of He + ions beams because the low mass of the ion diminishes those scattering effects and enhance pore size resolution 31,32 Moreover, they demonstrated that with a wide field of electrons at a lower intensity, the nanopore could shrink or increase its diameter depending on its initial dimensions. If the initial pore diameter were smaller than the membrane thickness, then it would shrink. This phenomenon is thought to be caused by the partial melting of membrane material and its local fluidization. One of the main advantages of TEM drilling is the immediate visual feedback over nanopore fabrication. It has been widely used for nanopore fabrication and extended to other membrane materials such as aluminum oxide 6 , graphene 10 and SiNx 33 . Another recent and increasingly popular technique for nanopore fabrication is controlled dielectric breakdown 19,34,35 . With this technique, it is possible to fabricate a nanopore in a SiNx membrane (5 nm to 30 nm thick) directly in an electrolyte by the simple application of a constant potential difference.

This potential difference induces an electric field in the range of 0.5-1 V/nm 34 and a leakage current is observed in response to this high electric field. It has been hypothesized that ions contained in the electrolyte transfer charges through the dielectric membranes with trap-assisted tunneling 19 .

Accumulation of these charges form structural defects and a localized conductive path with a sudden current increase, indicating that a nanopore has been formed. The applied voltage is stopped directly after sensing this current increase thanks to a feedback control loop. It is possible to tune the threshold current triggering the end of the applied voltage and then finely control the size of the resulting nanopore. Since the wetting procedure is sometimes a difficult step in nanopore experiments, this technique presents the advantage to fabricate a nanopore directly in aqueous conditions. It also gives the possibility to fabricate a nanopore directly into an embedded fluidic device 35 . There are several other ways to fabricate nanopores 1,20,36 , such as the fishing technique 37 or the superposition of two perpendicular capillaries 38 . In this chapter, we will later present another technique using electron beam lithography and RIE for the fabrication of wafer-scale nanopores devices (See section 2.2).

An alternative type of solid-state device is metallic oxide nanopores. They are obtained by atomic layer deposition (ALD) of a metallic material over a fabricated nanopore made with the previous techniques [39][40][41][42][43] . The deposited materials are HfO2, ZnO, TiO2 or Al2O3. They present interesting electrical and mechanical properties. For example, Al2O3 nanopores exhibit a better signal-to-noise ratio, and translocated molecules are more easily detected 6,44 . DNA, a negatively charged molecule, interacts with the positively charged Al2O3 and translocates for a longer time in the nanopore.
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Cleanroom Process Flow for the Fabrication of Nanopores

Being able to work on entirely homemade nanopore chips with customizable size and geometry is an interesting promise for further studies in the laboratory. Apart from the TEM drilled nanopores on commercial membranes that were used for this study and that will be described in section 2.3, we developed a cleanroom fabrication process that will enable an independent nanopore chip production.

This allows a precise tuning of nanopore's dimensions and the fabrication of multiple chips at the same time. This section will detail all the main steps for the nanopore chip cleanroom fabrication. It is important to notice that we did not use nanopore chips from this process flow for experiments and that further development will be needed on those chips.

Requirement Specifications for the Fabrication of Nanopore Chips

Semiconductor processing techniques allow the rapid and controlled fabrication of hundreds of chips per wafer. The development of such a process for nanopore chips is possible thanks to a facilitating environment and access to a research-oriented cleanroom, the Upstream Technological Platform (PTA) 45,46 . We use as a first material 200 mm silicon wafers (crystal orientation <100>) that are 725 µm thick with either 50 nm or 100 nm SiNx deposited on both sides. Then, we cut two 100 mm silicon wafers out of it for a compatibility with the PTA equipment (Figure 2.2). We work on those 100 mm wafers in order to fabricate around 100 nanopore chips at a time. The objective for each nanopore

chip is to open the bulk silicon from one side to release the thin SiNx membrane, and to drill the nanopore in that membrane from the other side (Figure 2.2). The main challenge is to align those apertures from both sides and make sure that the nanopore will be fabricated in the released membrane. The main steps for this fabrication are going to be described in the next subsections. Chemical Vapor Deposition (LPCVD) process 47 . LPCVD is performed at 800 °C for 20 minutes and 30 seconds using ammonia (NH3) and dichlorosilane (SiH2Cl2) gazes. The following chemical reaction occurs at the surface of the silicon wafer:

Laser Pre-Opening of Membranes
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The deposited film is a 50 nm SiNx layer with a tensile stress of 300 MPa. The 200 mm diameter wafer with 725 µm thick bulk silicon and 50 nm Si3N4 layer is then cut down to 100 mm diameter with a laser (Tau Tech, Cielle, Italy 48 ). The aim is to be compatible with the cleanroom equipment that are used later. This cutting step has two other purposes in the process flow: the removal of most of the silicon where the future membranes windows will be placed (membrane "pre-opening") and the placement of alignment marks on the backside. Those marks are used later to make sure that the nanopore fabrication on the frontside will be placed in the center of the membrane opened from the backside (Figure 2.2). Concerning the membranes pre-opening (Figure 2.3), squares ranging from 100 µm x 100 µm to 550 µm x 550 µm have been engraved in the silicon bulk with a 625 µm depth. It will allow target membranes ranging from 50 µm x 50 µm to 500 µm x 500 µm (cf. subsection 2.2.5 for more details on the freestanding membrane release). The designs given on Figure 2.4 are further detailed in Appendix V. The photolithography process is as follows. AZ1512HS photosensitive positive resist is spin-coated on the frontside of the wafer (step i). Then, the wafer and the photomask with the desired pattern are inserted in the mask aligner MA8 (Suss MicroTec, Germany) to perform alignment with micrometric precision. The resist is insolated with ultraviolet (UV) light through the mask (step ii). Then, the resist is developed into a bath of AZ Developer diluted at 50 % with deionized water for two minutes in order to lift off the pattern (step iii).

Gold Marks Deposition

The next step consists in the deposition of a thin gold layer to form the desired marks on the SiNx where the resist has been removed (step iv). To do so, we use the MEB550 (Plassys, France) metal evaporator that uses an intense electron beam to vaporize metal under high vacuum and permits a controlled deposition of thin layers on the substrate. A 10 nm adhesive layer of titanium is first deposited on the SiNx, followed by a 50 nm layer of gold. Then, the resist is totally removed from the wafer thanks to a 10 min acetone bath, followed by a 10 min isopropanol bath and a 10 min distilled water bath (step v).

The only remaining things are the desired gold marks that permit the nanopore fabrication (cf. subsection 2.2.4). With the gold marks, a specific lithography with nanometric precision can be performed to form a nanopore where the future membrane will be (Figure 2.7). A ZEP520A photosensitive resist is spincoated on the frontside of the wafer (step i). Then, it is inserted in the electron beam lithography equipment 6300FS (JEOL, Japan) that enables a precise insolation of the resist with a 10 nm resolution (step ii). The beam is precisely positioned thanks to the optically retrieved gold marks and a .GDS format file (KLayout software) containing all the coordinates of the nanopores. Afterward, the resist is developed in a solution of methyl isobutyl ketone (MIBK) and isopropanol (IPA) in order to remove the insolated resist (step iii).

Nanopore Opening

Figure 2.8: Scheme of RIE process inside the vacuum chamber (adapted from reference 47 ).

The next step consists in the selective etching of SiNx to form the nanopores (step iv). The previous lithographic step allows the covering of the whole nitride with a protective resist mask with the nanopore pattern. The exposed SiNx is removed thanks to RIE, a plasma etching technique that combines a chemical reaction (reactive ionized gas) and a physical phenomenon (directional ion bombardment) 47,50 . The chemical process is isotropic (no specific direction) while the physical process is anisotropic (specific direction). Therefore, the balance between those two phenomena must be tuned in order to form a nanopore with straight walls. The substrate is placed inside a vacuum chamber with electrodes at the top and the bottom (Figure 2 made with the laser (cf. subsection 2.2.2) and the remaining height of SiNx h (= 100 µm for our application). For silicon membranes, which Width 1 ranges from 50 µm to 500 µm, the silicon bulk is pre-opened as squares with Width 2 ranging from 100 µm to 550 µm. 

KOH Wet Etching for Opening the Membranes

Microscopic Characterization of Fabricated Nanopores

Microscopy is used to characterize the membranes and the nanopores at both the micrometer and nanometer scale. Optical microscopy (Microscope DM2500, camera DFC 425, Leica, Germany) is generally used for inspecting the cleanliness of the samples and check the laser pattern on the backside. The nanopores are observed thanks to a ZEISS ULTRA 55 (Zeiss, Germany) Scanning Electron Microscope (SEM). The SEM scans the surface of the sample with a focused electron beam and produces a high-resolution image down to the nanometer 52 . Nanopores are observed after the RIE and before KOH wet etching because freestanding SiNx membrane charge under the electron beam and the observation is easier with bulk silicon behind. The nanopores are imaged in the SEM with a magnification ranging from 50 000 x to 200 000 x. The images are taken with an Electron High Tension (EHT) of 5 kV and a working distance (WD) of 5 mm. With the software SmartSEM (Zeiss, Germany), it is possible to instantly characterize the size of the nanopores. They are also characterized afterward thanks to the ImageJ software (National Institutes of Health, United States of America). Gold marks deposited on the membrane for the optical retrieval of the nanopore. B) 20 nm target nanopore. C) 50 nm target nanopore. D) 100 nm target nanopore. We can observe a typical RIE conical shape with a bigger upper aperture. For this preliminary work, the nanopores where overetched during RIE to be sure that the membrane would be drilled all the way through.

On Figure 2.11 are displayed nanopores etched by RIE in a 100 nm SiNx membrane. The target diameter sizes for the nanopores are 20 nm, 50 nm and 100 nm. For this preliminary work, we over etched the SiNx during RIE to ensure that the layer is engraved all the way through. Therefore, the resulting nanopores exhibit a larger size than originally designed. Moreover, we can observe a conical shape of the nanopore with a larger diameter at the top. This is a typical RIE profile 47 resulting from the combination of an isotropic chemical reaction and an anisotropic physical phenomenon (cf. subsection 2.2.4). Further developments of this nanopore fabrication process could benefit from the tuning of the RIE parameters in order to obtain straight walls. For example, tetrafluroromethane (CF4) could be used as the chemical in the plasma chamber instead of sulfur hexafluoride (SF6). It has already been used to fabricate nanopores with straight walls 53 . This chemical etches Si3N4 at a slower pace, allowing the physical anisotropic phenomenon to play a more important role and thus have straight walls. Another improvement could be the use of Deep RIE technique and Bosch process 54 that enables high-rate etching of deep and narrow structures.

Prospect: a PDMS Flow-Cell for Nanopore Experiments

The process flow for wafer-scale nanopore chip fabrication has been described previously, but a final step for nanopore experiments is still yet to be conceived: the flow-cell. In this section, I will suggest a design for encapsulating the nanopore chip between two fluidic channels.

Polydimethylsiloxane (PDMS) is a popular material for microfluidics thanks to its ease of fabrication, low cost, oxygen permeability and optical transparency [55][56][57] . PDMS microfluidic chips can be fabricated thanks to a master mold with the channel pattern obtained from photolithography on a silicon-based wafer 58 . PDMS is poured onto the mold, reticulated and released. The inlets for electrode insertion and fluidic connection can be perforated with a needle which diameter corresponds to the available tubing.

For further works involving the nanopore chip previously described, I suggest a design inspired from the work of Roman et al. 59 in which the chip is enclosed between two PDMS layers, each containing a channel (typical dimensions of such channels are between 500 µm and 1 mm). The concepts for those designs are illustrated on Figure 2.12. Each channel is in contact with the nanopore chip on one of its sides and connected to a fluidic inlet and outlets. I recommend that the inlets and outlets are disposed on the same side for an easier insertion of the chip between the PDMS layers. All dimensions will need to be tuned and mounting steps will need to be defined for an optimal utilization. Figure 2.12: Illustration of a possible PDMS flow-cell for nanopore experiments with the previously described nanopore chip. The designs are inspired from reference 59 . A) Top view of the proposed setup. B) Cross section view of the set-up before enclosing the chip between the two layers.

TEM Fabrication of Nanopores on Commercial Membranes

Using a TEM for drilling ~10 nm nanopores in freestanding SiNx membrane is a popular approach 18 . The opportunity to use this technique on commercial membranes occurred while we were developing the cleanroom process flow described previously. This allowed us to quickly move on nanopore experiments and that is the reason why the development of cleanroom fabricated nanopore chips has been set aside. In this section, we will describe how we used this equipment to drill our nanopore chips for translocation experiments.

The chosen membrane is a commercial 20 nm thick freestanding SiNx membrane on 200 µm thick silicon support (see section 3.1 of Chapter 3 for more detailed information). Prior to insertion in the TEM, an oxygen plasma cleaning of the chip is made in order to remove hydrocarbon contamination (Gatan Solarus 950, Ametek, United States of America). The equipment used is a TEM Tecnai Osiris (FEI, United States of America) in the PFNC facilities (PlateForme Nano Caractérisation 60 ). All alignment adjustments and corrections of the beam's stigmatism are made prior to insertion of the sample. After that, the sample is inserted in the TEM. The 15 µm x 15 µm SiNx window is detected with the lower magnification available (SA magnification mode). Then, we must wait for approximately 40 minutes for a complete stabilization of the set-up that we can optically monitor by observation of the membrane surface drift. With this equipment, we found that the most suitable parameters for nanopore drilling are an accelerating voltage of 200 kV, a 70 µm condenser lens and a spot size 5 with a 410 000 x magnification. The resulting current is usually around 1.75 nA. A desired nanopore size for the project was 15 nm. In order to reach a precise sizing of nanopores with the TEM, the following parameters need to be tuned: the focus duration and intensity of the electron beam. In this work, electron beam intensity ranged between 930 e -/Ȧ²s and 2560 e -/Ȧ²s. On Figure 2.13 A), we can observe the beam drifting during focus that occurs when the set-up has not yet been stabilized. We indeed need to wait 30 to 40 minutes with our equipment after inserting the chip in the chamber for a perfect mechanical stabilization of the membrane, of the electronic components and the electron beam. On Figure 2.13 B and C, we focused finely the beam for respectively 2 minutes 15 seconds and 3 minutes 15 seconds. The obtained nanopores are of the same size. This indicates that the maximum nanopore size for a fine focus of electrons is reached before 2 minutes with our equipment. Therefore, to obtain a large pore, it was necessary to drill the membrane for 2 minutes and 20 seconds but with a less condensed focus (blurrier). Thus, we could fabricate a perfectly sized nanopore of 15 nm for our experiments. The average time required for each nanopore chip to be drilled is one hour, comprising the plasma cleaning of the chip prior to its insertion in the TEM and the stabilization before drilling.

Microfabrication techniques in a cleanroom possess the advantages to offer a wafer-scale production of nanopore chips with highly tunable geometrical properties. However, the development process of all steps is long. Using a TEM to drill nanopores in commercial silicon nitride membranes is fast, with only one step procedure, and provides a direct visual feedback on the fabricated nanopore. However, only one nanopore is fabricated at a time. Regarding those options, the TEM drilling on commercial membrane technique has been selected to provide us with the nanopore chips for experiments of biomolecule translocations.

Experimental Setup

Synopsis

This chapter relates to the setting up of an experimental bench for nanopore sensing, the theoretical considerations for data analysis and the description of the chosen surface chemistry for grafting aptamers on nanopore surfaces. First, all the different elements constituting an experimental bench will be described, from the selection of the fluidic system and electronic hardware, to the data treatment software. Then, the different physical properties of nanopore sensing used in this work will be theoretically described. Finally, all the experimental steps for the grafting of aptamers on a silicon nitride surface will be depicted.

Building the Experimental Bench

Principle

Building an experimental bench for single nanopore sensing was one of the main challenges of this work. It can be divided into several building blocks. First of all, the setup contains noise reduction thanks to a Faraday cage and soundproof foam. This protects from external sources of interferences. Another important part of the setup is the fluidic cell for handling the nanopore chip and performing the experiments. It is intended for sealing the chip between two electrolyte solution reservoirs with the nanopore as the only fluidic connection between them. Then, electrodes are needed for the application of a potential across the membrane and the monitoring of the ionic current through the nanopore. The main instrumentation required is the amplifier. It is used to apply the voltage and record the current. The chosen solution is an Axopatch 200B amplifier from Molecular Device. It has a preamplifier called "headstage" that can be placed close to the nanopore inside the Faraday cage. The analog output signal from the amplifier is then processed with an Analog-to-Digital Converter. Thanks to a software, the experimental data are recorded as a digital file that will be further processed. Finally, the data analysis will be performed with an open source MATLAB software. 

Shielding of the Setup

Avoiding vibrations and surrounding electrical noise in nanopore experiments is key for successful measurements with a good signal-to-noise ratio (see subsection 3.2.2 for noises in solid-state nanopores). The traditional electrophysiologist's refuge from vibrations is the following: experimenting at midnight in the basement room 1 . Fortunately, this solution can be avoided by a careful sound, vibration and electrical insulation design.

The electrical insulation consists in a grounded Faraday cage. It shields the headstage circuitry from external electrical interferences. Those can be categorized into three different categories 1 : radiative electrical pickup ("hum" noise from lights and power sockets as well as high-frequency noise from computers), magnetically-induced pickup (magnetic flux through wires forming a loop), and groundloop noise (when the setup is grounded at more than one place). Therefore, the Faraday cage we use in this work (Figure 3.2) is grounded with the common ground of the Axopatch amplifier (that will be presented subsection 3.1.6).

For the vibration isolation, a heavy lead slab (around 200 kg) supported by four tennis balls is used to hold the Faraday cage. At the first days of the experimental bench, sound was not insulated. It quickly became a problem as the nanopore experiments could record casual noise in the lab. The sound insulation foam was chosen from the retailer Panasorb 2 and the products chosen according to their advises. There are two basic acoustic applications for foam: reverberation reduction within rooms (with the well-known pyramidal pattern foam in music sound studios) and sound insulation between rooms. The foam (Verbund200-1cm and AV40G, Panasorb, Germany) was cut in order to fit perfectly in the Faraday cage and shield the nanopore fluidic cell and the headstage. 

Nanopore Chip

The chips used for nanopore experiments in this work originate from a small company called Nanopore Solutions 3 (Portugal). We ordered 3 mm circular chips that consist in 200 µm thick silicon bulk support and a 20 nm thin silicon nitride (Si3N4 or SiNx) membrane deposited by Low Pressure Chemical Vapor Deposition (LPCVD). An opening is located on one side in the precise center, releasing a free-standing 15 µm x 15 µm SiNx dielectric membrane (Figure 3.3). The chip with the membrane is designed to fit in a TEM holder; therefore we can drill a nanopore of any desired size in its center. The description of nanopore drilling in the TEM has been described in Chapter 2. In the eventuality of Nanopore Solutions ceasing to sell the membranes, another retailer called Norcada 4 could decently replace this product. view schematic of the chip (bottom). For simplification purpose, the scheme is not to scale.

Fluidic Cell

Nanopore experiments require a hermetic setup to ensure that the measured current originates only from the nanopore. The objective of the fluidic cell is to provide a practical way of handling the nanopore chip while ensuring a tight seal between the electrolyte reservoirs. The company Nanopore Solutions provides a very practical flow-cell designed for 3 mm diameter chips. The fluidic cell is shown on Figure 3.4. It is made from Teflon (Polytetrafluoroethylene, PTFE), which is chemically inert. This fluidic cell enables in situ cleaning and treatment with Piranha solution (Appendix II).

The nanopore chip is tightened between two O-rings that fit in a small cassette closed with small Teflon screws (Figure 3.4). The chip is accessible through conical openings on each side of the cassette. Those openings are convenient as the surface tension always keeps a small drop of liquid against the chip. This allows us to keep the pore "wet" while manipulating it. It is indeed a difficult step to make sure that the liquid is in the nanopore and that there are no bubbles or nanocrystals of salt blocking the passage of the current. Those conical apertures also provide a way of flowing in a new buffer and washing the chip with a pipette between each experiment. They can hold up to 20 µL of solution.

Another advantage of this cassette system is that the mounted nanopore chip in the cassette can be stored in a 50 mL Eppendorf tube filled with storing solution (Appendix II). Thus, it can be reused on demand without the need of "wetting" again the nanopore. This is particularly interesting for the nanopore chips with functionalized surfaces that need to remain in aqueous solution. The cassette is enclosed into a flow-cell between two other O-rings (Figure 3.4). The flow-cell contains the two reservoirs that can be filled with electrolyte solution volumes ranging from 300 to 1000 µL. Two small openings allow an easy insertion of the electrodes. 

Electrodes

The ionic current going through the nanopore is generated thanks to the application of a voltage between the electrodes immersed in electrolyte solutions on each side of the dielectric membrane.

The most widely used electrodes in electrophysiological patch-clamp measurements are silver/silver chloride electrodes (Ag/AgCl) 1 . They work in solutions with chloride ions and possess the advantage of being non-polarizable. They cause no capacitive current at their interface with the electrolyte. One of the two electrodes is coated with chlorine by soaking it for 10 minutes into sodium hypochlorite solution (bleach) at 5 %. When an electrical potential difference is applied across the nanopore via the electrodes, the following two electrochemical reactions occur: At the anode: 

+ → +

At the positive electrode, the anode, an oxidative electrochemical reaction occurs. The Cl -anions in the electrolyte solution react on the silver electrode and a free electron migrates through the wires to the electrometer in the amplifier 5 . The generated charge imbalance results in the migration toward the membrane of cations in the solution (generally Na + or K + ). At the cathode, the reverse electrochemical reaction occurs. An electron arrives from the electric circuit and a chlorine anion Cl -is released in the solution. For nanopore experiments in typical KCl electrolyte solutions, the voltage range used does not exceed ± 1 V under which the nanopore has an ideal ohmic resistive behavior. At larger voltage values, pH is unstable due to oxidation and reduction of water, which is a reason why typical nanopore experiments are performed under 1 V 6 .
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Amplifier

The amplifier must be able to acquire ultra-low noise current and detect current changes at a picoamper scale. The Axopatch 200B is a well-known amplifier used for patch-clamp experiments (recording current through a pore with an applied voltage) 7 . It can apply a voltage up to ± 1 V and measure current up to 200 nA with a sub-pA sensitivity.

This precise current measurement is possible thanks to a headstage placed in the Faraday cage. It is internally cooled down at -15°C in order to prevent thermal noise (this will further be discussed in subsection 3.2.2). The current is converted into a measurable voltage signal thanks to a capacitorfeedback circuit 7 . Moreover, the voltage output is low-pass filtered through a 4-pole Bessel filter in order to reduce high frequency noise. This filter has the cut-off frequency of 10 kHz, which is the one used for all our experiments. The output voltage is amplified thanks to a gain tuned with α and β parameters. In this work the α and β parameters are respectably set to 1 and 0.1. Therefore the voltage output of the amplifier is read as the following:
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Analog-to-Digital Converter

Digitization is the process of converting an electrical analog signal into a digital signal that a computer can process and read. For this experimental bench, the voltage signal at the output of the Axopatch 200B amplifier must be digitized. The Analog-to-Digital (A/D) converter that has been chosen is a NI USB 6361 from National Instruments.

In order to find the appropriate A/D converter, the characteristics of the voltage output signal of the amplifier for nanopore experiments must be considered. On Figure 3.5, a typical signal for a translocation event is depicted (λDNA going through a 12 nm diameter SiNx nanopore at + 200 mV).

The current drop magnitude is ~400 pA and the dwell-time is ~ 500 µs. The dynamic voltage output of the amplifier is up to ± 10 V 7 , it depends on the α*β gain described previously. Therefore, the input range of the A/D converter must fit those values and handle up to ± 10 V. The NI USB 6361 can provide this input range, it is also possible to lower this input range down to ± 0,1 V. For nanopore translocating events, we wish to observe current changes with a pA order of magnitude. The number of bits of the A/D converter corresponds to the resolution of the digitized signal. For our application, 16 bits are used. It means that for a ± 10 V input range (20 V in total), the signal is divided into 2 16 =65536 values called bins. Thus, the resolution provided is 0,305 mV per bin (20 V range divided by 2 16 bins). In our case the Axopatch 200B output gain α*β is equal to 0,1 mV/pA (cf. previous section). As the baseline current in the nanopore does not strongly vary during translocation experiments, an A/D converter input range of ± 0,5 V is more than adequate to record the single-events. The resolution of one bin is therefore equal to 15 µV (1 V range divided by 2 16 ), which corresponds to a resolution of 0,15 pA (cf. equation (1) Voltage output (mV) * (1/α*β) = current measured (pA) → 0,015 mV * (1/0,1) = 0,15 pA). The resolution of the A/D converter USB 6361 is then sufficient to observe current drops triggered by a biomolecule translocating through the nanopore.
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The reduction of the continuous analog signal into a discrete digital signal is called sampling. The sampling frequency is the number of samples per second. The Nyquist sampling theorem states that the sampling frequency must be at least twice the frequency of the targeted signal in order to retrieve interesting information 8 . In practice, it is preferable to oversample the signal. In nanopore experiments, sampling frequency is often 100 kHz 9 (corresponding to 10 µs intervals) which is 10X the cut-off frequency defined previously. That will be the frequency used in all the translocation experiments of this study. A higher frequency (for example 1 MHz) provides a more relevant signal over the translocation and can indicate subtle information on the molecule itself such as submolecular DNA configurations [10][11][12][13] . However, high frequencies complicate the measurements as the overall system noise increases. This is the reason why another solution is to slow down the biomolecules as they travel through the nanopore.

An interesting feature of the NI USB 6361 is that it can work with a free acquisition software called DAQExpress. This software allows us to easily record data as a .tdms format (National Instruments Technical Data Management Streaming) while tuning the input voltage range and the sampling frequency. There is also a basic analysis panel tool that lets the user intuitively navigate through the recorded data.

For an experimental characterization of nanopores, different voltages are applied and the resulting current is measured in order to observe the ohmic behavior and retrieve the pore's conductance (see section 3.2.1). The voltage values are applied thanks to the work of Mr. Argentier Loïc who implemented during his internship a Python programmed oscilloscope (Handyscope HS5, TiePie engineering) 14 . The program enables the application of different voltage steps for a defined time on a nanopore. The voltage value alternates between positive and negative values in order to avoid a possible accumulation of charges on the membrane's surface that could affect the conductance's value.

Data from experiments of biomolecules translocation in a nanopore will further be analyzed in a MATLAB software that has been developed by Raillon et al. 15 at EPFL (Switzerland). In order to use this software, the data acquired with our setup must be converted from the .tdms format (National Instrument) to the .mat format. We can either use the Matlab function TDMS_getStruct or TDMS_readTDMSFile to this intend.

Data Analysis using Open Nanopore MATLAB Software

The experimental data of translocating events of biomolecules through a single nanopore is analyzed thanks to an open source MATLAB software called Open Nanopore developed in the EPFL Laboratory of Nanoscale Biology 15,16 . This software detects abrupt changes in the current (translocation events) and uses an algorithm called cumulative sums algorithm (CUSUM) that fits different levels of current blockage inside an event (Figure 3.6). In this work, the CUSUM part of the software has only been used for experiments where the translocation events exhibited several levels. The Open Nanopore overall structure 15 can be described as follows (Figure 3.7). A first step consists in the rough detection of events location in the signal data. It is made thanks to an adaptive threshold recursive filter based on local estimates of mean current values and standard deviation. When a point or a series of points is beyond the adapted threshold, it is localized as a rough event. A file of concatenated events is obtained. After that, the events are manually checked in order to decide whether we use the CUSUM algorithm part of the software or not. If the events are only one level, we decided not to use the software and perform the statistical analysis on the concatenated events. If the events present several levels, the file is processed through the other part of the OpenNanopore software with the CUSUM algorithm. In the latter case, the events are treated according to their length following three scenarii. First case: if only one change point is detected, it is not considered as an event.

Second case: if the event's length is smaller than a value defined by the user (usually 10 points), the event is considered as a one-level event (too short to be segmented in different levels). Its level is fitted Chapter 3 128 as the minimal value of the current drop. Third case: if the event length is greater than this value, the CUSUM algorithm is applied to that event and all the different levels are fitted to their current drop values. All the information from those events are registered in a database that comprises the start and end-point of the event in the signal, the number of current levels in the event, and for each level their current drop values and dwell-time. The database is manually checked in order to verify the accuracy of the fitted events. The dwell-times and current drops of the events are displayed as histograms with the MATLAB function hist and as scatter plots with the function scatter, respectively. For fitting the histograms and finding peaks, the MATLAB data are converted in .txt files with the functions table and writetable and the software Origin (OriginLab, USA) is used.
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Physical Properties of Nanopores

Ionic Conduction in Nanopores

Understanding the effects of ionic transportation in nanopores is crucial for their experimental characterization. The aim of this part will be to understand the physics beneath and learn how to extract information from its measured conductance such as diameter or surface charge changes.

Theoretical Open Pore Conductance

The conductivity σ of an electrolyte solution is its ability to conduct electricity. It is expressed in Siemens per meter (S/m). We can extrapolate the nanopore as a resistance in an electrical circuit. The nanopore is then characterized by its conductance Gpore (=1/Rpore) which is by definition the slope of the ionic current flowing through as a function of the applied voltage (Ohm's Law). Gpore is dependent on the number of free charge carriers in a solution. When an electric field is applied across the nanopore, all the anions are driven to the anode while the cations are driven to the cathode. The following part will theoretically detail how the pore diameter can be extracted from the measured conductance. The line of thought is inspired from the work of Santoshi Nandivada 17 . Let us consider a nanopore of length L (the membrane thickness) and diameter D as a cylinder connecting the two electrolyte reservoirs (Figure 3.8). The nanopore is the only connection between those reservoirs, they are filled with a uniform electrolyte solution of conductivity σ. When an electric potential V is applied, a current I is established in the nanopore of conductance Gpore following Ohm's law:

(2)
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This equation can be derived, giving an alternate form of Ohm's law:

(3)

JE  =

Where J is the current density (current per unit area) and E is the applied electric field (voltage per unit length). The current density J inside the nanopore can be written as follows:

(4) The current density from equation ( 4) becomes:
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Applied to the electric field from equation ( 3) we obtain:

(5)
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The electric field E is calculated in first approximation by the applied potential drop inside the nanopore neglecting the applied potential drop inside the two electrolyte solutions besides the membrane. We consider the electric field in this cylinder to be uniform. Then,

applied E V L = with L
the length of the nanopore. We can now modify equation ( 5): Moreover, we focus during this work on nanopore diameter reductions and fluctuations in order to monitor the surface functionalization. In order to approximate an experimental diameter, we consider the conductance of a nanopore assuming a cylindrical geometry (equation ( 7)). By measuring the experimental conductance of the nanopore Gexp , we assume an experimental diameter of the pore obtained with the equation: (10) 

exp exp 4LG D  = Ionic Current Rectification
Previously described ionic transportation depicts ideal symmetrical nanopores. In this case, I-V curves are linear and symmetrical. However, in some cases the experimental I-V curves do not exhibit a linear profile and are similar to a nanofluidic diode 19,20 (Figure 3.10). This behavior is called Ionic Current Rectification 21 (ICR). It is triggered by two different parameters: an asymmetric geometry of the pore 22,23 or a non-homogeneous charged surface of the pore 24,25 .

For asymmetric nanopores (an opening wider than the other), ICR comes from the accumulation of ions inside the pore and the simultaneous accumulation of opposite polarity ions outside the narrow opening of the pore 22 . Concerning pores with a non-homogeneously charged surface 24,25 , the current appears to have a preferential flow direction. The effect of surface charge has been described with the work of Siwy et al. 26 where the electrolyte pH influenced the surface charge of a PET nanopore. When the PET nanopore was negatively or positively charged, the I-V curve was nonlinear and ionic current rectification observed, while at pH 3.8 (when the PET surface charge was 0), the I-V curve showed a linear behavior.

ICR is an interesting phenomenon to consider for our project because the surface functionalization with DNA of the nanopores brings negatively charged walls. It can be used as a tool for monitoring the process of chemical modification on the inner surface of the nanopore [27][28][29] .

Figure 3.10: Illustration of ionic current rectification phenomenon on I-V curves for a negatively charged, positively charged or non-charged nanopore, from reference 30 .

Noise in Solid-State Nanopores

When a potential V is applied on the nanopore, noise arises with the current I. The root-mean square current noise Inoise,RMS is defined as For our experiments, Inoise,RMS reading is given thanks to the Axopatch Amplifier panel meter display or can be calculated from recordings.

Contributions of noise in solid-state nanopore experiments are categorized according to their frequencies 10,32 . In the low-frequency range, the flicker noise (<100 Hz), and the thermal and shot noise (~0.1-2 kHz) prevail. At high frequencies, we can observe the dielectric noise (~1-10 kHz) and the capacitive noise (>10 kHz). Those dominant sources of noise can be visualized on a Power Spectral Density (PSD) obtained from a Fourier transform of experimental current data. Figure 3.11 is a scheme of this PSD for a solid-state nanopore experiment. Each contribution of the different noises is now going to be described. 

Flicker Noise

Also known as 1/f noise or Pink noise, the Flicker noise dominates the low-frequency part of the PSD spectrum. Its origins in solid-state nanopores is still under discussion 32 . The surface properties of a nanopore have been shown to play an important role in the flicker noise. The formation of nanobubbles and poor wettability of the pore have been associated in high 1/f noise in SiNx pores 33 . Moreover, Tabard-Cossa et al. associated this noise with surface contamination and inhomogeneity of the pore surface 34 . Thus, the irregular surface results in fluctuations of the number and the mobility of charge carriers due to their trapping at the pore surface. We expect surface functionalization of the nanopore to strongly affect this noise contribution. The PSD of the Flicker Noise is described as follows 32 :
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Where αH is the Hooge's constant, an empirical parameter that quantifies the magnitude of 1/f noise fluctuations, I the ionic current (A), Nc is the number of charge carriers inside the nanopore, f is the frequency and β (≈1) is another empirical parameter.

Thermal Noise and Shot Noise

In electronic circuits, thermal noise, also known as Johnson noise or Nyquist noise, corresponds to the thermal agitation of charge carriers inside an electrical conductor. It happens regardless of any applied voltage. As an approximation, the overall pore structure can be considered as a simple resistive element. The agitation of charge carriers inside the pore triggers the thermal noise. Moreover, the electronic circuitry of the current amplifier also generates thermal noise. At equilibrium, the PSD of the thermal noise is given by the following equation 11 :

( ² / )

thermal kT S A Hz R = Where k (m².kg/(K.s²)) is the Boltzmann constant, T (K) is the absolute temperature, and R (Ω) is the sum of the resistance of the nanopore and the resistor in the amplifier. Therefore, to minimize thermal noise one must consider using a small sized pore with a higher resistance. Moreover, the circuitry in the Axopatch headstage preamplifier is actively cooled at -15°C in order to significantly reduce thermal noise 7 . Concerning shot noise, it arises from discrete and random fluctuation of charge carriers in an electrical conducting medium such as ions in our electrolyte solution. With q (C) the charge of a single carrier and I (A) the average current, its contribution to the PSD of a nanopore experiment is as follows 32 :

2 ( ² / ) shot S Iq A Hz = Dielectric Noise
SiNx membrane is a dielectric membrane. However, dielectric materials are not ideal insulators.

Therefore, after application of potential voltage across the membrane and the nanopore, some current can leak through the membrane. It is dissipated in the membrane through dipolar relaxation and charge carrier migration. This phenomenon is called dielectric loss and results in dielectric noise 32 . The PSD of this noise is written as:

8 ( ² / ) dielectric chip S kTDC f A Hz  =
Where k (m².kg/(K.s²)) is the Boltzmann constant, T is the absolute temperature (K), D is a dissipation factor of the dielectric material, Cchip (Farad) is the parasitic capacitance of the membrane and f (Hz) the frequency 32 .

Capacitive Noise

Above 10 kHz in the PSD, the largest noise contribution is Capacitive Noise. It comes from an electrolytic capacitor made of the lineup of ions and counterions on each side of the membrane 10 . The contribution of Capacitive Noise to the PSD is as follows:

4 ² ² ² ² ( ² / ) capacitance tot n S C v f A Hz  =
Where Ctot (Farad) is the sum of several capacitances, such as the capacitance of the membrane, capacitances that can be present in any wiring, and the input capacitance by the amplifier, vn (V/Hz) is the input voltage noise. With our amplifier, the Axopatch 200B from Molecular Devices, the value of the input voltage noise is 3 nV/Hz 7,32 .

The total current noise of a solid-state nanopore experiment is the sum of all previously cited contributions (Figure 3.11). For further information about noises origins in nanopores and a comparison between solid-state and biological nanopore's noises, I suggest reading respectively the Axon Guide 1 and the excellent review from Fragasso et al. 32 . In Chapter 4 of this work, the PSD of a bare nanopore at different voltage values and the PSD of a bare and a functionalized solid-state nanopore will be given for their comparison.

Single-Molecule Sensing: Principles

Single-event detection is going to be discussed by looking at the different parameters accessible from the recorded current. As shown in Figure 3.12, when individual biomolecules such as a DNA strand or a protein translocate through the nanopore, disruptions in the recorded current are observed. The statistical analysis of those current drops provides information about the biomolecule. The first parameter that will be discussed here is the Event Amplitude ΔI which can be linked to the volume of the molecule. Then, we will talk about the Event Duration δt that corresponds to the time spent in the nanopore and may possibly be linked to the interactions with the pore walls. Finally, the capture rate, which corresponds to the time between events, will be debated with a discussion about the capture radius at the entrance of a pore. 

Event Amplitude

During a biomolecule translocation, the nanopore resistance is not the only one that must be taken into account. An important role is played by the "Access Resistance" 35,36 Raccess of the electrolyte in the hemispheres at the pore entry and exit: (11) 

1 access R D  =
Where D is the nanopore diameter and σ is the electrolyte conductivity. This access resistance plays a significant role especially for low aspect ratio nanopores (small Length/Diameter values) 37,38 such as the SiNx nanopores used in our study. By adding the contribution of access resistance to pore resistance (equation ( 7) from subsection 3.2.1) we can express the total resistance of the nanopore: Extracting volumetric information from resistive pulse measurements is a technique that has been developed in the 70s with the theory of DeBlois and Bean 39 . This model has later on been adapted to nanopore sensing 12,[40][41][42] with the introduction of a shape factor ɣ:
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With ɣ the shape factor, Vexcluded the volume of the protein and Leq an equivalent nanopore thickness taking into account the resistance access. For a spherical protein, ɣ=1.5 [41][42][43] .For an oblate spheroid of principal axes a and b and with m=a/b<1, ɣ takes two values according to its orientation in the nanopore (Figure 3.13). They can can be calculated as follow 41,43 : In the case depicted on Figure 3.14 of a spherical protein of radius r going through a nanochannel (length of the nanopore L significantly larger than the radius of the protein), the following equation is employed to express the current drop as a function of the excluded volume 43,44 :
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This equation considers the shape factor ɣ=1.5 for a sphere, and Leq=L. However, the exact relationship between a protein's geometry and the current drop amplitude remain ambiguous 9 . The proteins are generally non-homogeneously charged molecules and their charge can influence the ionic conduction in the nanopore.

Event Duration

The event duration, or dwell-time, of a translocating event corresponds to the time that the biomolecule spends in the sensing zone of the nanopore. The length of the sensing zone depends on the pore's geometry and its electric field distribution. Several models exist for the dwell-time distribution of DNA. For charged proteins, the dwell-time depends on the applied voltage 12 , the higher the voltage across the nanopore, the faster the biomolecules go through it. For small nanopores, the translocation can be seen as an energy barrier crossing 9 . The dwell-time decreases exponentially with the applied voltage which reduces the barrier by zV (z is the total protein charge and V the applied voltage). The salt concentration in the electrolyte (charge carriers) does not appear to affect the event duration 45 . Specific care must be taken while talking about the dwell-time. The physical models proposed 9,12,46 rely on approximations and parameters such as the protein diffusion constant and mobility which can largely be influenced by interactions with the pore walls 47 . It is even more important in the case of pore wall functionalization as will be considered in this study.

Chapter 3 140 3.3 Nanopore Surface Functionalization with Aptamers

Principle

One of the objectives of this work is to combine nanopore technology with aptamer sensing in order to discriminate closely-related proteins. This part will describe the surface chemistry process for the grafting of aptamers on a SiNx surface. The different steps are schematized on Figure 3.15. The surface is silanized using silanes bearing reactive groups which are able to react with thiolated aptamers. The chip is then ready to be used for experiments or further steps are performed in order to validate the grafting of the aptamers. To do so, a biotinylated oligonucleotide with a complementary sequence to the aptamer is hybridized with the aptamer on the surface. Then a revelation is performed using fluorescence microscopy thanks to a protein complex (Streptavidin-Associated Phycoerythrin, SAPE) that specifically binds to biotin groups.

Figure 3.15 : Different steps of the surface functionalization of SiNx with aptamers. First, the surface is silanized in order to graft aptamers. Then, the chip can either be used for protein sensing experimentations or be hybridized with the biotinylated complementary oligonucleotide for a further fluorescent revelation using SAPE.

Coupling oligonucleotides with Thiol or Biotin Groups

Table shows all the oligonucleotide sequences 48 (Eurogentec, Belgium). They are functionalized with an amine group (NH2) at their 5' extremity. The aptamer thr1 recognizes specifically α-thrombin and thr1c is its complementary strand. At the 5' end is a poly thymine spacer that keeps the surface at a certain distance from the aptamer. It provides to the aptamer an appropriate spatial mobility for its folding and accessibility for the specific recognition of proteins [49][50][51][52] . The aptamer thr2 is later used as a negative control.

Sequence name Sequence (5'→3') Desired 5' modification

Thr1 TTT-TTT-TTT-TGG-TTG-GTG-TGG-TTG-G -thiol

Thr1c TTT-TTT-TTT-TCC-AAC-CAC-ACC-AAC-C -biotin

Thr2 TTT-TTT-TTT-TAG-TCC-GTG-GTA-GGG-CAG- GTT-GGG-GTG-ACT

-biotin

Table i: Sequences of α-thrombin specific aptamer thr1 and its complementary sequence oligonucleotide thr1c. Thr2 sequence is used latter as a negative control. Reagents used in this work are from Eurogentec (Belgium). They have a poly-T spacer in 5'.

The protocol for coupling the oligonucleotides in 5' with a thiol or biotin group molecule (Figure 3.16) is inspired from references 49,53,54 . Spacers bearing either a thiol or a biotin on the one side, and a Nhydroxysuccinimide (NHS) activated ester at the other side, are used so that the primary amine group at the 5' extremity of the oligonucleotide reacts with the NHS moiety. As a first step, a solution of spacers (thiol-NHS or biotin-NHS, 1.6 mM) are mixed in large excess with the aminated oligonucleotide (20 µM) in 200 µL PBS (pH 8) . The mixture is then vortexed, centrifuged and left at room temperature for 60 min. Then, the medium is purified using an Illustra Nap-5 column 55 (GE Healthcare, UK). In order to obtain a 100 µM final concentration for the modified oligonucleotides, the concentration of the collected samples is measured with a NanoDrop 2000C spectrophotometer (ThermoFischer Scientific, USA). We gather the two or three most concentrated samples, making sure that the sample purity is correct by checking that the absorbance ratio 260/280 is above 1.8 56 . The obtained aptamer solution is dryed using a SpeedVac Concentrator (ThermoFischer Scientific, USA)

and a new stock solution is fabricated at 100 µM in water for storage at -20°C.

Surface Silanization with APTES

Silanization is a widely-used strategy for the chemical functionalization of biochips 57 . A lot of silane derivatives are commercially available bearing different chemical groups for further reactions. The first step of the silanization protocol is the generation of silanol groups on the surface by pretreatment with piranha solution (Appendix II) or oxygen plasma. Then, silanes are added. In this work, we use (3-Aminopropyl)triethoxysilane (APTES) (Figure 3.17 A)), an amino-terminated silane, which has widely been employed for surface functionalization of biochips [58][59][60][61][62][63][64] . The silanization process takes place thanks to the hydrolysis of the reactive siloxanes and the formation of covalent bonds with the surface's silanol groups. The last step is the thermal curing that allows crosslinking between silanes on the surface. The different chemical steps are described on Figure 3.17. The silanization protocol is as follows. First, the SiNx chip's surface is activated (formation of silanol groups) using an oxygen plasma. The equipment used is a Femto plasma (Diener Electronic, Germany) with a gas composed of dioxygen (75%) and argon (25%) at a 0.6 mbar pressure. The plasma is applied for 3 minutes with a power of 40 W. Then, the sample is immediately immersed in an APTES solution at 2.5% (v/v) in toluene (Sigma Aldrich, USA). The chip is incubated in the solution in a closed dry chamber with calcium crystals for 5 hours. Afterward, the sample is successively rinsed in different bathes. First the sample is rinsed in a toluene bath for 2 minutes, then in an absolute ethanol (VWR, USA) bath for 2 minutes, in an ethanol at 96° (Carlo Erba Reagents, France) bath for another 2 minutes and finally in a bath of distilled water for 2 minutes. The chip is then dried with compressed air and placed in an oven at 110°C for an hour. The silanized surface is now prepared for the functionalization with aptamers.

(composition in Appendix II). The following step depends on the purpose of the experiment. If the surface functionalization must be checked, the hybridization with the complementary strand of the aptamer and further fluorescent revelation are performed (cf. next subsection 3.3.5). If the chip is intended to be used as an aptasensor, the experiments can start right away. In the case of nanopore chip functionalization, the procedure must be slightly adapted to functionalize both sides of the chip as well as the inner walls of the nanopore (cf. subsection 3.3.6).

Hybridization with Complementary Strands for Fluorescent Revelation

In order to validate the surface chemistry and prove that aptamers are grafted on the silanized SiNx surface, hybridization with the complementary strands of the aptamer and fluorescent revelation are performed (cf. Figure 3.15). To do so, biotinylated complementary strands of the aptamers (see subsection 3.3.2 for preparation) are added and SAPE, a fluorescent biotin-binding protein complex is used to specifically reveal the hybridized spots using fluorescence microscopy. Its absorption maximum is at 565 nm and emission maximum at 578 nm.

The biotinylated-oligonucleotides are diluted at 1 µM in hybridization buffer (composition in Appendix II). The whole surface of the chip is covered with this solution and the sample let for 15 min in a humid chamber placed in an incubator at 37°C (Thermostat plus MTP, Eppendorf, Germany). Afterward, the chip is washed 10 times with rinsing buffer (Appendix II). A 5 % (v/v) SAPE solution (initially at 1 mg/mL in commercial medium 0.1 M NaPi, 0.1 M NaCl, 5 mM azide pH 7.5) in rinsing buffer is added on the chip which is placed in a dark humid chamber for 5 minutes. After this incubation, rinsing buffer is used to wash the chip (several times), a glass coverslip is deposited, and the sample is directly observed under a fluorescence microscope (BX60, Olympus, Japan) with a gain parameter of 4, and 0.4 ms acquisition time. The validation of this surface functionalization of SiNx and the fluorescent revelation will be depicted in Chapter 4.

Specific Experimental Adaptations for a Nanopore Chip

The previously detailed protocol for the surface functionalization of SiNx with aptamers must be slightly adapted when working on a nanopore chip. The objective is to functionalize the inner walls of the nanopore, the surrounding membrane will also be functionalized (Figure 3.19).

The first step described in subsection 3.3.2 about the aptamer coupling with thiol or biotin remains unchanged. The surface silanisation with APTES (cf. subsection 3.3.3) must be adapted in order to silanize both faces. A 5 mL glass container with a conical sharp bottom (Supelco, USA) allows APTES solution to be in contact with both sides of the chip during the 5-hour incubation (Figure 3.19). The incubation with the cross-linker solution of maleimide-NHS (same concentration as in subsection 3.3.4)

is also carried out in the same type of glass container. Then, after drying, the surface functionalization with the aptamers is performed with the chip already mounted in the cassette described in subsection 3.1.4. The 1 µL droplets of 10 µM thiol-aptamers in PBS are deposited in the cones of the cassette on each side of the chip for the incubation. After that, all washing steps are achieved by adding 20 µL of rinsing buffer directly in the cassette on both sides.

At this point, the functionalized nanopore chip can either be used right away for experiments or be stored at 4°C in a 50 mL of storing solution (composition solution in Appendix II). 

Experimental Results

Synopsis

Detecting closely-related proteins in an aptamer-functionalized nanopore with a new experimental bench requires several steps. In this chapter, the bench will be experimentally assessed with pilot experiments such as nanopore characterization and single-event detection of a widely studied target.

The surface functionalization by aptamers on the surface of silicon nitride will be validated with fluorescent revelation and then with experimental conductance decrease in the nanopore. Finally, the detection of three closely-related proteins will be performed in a bare nanopore and in a functionalized nanopore. The discrimination between those proteins will be performed either using their global current blockage signature or using their single-event signatures.

Experimental Objectives

This chapter combines all the relevant experimental milestones and results that are needed for the objective of detecting and discriminating closely-related proteins in an aptamer-functionalized solidstate nanopore.

First, the experimental bench is tested and validated thanks to pilot experiments such as conductance measurements of nanopore. The noise is then characterized in order to check whether the experimental bench setup is appropriate for single-event detection of biomolecule going through a nanopore. A final pilot experiment of single-event detection is performed with the translocation of λDNA in a nanopore.

Surface functionalization with aptamers is first assessed on plane silicon nitride (SiNx) with fluorescent revelation, and then in a solid-state nanopore with the measurement of a nanopore's conductance and diameter monitoring before and after functionalization. Noise is also compared before and after functionalization to check the effect of aptamer grafting at the surface of the nanopore.

The single-event detection of closely-related proteins, prothrombin, α-thrombin and ɣ-thrombin, is then performed. First in a bare SiNx nanopore and after, in a nanopore bearing aptamers specific for α-thrombin. Prothrombin is expected to be discriminated from α-thrombin and ɣ-thrombin because of its bigger size and thus bigger current drop amplitude. ɣ-Thrombin is a modified α-thrombin protein lacking the aptamer binding epitope and is not expected to interact with the aptamers. We don't expect to be able to discriminate α-thrombin from ɣ-thrombin in naked nanopore as they are proteins with a similar volume. With a dwell-time analysis of proteins going through the aptamer-functionalized nanopore, we expect to be able to discriminate α-thrombin from ɣ-thrombin. Finally, measuring I-V curves of the functionalized nanopore before and after insertion of α-thrombin is expected to enable a specific detection of this protein thanks to the monitoring of a diameter decrease. As explained in part 3 of Chapter 3 about the physical properties of ionic conduction in nanopores, we can calculate a range for the theoretical conductance of the pore. Gth1 is a lower limit considering a cylindrical nanopore and Gth2 is an upper limit considering an hourglass shaped nanopore. They are given by the following equations:
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Where D is the nanopore diameter (12 nm), L is the nanopore thickness (20 nm) and σ is the electrolyte conductivity (0.953 S/m). The obtained theoretical conductance range is [5.4 -14.4] nS and the experimental conductance Gexp=12.1 nS is consistent with it.

Retrieving an experimental diameter is an important step in this work. It is a key for monitoring whether the surface functionalization of the nanopore has been successful or not via observed diameter reduction. Combining the experimental nanopore conductance and the equation (10) considering a perfectly cylindrical nanopore allows the determination of an estimated pore diameter. Therefore, the experimental diameter measured is 18 nm, which is larger than the TEM measurement of 12 nm. It is important to notice that this measurement is subject to approximations and errors. First, the geometry of the nanopore is not perfectly consistent for each drilled nanopore and can affect the conductance measurement 1 , we chose to use a cylindrical pore model as an approximation. Moreover, the solution conductivity has been measured only once for each type of electrolyte because of equipment availability. It is prone to variations due to solution preparation. For the sake of accuracy, it would be beneficial to acquire a conductivity measurement instrument such as the conductometer CDM210 (Radiometer Analytical, France) and measure the electrolyte experimental conductivity σexp before each nanopore experiment. Another possible approximation source when measuring the experimental diameter of a functionalized nanopore is the membrane thickness L and the contribution of the surface chemistry onto this thickness. The calculations performed for the functionalized nanopores in section 4.4.2 were also performed with the thickness L+2x (with x the size of an aptamer) in order to approximate the contribution of this layer on both sides of the membrane but no significant impact were observed on the result. Therefore, the calculation in this section are made taking into account the thickness L. Those errors and approximations must be kept in mind while studying nanopore's diameter variations. For each of our experiments, diameters will be compared only for the same nanopore in the same electrolyte solution in order to observe variations within the same pore in the same conditions.

Single-Events Detection of λDNA

Validation of single-events detection with the nanopore experimental setup has been performed first using λDNA. This biomolecule is a 48 502 bp linear double-stranded DNA extracted from a bacteriophage (cI857 Sam7) 7 . It has been widely used as a sensing target for nanopore experiments and has well-defined current signatures when going through a nanopore 1,2,8,9 . On OpenNanopore software is used with the parameters delta = 0.4 nA, which is a rough approximation of standard current drop observed for the adaptive threshold, and sigma = 0.0639 nA, which is the standard deviation of the signal when there is no event. It has been calculated with the MATLAB std function. On Figure 4.5 is displayed a zoom in the concatenated signal of detected events (blue line) and the fitted levels for each event (orange line). With 280 events detected by the software, ~ 75 % are one level events (λDNA going through the pore linearly), ~ 20 % are two level events (λDNA going through the pore with one of its ends folded) and ~ 5% are three levels events (λDNA going through the pore with its middle part folded or both its ends folded). On Figure 4.6 is presented the statistical analysis of the fitted events by the CUSUM algorithm in OpenNanopore. The histogram A) displays the number of levels fitted for each current blockage, the histogram B) displays the dwell time fitted for each level and on C) is presented the scatter plot of dwell-times and current blockage for each level. Histograms are fitted with a multiple peak Gaussian curve on Origin software in order to find the mean value of the peaks. We find that the most probable current blockages are 0.37 nA (linear DNA) and 0.77 nA (folded DNA) and the most probable dwell times are 90 µs and 450 µs. On the scatter plot, we observe that the longer events are those with the smallest current blockage, hence when the DNA goes linearly through the pore with its full length and spend more time in the nanopore. Based on geometrical considerations 1,9 (assuming a cylindrical pore and ignoring edge effects), we can compare the ratio of conductance drop over the experimental conductance Gexp (=61.9 nS) and the ratio of the cross-sectional area of double-stranded DNA ADNA (disc of diameter 2 nm) over the pore area Apore (disc of diameter 12 nm). We obtain: 
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Therefore, the conductance drop is in accordance with the space occupied by double-stranded DNA going linearly in the pore (ratio of conductances = 3.1 % and ratio of cross-sections = 2.8 %). The same concordance of ratio is obtained for ΔG2 and considering the cross-sectional area of two doublestranded DNA.

The results of the single-event detection of λDNA are concordant with theory (shape of the signal, value of conductance drops). Therefore, we validated that the mounted experimental bench and the TEM fabrication solid-state SiNx nanopores are suitable for translocation experiments.

Surface Functionalization

One of the main objectives of this work is to functionalize the membrane and the inner walls of solidstate nanopores with aptamers for the specific recognition of proteins. The grafting protocol has been described in Chapter 3. Briefly, the SiNx surface is silanized and aptamers are grafted thanks to a crosslinker.

Surface Chemistry on Plane Silicon Nitride

The aim is to validate the aptamer-based surface chemistry on planar SiNx before transposing it on a nanopore chip. The experimental protocol described previously in Chapter 3 is applied on a 2 cm x 2 cm square plane SiNx chip (50 nm SiNx deposited by LPCVD on 725 µm thick silicon substrate). The characterization of the functionalization is achieved using fluorescence microscopy. Briefly, hybridization with biotinylated complementary strand is fluorescently revealed by the addition of SAPE. In order to test the grafting specificity of the aptamer, we use another aptamer sequence called thr2 as a negative control during the hybridization step (sequence in Appendix I). This sequence is not complementary to the surface aptamer thr1.

The results are presented on Figure 4.7. The fluorescence profile is defined as the grey values on a straight line across the dots. The measurement is made on ImageJ software with the "plot profile" tool.

A grey value of 0 represents perfect black and 255 a perfect white pixel. We considered spots with a fluorescence grey value above 150 to have thr1 aptamer correctly hybridized with its complementary aptamer thr1c. By comparison, the negative controls spots with thr2 in the hybridization buffer gave gray values of roughly 30. With a fluorescence 5 times superior to the negative controls, we consider that we effectively grafted the thr1 aptamers on the planar SiNx surface and that we can apply this protocol on nanopore chips. The experimental I-V curves for the characterization of this nanopore before and after its functionalization are given on Figure 4.8 B). It has been performed in the same buffer as the one for the translocation of λDNA (1 M KCl, 1 mM Tris-HCl, 0,1 mM EDTA, pH 8). For the bare nanopore, an experimental conductance of 177 nS is measured, leading to an experimental diameter of 21 nm (equation ( 10)). After the functionalization with aptamers, the experimental conductance was lowered to 36 nS, leading to an experimental diameter of 10 nm and thus a decrease of 11 nm. With this experimental decrease in conductance, the functionalization of the inside of the nanopore is confirmed. We have expected a decrease of at least twice the size of the thrombin aptamer 11 (~2 nm x 2 nm). Considering the contribution of the surface silanes, the linkers, the thiol extremity and the poly-T tail of the aptamer sequence (that have not been assessed in this work), the 11 nm diameter decrease seems coherent with the surface chemistry applied in the nanopore. Ionic Current Rectification (ICR) has been observed in this functionalized nanopore while performing the I-V characterization in a different buffer at a lower salinity and pH (Tris-HCl 20 mM, MgCl2 1 mM, NaCl 120 mM, KCl 10 mM, pH 5.2). It is depicted in Figure 4.9. We unfortunately do not have an I-V curve in this buffer before the nanopore functionalization. As explained in Chapter 3 part 2, ICR is triggered by an asymmetry of the pore and a charged surface. In the literature, ICR has been associated with the functionalization of nanopores with DNA 12 . Therefore, observing ICR in this pore suggests that it has been effectively functionalized with the aptamers. This result also suggests that the commercial nanopore is not perfectly symmetrical or more probably that the surface functionalization has not been performed in a symmetrical way. Some hypotheses are made regarding the fact that ICR has mostly been observed in this buffer. The first buffer used (Figure 4.8) is at pH 8, while the second buffer (Figure 4.9) is at pH 5.2. In some studies, ICR has been shown to be pH-dependent 13 . Here, at a low pH, there are more positive charges that can accumulate in the negatively charged nanopore and trigger a bigger rectification 14 . Moreover, Krems et al. have suggested that highly charged heavier ions, such as Mg 2+ in this buffer, could increase ICR 14 . ICR is a good indicator that we successfully functionalized the nanopore with the aptamers that are negatively charged nucleotides. However, the question of the asymmetry remains. It would be interesting to assess the functionalization profile in the nanopore and also to calculate the theoretical Gouy-Chapman length to understand the phenomena. 

Noise Comparison Before and After Functionalization

Comparing the noise characteristics of a nanopore before and after its functionalization is necessary to assess the impact of surface functionalization on nanopore sensing. We want to make sure that grafting aptamers results at least in the same noise characteristics. On Figure 4.10 are the Power Spectral Densities (PSD) obtained from current recordings of a 12 nm diameter nanopore at 0 mV in the buffer for protein and aptamer experiments (Tris-HCl 20 mM, MgCl2 1 mM, NaCl 120 mM, KCl 10 mM, pH7.4) before (black) and after its functionalization with aptamers (red). PSD were obtained in the same way as described in part 4.2.2. The functionalized nanopore exhibits a lower level of noise in the low frequency ranges, notably where the 1/f noise and thermal noise prevails. It is hypothesized that 1/f noise in solid-state nanopores originates from a poor wettability and inhomogeneities of its surface 9,15 . Thermal and shot noises (between 10 2 Hz and 10 4 Hz) are dependent on the pore's conductivity and pore's average current (cf.

Chapter 3 subsection 3.2.2). Hence, there contribution is lower in the functionalized nanopore thanks to its reduced diameter. Therefore, we can assume that the surface condition of the functionalized nanopore has been improved for nanopore sensing. Surface functionalization of solid-state nanopores had in some studies the effect to reduce noise and enhance signal-to-noise ratio [16][17][18][19] but few have been realized with oligonucleotide functionalized nanopores. In 2011, Mussi et al. have demonstrated that grafting oligonucleotides on the surface of their nanopore has improved the signal-to-noise ratio for single-molecule sensing of DNA 19 . It would be interesting for the continuation of this work to further assess the effect of aptamer surface functionalization on noise characteristic, for example in different conditions of pore size and buffer compositions.

Prior to translocation experiments, the nanopore chip is placed for 3 minutes on each side in a 100°C oven to remove residual humidity and 3 min on each side in an oxygen plasma for the removal of organic contaminants. The flow cell and cassette are cleaned with ethanol and deionized water before mounting the chip. The amplifier is used with gain parameters β = 0.1 and α = 1. The 4-pole Bessel lowpass analog filter is set to 10 kHz. The signal is acquired at a 100 kHz sampling frequency. For each experiment, the proteins are first inserted at a concentration of 1 nM in the buffer for protein and aptamer experiments (Tris-HCl 20 mM, MgCl2 1 mM, NaCl 120 mM, KCl 10 mM, pH 7.4). If we fail to see single-events in the current trace, the protein concentration is gradually increased until 100 nM. The concentration will be specified for each experiment. Data is recorded until the current baseline is no longer stable, because of pore clogging, for example, or until the number of events is considered as sufficient, in the order of several hundred. Between each experiment, the nanopore is washed with several milliliters of buffer to remove all proteins. Mechanical stirring is added by pipetting up and down in the reservoirs.

Prothrombin

Prothrombin is a 212 nm 3 oblate spheroid protein 21 . Its isoelectric point is 4.8, therefore it is negatively charged at pH 7.4 and we expect it to be electrophoretically driven through the nanopore. It also has a dipole of 1803 Debyes which is oriented perpendicularly to the oblate spheroid (calculated with the protein PDB 6BJR on the online software https://dipole.weizmann.ac.il/dipol/). A voltage of 200 mV is applied to the bare nanopore described previously, resulting in an open pore current of ~2 nA. Irms is equal to 8.3 pA rms. It is obtained on the amplifier read-out panel. We expect one 212 nm 3 oblate spheroid protein to have a current blockade of ~83 pA or ~55 pA according to its orientation in the nanopore (equation ( 14) from Chapter 3). Therefore, the signal-to-noise ratio (SNR) is equal to 10 and 6.6 respectively and we expect to be able to observe single-events of prothrombin going through the nanopore. Prothrombin is inserted at a 10 nM concentration in the reservoirs. On Figure 4.12 A) is the current recording of the 3.5 minutes measurement. The data is cut at this duration because almost no more events were observed later. We observe roughly 270 events during this time.

However, we observe an unexpected behavior with this sample. With time, the amplitude of the current blockade decreased, from ~200 pA current blockades in the first minute to ~100 pA current blockades in the last minute and almost no events. This was not explained and not observed in other experiments, but some perspectives will be given for further work on this behavior. The single-events current blockage exhibits a peculiar shape with a first deep current blockage (~200 pA) that is only a few points long (~20 µs), and a second level of current blockage which is much smaller (~50 pA) but longer in time (100-200 µs).

The signal is analyzed with the OpenNanopore software for the detection and localization of events in the signal with the parameters delta = 0.1 nA and sigma = 0.0160 nA. We did not use the CUSUM section of the software because it is optimized to detect longer levels into longer events (λDNA typical current signature for example) and was not relevant for this dataset. On Figure 4.12 B) is displayed the concatenated signal of the detected single-events separated with 200 points of the current baseline.

Two extracts are presented, one from the first detected events and one from the last detected events.

The software detected a total of 269 events. Their mean dwell-time is 130 µs (Figure 4.13 B)). As explained in Chapter 3 part 2, those mean conductance drops can be linked to the volume of the object going through the nanopore. Prothrombin is an oblate spheroid, and two shape factors  ⊥ =1.99 (long axis perpendicular to the length of the pore) and  =1.34 (long axis parallel to the length of the pore) can be taken into account. As a reminder, the relation linking the conductance drops to the volume of an object going through a nanopore is given by equation ( 14 nm the thickness of the membrane, D = 14 nm the diameter of the pore and Vexcluded the volume of the object going through the pore. For ΔG1 = 190 pS, we obtain with  a volume corresponding to 145 nm 3 ~ 0.69 x 212 nm 3 , which is approximated as the size of one prothrombin (212 nm 3 ) going through the pore perpendicularly to the pore's length. For ΔG2 = 495 pS, we obtain with  ⊥ a volume corresponding to 254 nm 3 ~ 1.20 x 212 nm 3 which is also approximated as the size of one prothrombin going through the pore in a parallel way.

Reorientation of proteins in nanopores has already been described in the literature [22][23][24][25][26][27] . Proteins with strong dipolar moments can translocate in a preferred orientation 22 . Prothrombin has a high positive dipole momentum, we hypothesize that it arrives in the nanopore sensing area in an oriented perpendicular position and that its orientation changes to a parallel position while going through the nanopore. The summary of the results and of this hypothesis is given on Figure 4.14.

Figure 4.14: Hypothesis for the explanation of the single-events shape for prothrombin going through the nanopore. Prothrombin arrives in a perpendicular way to the pore and is reoriented when going through it.

To go further and understand why the rate of translocation drastically decreased, it would be interesting to calculate the capture radius of the nanopore 28,29 and compare it to the number of prothrombin in the solution within this radius. To do so, we would need the prothrombin diffusion coefficient and electrophoretic mobility in the buffer used for those experiments.

On Figure 4.16 are presented the histograms of concatenated event's current without taking the baseline into account. This allows the retrieval of the mean current blockages generated by the translocation of α-thrombin or ɣ-thrombin in the nanopore. A mean current blockage of 74 pA is generated for α-thrombin, and 41 pA for ɣ-thrombin. With a division by the applied voltage 200 mV, the mean conductance drop generated by α-thrombin is 370 pS, and 205 pS for ɣ-thrombin. Those two proteins are approximated as 5 nm diameter spheres (65 nm 3 ). The nanopore used has a length of 20 nm; therefore the geometrical conformation is closer to the model of a protein in a nanochannel and equation ( 16) from Chapter 3 is used for the calculation of excluded volumes:

(16)
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excluded sphere V G L  = With σ = 0.953 S/m the conductivity of the solution, L = 20 nm the thickness of the membrane. We obtain an excluded volume corresponding to 104 nm 3 ~ 1.6 x 65 nm 3 for α-thrombin and 57 nm 3 ~ 0.9

x 65 nm 3 for ɣ-thrombin. We can approximate that we effectively detected α-thrombin and ɣ-thrombin proteins in the bare nanopore, but as their volume is the same and the conductance drops measured are close, we cannot differentiate those proteins based on conductance drop alone.

The percentage of impulsions among all the detected events is 50 % for α-thrombin and 81 % for ɣthrombin. This lower percentage of impulsions for α-thrombin can be explained by the fact that the protein is not charged at pH 7.4 and the voltage applied does not drive the protein in the nanopore. It has been demonstrated in the literature that as the pH approaches the protein's pI, there is an increase in the translocation dwell-time 22,32 . ɣ-thrombin is negatively charged and is quickly drawn across the nanopore. The overall dwell-time distribution for both experiments is given on Figure 4.16. The mean dwell-time for all events (impulsions + standard events) is 75 µs for α-thrombin and 50 µs for ɣthrombin. This is in good agreement with protein dwell-times in the literature 33 . The mean dwell time of the two events subcategories is also given. Impulsions (events that are less than 100 µs) are 60 µs and 45 µs long for α-thrombin and ɣ-thrombin, respectively. The overall dwell-time is dominated by the impulsions for both proteins. Standard events are 135 µs long for α-thrombin and 215 µs long for ɣ-thrombin. The fact that standard events are shorter for α-thrombin encounters the discussion held in the beginning of this paragraph and we cannot conclude that the dwell-time allows a discrimination between those two proteins. As a conclusion, the three target proteins have successfully been sensed with the bare nanopore. The current shape of prothrombin was explained by a reorientation of the protein in the nanopore during translocation. Prothrombin's volume is significantly bigger than the one for α-thrombin and ɣthrombin. This protein can be discriminated from the two others with the shape and the value of its mean conductance drop (495 pS for prothrombin's deepest conductance drop, 370 pS for α-thrombin and 205 pS for ɣ-thrombin). It would be interesting as a perspective to sense a mixture solution of prothrombin and α-thrombin or ɣ-thrombin in order to validate that they can be discriminated in the same solution. The effects of buffer pH and protein concentrations could be assessed. As expected regarding α-thrombin and ɣ-thrombin, we could not discriminate those proteins with their conductance drops because they have a similar volume. The analysis of their mean dwell-time was not concluding either because their mean dwell-time for all events (75 µs for α-thrombin and 50 µs for ɣthrombin) are not significantly different. Surface functionalization is a way to affect the interactions of the proteins with the nanopore's walls, hence a way to increase the dwell-time. In the next part, the results of α-thrombin and ɣ-thrombin sensing in an aptamer-functionalized nanopore will be described. We expect to be able to discriminate those two proteins with their dwell-time. The nanopore chip is already wet since its functionalization occurs in the cassette. The flow cell is cleaned with ethanol and deionized water before mounting the cassette. The amplifier is used with gain parameters β = 0.1 and α = 1. The 4-pole Bessel low-pass analog filter is set to 10 kHz. The signal is acquired at a 100 kHz sampling frequency. Similarly to the experiments in the bare nanopore, proteins are inserted in the reservoirs with a concentration of 1 nM. If we fail to observe single events, the concentration is gradually increased up until 100 nM. The concentration used for each protein will be specified. In between different protein experiments, nanopore is cleaned at least for 2 hours at a 50 mV voltage with 1 M NaCl buffer for the removal of proteins that interact with the aptamers on the membrane or nanopore's surface. A high NaCl concentration is indeed able to disrupt the Gquadruplex that allows the recognition of the aptamer's target 34 . Nevertheless, α-thrombin experiments are performed last in the case that this would not release all proteins. Between experiments using the same protein, the nanopore is simply washed several times with protein buffer.

ɣ-Thrombin

A 300 mV voltage is applied to the functionalized nanopore described previously, resulting in an open pore current of ~0.6 nA. ɣ-Thrombin is inserted in the reservoirs at a concentration of 1 nM. The current is recorded for 15 minutes and ~220 events are observed. On Figure 4.18 A) is a 3-minute extract of the current recording. The signal is analyzed with the OpenNanopore software for the automatic detection of events with the parameters delta = 0.1 nA and sigma = 0.0208 nA. On Figure 4.18 B) is the obtained concatenated signal with all the detected events. This dataset exhibits relatively long events with different levels, which was not expected from translocations of globular proteins. This makes it an interesting candidate for the use of the CUSUM section of OpenNanopore. Over the 220 detected events ~60 % are then categorized as 1 level events, ~30% are 2-levels events and ~10% are 3-levels events. Therefore, we estimate that those two levels of current blockade correspond to the presence of one and two ɣ-thrombin proteins in the sensing area of the nanopore.

The mean dwell time for all events detected is 160 µs (Figure 4.19). 30 % of all events are categorized as impulsions (less than 10 points), their mean dwell time is 50 µs and they correspond to the smallest current drop ΔI1. We hypothesize that those current blockages correspond to one protein going through the pore in a fast way without interacting with the walls. The mean dwell time of the 70 % remaining standard events is 413 µs, which is significatively longer. Hence, the standard events correspond to proteins translocating through the pore and interacting with its surface. To go further into the analysis of those two levels of current blockade, we analyze the population of two-level events and observe that 94 % of them exhibit the same feature: the smaller current drop (one protein in the sensing area) is always the first one. Some examples of this shape of two-levels events are present on Figure 4.18 B). This would mean that a first protein arrives in the sensing area of the nanopore and is then followed by a second protein before both translocate fully through the pore. Moreover, the time distribution indicates that ɣ-thrombin's standard events have a longer dwell time in the functionalized nanopore (413 µs) than in the bare nanopore presented previously (215 µs).

It would be more appropriate to compare the translocation of ɣ-thrombin in the same nanopore before and after its functionalization. Nevertheless, we can hypothesize that the negatively charged ɣthrombin is electrostatically repulsed by the negatively charged walls of the functionalized nanopore and is slowed down. Hence, those two-level events would be typical of a slowed ɣ-thrombin at the entrance of the pore, which is in turn hit by a second ɣ-thrombin before the two proteins finally translocate along in the pore (Figure 4.20). 

α-Thrombin

A 200 mV voltage is applied to the same functionalized nanopore. The reservoirs are filled with 100 nM solution of α-thrombin in the buffer for protein and aptamer experiments. This concentration is 100 times larger than the one used for ɣ-thrombin experiments. An explanation for those large concentrations required to observe single-event translocation might be because α-thrombin binds the aptamers on the membrane's surface, and we need to saturate it before being able to observe single events. Approximately 440 events are observed during the 3 minutes current recording. All the events exhibit a typical 1-level shape that is expected from a globular protein going through a nanopore. The software OpenNanopore is used to detect and locate the events in the current data with the parameters delta= 0.1 nA and sigma = 0.0176 nA. 446 events are detected. As the events do not exhibit different levels, we do not use the CUSUM algorithm section of the software. On Figure 4.21 is an extract of the concatenated events that have been detected. Over all the events, 51 % are classified as impulsions, which is the same value as in the experiment in the bare nanopore. With the model of a globular protein going through a cylindrical nanopore ( 16), we obtain a corresponding excluded volume of 104 nm 3 ~ 1.2 x 65 nm 3 . Therefore, we can estimate that each the events corresponds to one α-thrombin protein effectively sensed by the nanopore.

The dwell-time distribution is given on Figure 4.22 B. The mean dwell-time for all events is 73 µs.

Among all those events, 51 % are categorized as impulsions and their mean dwell time is 63 µs. The mean dwell-time of the 49 % standard events is 146 µs. The comparison of ɣ-thrombin and α-thrombin dwell-time distributions allows us to check whether the surface functionalization allows a discrimination between the two proteins or not. Surprisingly, ɣthrombin is the protein that exhibits a longer dwell-time for all events (160 µs instead of 63 µs for αthrombin), as well as for the standard events subcategory (413 µs instead of 146 µs for α-thrombin).

We were expecting the opposite with α-thrombin interacting with the aptamers grafted in the nanopore. In order to check if there is a competition between the target-aptamer binding and the electrophoretic force applied on α-thrombin, we compare the value from literature of force spectroscopy of α-thrombin-aptamer interaction [35][36][37][38] with the calculation of electrophoretic force exerted on the protein 39,40 :

eq qZ V F H  =
With q the elementary charge (1.602 x 10 -19 C), Z the net charge of the protein, V the applied voltage (= 0.2 V), Heq=H+0.8D with H the thickness of the membrane (20 nm) and D the diameter of the pore (12 nm). We use the diameter value before functionalization as an approximation. α-thrombin is not highly charged at pH 7.4 since its isoelectric point is pI = 7.3. Therefore, in order to calculate the electrophoretic force, we estimate that its net charge is 1 as an approximation. We obtain an electrophoretic force of F= 1.08 pN. The literature gives an aptamer-protein binding force ranging from 4.45 pN to 260 pN in various buffers, which is always higher than the calculated electrophoretic force exerted on α-thrombin. It would be appropriate to measure this force in the buffer used in this work, but it seems that proteins should be able to correctly bind to the surface aptamers and this does not explain why α-thrombin's dwell-time is shorter than ɣ-thrombin. We can hypothesize that the functionalization has a stronger slowing-down effect on negatively charged proteins than uncharged proteins, because of electrostatic interactions with the negatively charged walls such as demonstrated previously with the detection of ɣ-thrombin. As a perspective, it would be interesting to replicate those experiments in the same buffer in order to check the reproducibility of this result, as well as trying in different buffers with different pH in order to observe the effects of protein charge on its dwell-time in functionalized nanopore.

Nevertheless, the detection of ɣ-thrombin has been enhanced in the functionalized nanopore with an overall increase of dwell-time, even though the applied voltage was higher in this experiment (300 mV). This higher voltage should have indeed decreased the translocation time, but we observe the opposite. The percentage of impulsions (very short events of proteins bumping at the surface of the pore or straight and fast into the pore) has decreased from 81 % in the bare nanopore for ɣ-thrombin to 32 % in the functionalized nanopore. The mean dwell-time of the standard events has approximately Chapter 4 184 doubled from 215 µs in the bare nanopore to 413 µs. Regarding α-thrombin, which is not charged at pH 7.4 and freely diffuse in the buffer without being impacted by the applied voltage, the number of impulsions has remained around 50 % in the bare and functionalized nanopore. The overall dwell-time of all events is 75 µs in the bare nanopore and 73 µs in the functionalized nanopore. The dwell-time of standard events is 135 µs in the bare nanopore and 146 µs in the functionalized nanopore. Those values are close to each other and there is no significant impact of the functionalization on αthrombin's dwell-time. As a perspective, more studies should be held in buffers at different pH and different salt concentrations in order to observe translocations of charged α-thrombins and noncharged ɣ-thrombins as well.

Specific Detection of α-Thrombin with Conductance Measurements

Single-event detection is not the only way for functionalized nanopores to detect biomolecules.

Several studies use I-V curves in order to monitor surface changes and detect proteins [41][42][43][44] .

The 50 nm diameter nanopore that has been presented in section 4.3.2 for the validation of surface functionalization with aptamers has also been used for the detection of α-thrombin. On Figure 4.23 is presented its I-V curve characterization in the buffer for protein experiments (Tris-HCl 20 mM, MgCl2 1 mM, NaCl 120 mM, KCl 10 mM) at pH 5.2 already presented previously. As a reminder, ionic current rectification (ICR) was observed in these conditions due to the negatively charged surface with oligos and probably to a geometrical asymmetry of the nanopore. A 200 nM solution of α-thrombin in the same buffer has been inserted in the reservoirs and an I-V characterization curve have been measured (Figure 4.23). A conductance decrease is observed. We suggest that the diameter of the functionalized nanopore has been reduced due to the binding of α-thrombin proteins with the surface aptamers in the nanopore. Moreover, ICR is no longer observed, which is probably due to the screening effect of α-thrombin that is positively charged at pH 5.2 (pI=7.3) on the negatively charged surface aptamers.

Monitoring ICR variations in an aptamer-modified nanopore after the insertion of solutions with different protein concentrations has been used in the literature for the specific detection of proteins 42 . Extracting the experimental diameter from those experiments would also be a good indicator for the diameter reduction due to α-thrombin binding in the nanopore. Even though it is subject to approximations such as the pore geometry (we consider a cylindrical pore). This has been discussed in part 4.2.1. The experimental conductance of the functionalized nanopore in the 200 nM α-thrombin solution is 0.3 nS, leading to an experimental diameter of 2.3 nm. We cannot extract an experimental conductance from the curve with ICR because of its nonlinear behavior. Previously, in part 4.3.2, an experimental conductance of 36 nS leading to an experimental diameter of 10 nm of this functionalized nanopore had been measured in another buffer that did not trigger ICR (1 M KCl, 1 mM Tris-HCl, 0,1 mM EDTA, pH 8). Keeping in mind all the approximations and the fact that the measurements are made in different buffers, comparing the values of the experimental diameter of the functionalized nanopore before insertion of α-thrombin (10 nm) and after insertion of α-thrombin (2.3 nm) suggests a diameter reduction of ~ 7 nm. This leads us to the conclusion that α-thrombin proteins, which are 5 nm diameter globular proteins, effectively bind the aptamers grafted in the nanopore and that aptamerfunctionalized nanopores can be used as a tool for detection of proteins. The specificity of this detection technique is assessed in the 12 nm diameter nanopore that has been functionalized for the single-event detection of α-thrombin and ɣ-thrombin (section 4.4.2). On Figure 4.24 are different I-V curve characterizations of this functionalized nanopore in the buffer used for protein single-event detection (Tris-HCl 20 mM, MgCl2 1 mM, NaCl 120 mM, KCl 10 mM, pH 7.4). The curves are linearly fitted even though the functionalized nanopore does not exhibit ideally straight curves. First, one curve is measured in the buffer without proteins, giving an experimental conductance of 1.6 nS and leading to an approximated experimental diameter of 6.6 nm for the functionalized nanopore. A solution containing ɣ-thrombin at a 1 nM concentration in the buffer is inserted in the reservoirs. ɣ-thrombin is the protein that is expected to have no interaction with the aptamer. After 1 hour, I-V curve is measured, giving an experimental conductance of 1.7 nS and an experimental diameter of 6.7 nm. As expected, the overall conductance was not affected by ɣ-thrombin. After rinsing the nanopore with buffer, a solution containing α-thrombin at a 10 nM concentration is inserted. After 1 hour, the experimental conductance has decreased to 0.8 nS, leading to an experimental diameter of 4.6 nm. Therefore, we can hypothesize that one or several α-thrombin proteins have been grafted in or near the entrance of the pore and has triggered this conductance reduction. This highlights the specificity of the aptamer-functionalized nanopore for sensing proteins based on I-V characterization.

It would be interesting to perform other experiments in different buffer conditions and with different protein concentrations to assess the detection limit. An I-V characterization can be performed in roughly an hour from sample preparation to the final conductance result. ICR monitoring and conductance decrease in functionalized nanopores can be a good approach for the specific and rapid detection of target proteins.

Conclusion

The experimental bench built for this thesis work has been effectively tested and validated thanks to pilot experiments. First, the current through a nanopore has been successfully measured with I-V characterization. An estimated experimental pore diameter could be retrieved. Noise has been analyzed and is in good agreement with the literature of solid-state nanopores used for singlemolecule detection. Therefore, the setup could be effectively used to sense a widely used biomolecule target: λDNA. Its well-known current signature has been retrieved, with current blockages that coherently match the cross-section area of double-stranded DNA going through the pore. The surface functionalization has been tested on planar SiNx and validated. Then, it has been tested on nanopores and effectively observed thanks to a conductance decrease. The functionalized nanopore exhibits better noise performances. The single-event detection of prothrombin, α-thrombin and ɣ-thrombin has been performed in a bare nanopore. Prothrombin has been successfully detected with an observed reorientation of this oblate spheroid protein in the nanopore. α-thrombin and ɣ-thrombin have been effectively sensed in the nanopore but could not be differentiated with their current blockage or dwelltime signature. Their detection in an aptamer-functionalized nanopore has allowed a dwell-time discrimination of those two proteins due to different electrostatic interactions with the aptamers. Due to its negatively charged surface, ɣ-thrombin exhibited a longer dwell-time. Finally, another option for the specific detection of α-thrombin has been explored with the monitoring of conductance decrease with α-thrombin interacting with the aptamers on the pore's walls and the observation of ICR behavior changes. On Figure 4.25 is a comparison between the thesis's objectives regarding single-events discrimination of α-thrombin, ɣ-thrombin and prothrombin and the results presented in this chapter.

The sensing of prothrombin in a functionalized nanopore is yet to be performed. 

Conclusion

Single-molecule nanopore sensing of proteins with bare and functionalized solid-state nanopore is a promising technique that has been explored during this thesis. First, the description of nanopore sensing technology and the different types of nanopores employed in the literature have been discussed in Chapter 1. Different applications have been described, from the already commercially available DNA sequencing 1 to the more emergent field of protein sensing 2,3 . Differences between those applications have been drawn. Proteins are biomolecules with non-homogeneously charged surfaces that translocate at a high speed in bare nanopores and are challenging to detect 4,5 . A focus has been drawn on the use of aptamers in combination with nanopores. Aptamer-functionalized nanopore emerged as an interesting tool to detect specific targets [6][7][8] . The aim of this project was indeed the functionalization of a solid-state silicon nitride nanopore for the specific detection of three closelyrelated proteins involved in the blood coagulation cascade (α-thrombin, ɣ-thrombin and prothrombin).

In Chapter 2, two different approaches for the fabrication of nanopores chips have been described: TEM drilling and a cleanroom microfabrication process. For the latter, all the different steps have been described for the fabrication of nanopores on a 200 mm diameter wafer with a 50 nm thin silicon nitride layer. This process is still under development. A PDMS fluidic design has been suggested for further studies. Another technique has been employed for the fabrication of nanopores used for the translocation of proteins: TEM drilling 9 . This allowed us to get nanopore chips before the cleanroom process flow was complete. Microfabrication techniques in a cleanroom possess the advantages to offer a wafer-scale production of nanopore chips with highly tunable geometrical properties. However, the development process of all steps is long. Using a TEM to drill nanopores in commercial silicon nitride membranes is fast and provides a direct visual feedback on the fabricated nanopore. However, only one nanopore is fabricated at a time and we are limited with the equipment availability.

Commercial nanopores were also tested in this work (Chapter 4) but they were too big for our protein sensing applications. Regarding those options, the TEM drilling on commercial membrane technique has been selected to provide us with the nanopore chips for experiments.

In Chapter 3, the experimental bench for nanopore sensing that has been built for this study has been presented. From the selection of the fluidic system for encapsulation of nanopore chips to electronic hardware for the data acquisition, all the different elements have been described. The data treatment methodology has been depicted. The recorded data is analyzed in MATLAB thanks to a software called OpenNanopore 10 . Then, all the different physical properties of nanopores and single-molecule sensing have been described for the further interpretation of results. Finally, this chapter described the surface chemistry chosen for this project. The silicon nitride layer is silanized using silanes bearing reactive maleimide groups which are able to react with thiolated aptamers. Chapter 5 198 In Chapter 4, the experimental bench built for this thesis work has been effectively tested and validated thanks to different pilot experiments for the I-V characterization of nanopores and single-molecule detection of a widely used biomolecule target: λDNA. Regarding surface functionalization with aptamers that specifically recognize α-thrombin, the first step has been to validate the grafting on planar silicon nitride chips with fluorescent revelation. Then, the same protocol has been tested on nanopores and the grafting of aptamers has been effectively observed thanks to a nanopore's conductance decrease. The ionic current rectification phenomenon after nanopore functionalization also indicates that the surface has been negatively charged with the grafting of aptamers. It also highlighted the fact that the nanopores used are not perfectly symmetrical and that the surface functionalization is not symmetrical either. Finally, noise has been compared before and after functionalization in a same nanopore. The functionalized nanopore exhibited better noise performances in the low frequency range, while at high frequencies it was similar to the bare nanopore. This highlights one of the advantages of surface functionalization which is the enhancement of signal-to-noise ratio and easier single-molecule sensing.

The single-event detection of three proteins, prothrombin, α-thrombin and ɣ-thrombin has been performed first in a bare nanopore. Prothrombin was successfully detected, and the current shape of each translocation indicated a reorientation of this oblate spheroid protein in the nanopore. αthrombin and ɣ-thrombin are smaller globular proteins with the same volume. They were effectively sensed in the nanopore with single-events but could not be differentiated with their current blockage or dwell-time signature due to their high similarity. The functionalization of the inner walls of a nanopore could be a solution to discriminate such closely related protein, thanks to specific interactions of one protein with grafted probes and then the generation of a specific dwell-time signature. Single-event detection of α-thrombin and ɣ-thrombin has been performed in an aptamerfunctionalized nanopore, at pH 7.4. Notably, ɣ-thrombin has generated a specific current signature with different levels in an event that have been linked to the volume of one and two ɣ-thrombin going into the nanopore. The hypothesis that has been emitted is that, at pH 7.4, the negatively charged ɣthrombin protein is electrostatically repulsed by the negatively charged surface of the nanopore and is slowed down at the entrance (non specific interaction of ɣ-thrombin with aptamers). Then, another ɣ-thrombin arrives in the sensing zone, collides with the first one and the two proteins translocate along in the nanopore. α-thrombin has exhibited a typical current signature for a globular protein going through the nanopore. We have observed that the dwell-time for the translocation of ɣ-thrombin in the functionalized nanopore is significantly longer than the dwell-time of α-thrombin which was supposed to interact specifically with the surface aptamers. After verification that there is no competition between the electrical force applied on α-thrombin and the binding force between the Conclusion and Perspectives 199 aptamer and α-thrombin, we conclude that a balance has to be found for the choice of the pH of the experiment between the charge of the protein (so that it be electrophoretically-driven through the nanopore) and the optimal pH for the aptamer-protein recognition. Further studies should be performed in various buffer compositions and pH to validate this hypothesis. Nevertheless, their dwelltime signatures are different in the functionalized nanopore and the sensing of ɣ-thrombin has been enhanced in the functionalized nanopore with an overall increase of dwell-time and a clear reduction of impulsion percentage (short events from 10 to 100 µs).

Finally, another option for the specific detection of α-thrombin has been explored with the use of conductance curves, at a lower pH (5,2). This allows to specifically detect the target protein in a functionalized nanopore thanks to a decrease in nanopore conductance and a change in the ionic current rectification properties. The specificity of this technique has been assessed with conductance measurements of the aptamer-functionalized nanopore in presence of α-thrombin, which is effectively sensed with a conductance decrease, and in presence of ɣ-thrombin, which is not recognized by the aptamer and had no effect on the pore conductance.

Perspectives

Perspectives of improvements for the study of α-thrombin, ɣ-thrombin and prothrombin have been suggested along this manuscript. Experiments should be repeated in order to validate the replicability of the results. Protein sensing (from single-events and I-V curve measurements) should be performed in a variety of buffers with different pH and salt concentrations in order to assess the effect of the charge of the protein on its detection. Moreover, it could be interesting to generally improve the detection methodology for single-molecule sensing with various approaches such as the increase of sample frequency and high bandwidth analysis 5 , working on the reduction of noise in the current measurements 11,12 or even try different techniques such as molecular crowding which has been used to enhance the detection of DNA and proteins in solid-state nanopores 13 .

A long-term perspective would be to adapt the ContactLess ElectroFunctionalization (CLEF) technique from our group on nanopores [14][15][16] . It has already been validated on micropores and ~200 nm diameter pores and would allow the localized functionalization of the nanopore. We indeed needed a higher concentration of α-thrombin because the proteins would interact will all the surface aptamers on the membrane. The advantage of a localized functionalization would be the reduction of the specific target concentration needed for its sensing with the functionalized nanopore, and probably a more homogenous functionalization in the nanopore. CLEF needs the presence of a (semi) conducting material in the nanopore, which entails supplementary nano-fabrication concerns. 

English Abstract

The specific detection of proteins is a major challenge in many biotechnological fields such as biomedical diagnostics or fundamental understanding complex protein interactions. Solid-state nanopores are microfabricated nanoscale apertures in thin dielectric membranes that have raised attention as label-free single-molecule biosensors with high sensitivity. A voltage is applied across the membrane, which drives biomolecules through the nanopore. When the analyte crosses the nanopore, it causes a current blockage for a certain time that provides a specific electrical signature for each molecule of interest. During this thesis, a cleanroom process flow has been developed for the fabrication of nanopore chips as well as the drilling of 15 nm diameter nanopore in a 20 nm thick silicon nitride membrane using a Transmission Electron Microscope. The experimental bench for nanopore sensing has been built up and tested. α-thrombin, ɣ-thrombin (5 nm diameter globular proteins) and prothrombin (5 nm x 9 nm oblate spheroid) are three closely-related proteins involved in blood coagulation cascade. They have been sensed using a bare nanopore down to 1 nM concentration, and prothrombin could be discriminated thanks to its bigger size. In order to discriminate α-thrombin from ɣ-thrombin, which have similar sizes, the nanopore's surface has been chemically functionalized with aptamers. Aptamers are short single stranded DNA sequences selected for their affinity towards a specific biomolecule. We used an aptamer specifically recognizing α-thrombin. We demonstrated that the nanopore functionalization was successful thanks to a measured diameter reduction of the nanopore. Moreover, α-thrombin and ɣ-thrombin present different electrostatic interactions with the functionalization surface of the nanopore, hence a different dwell-time signature in the pore and could be discriminated. Aptamer-functionalized nanopores provide promising and versatile biosensing performances.

Abstract Français

La détection spécifique de protéines est un enjeu majeur dans de nombreux domaines biotechnologiques tels que le diagnostic biomédical ou la compréhension fondamentale des mécanismes d'interaction entre protéines. Les nanopores solides sont des ouvertures de taille nanométriques micro-fabriqués dans des membranes diélectriques fines. Ils sont prometteurs en tant que biocapteurs sensibles pour la détection sans marquages de molécules uniques. Une tension est appliquée de part et d'autre de la membrane, ce qui entraine les biomolécules au travers du pore. Lorsque l'une d'entre elles traverse le nanopore, elle génère un blocage de courant pendant un certain temps, ce qui offre une signature spécifique pour chaque biomolécule d'intérêt. Durant ces travaux de thèse, un procédé en salle blanche a été développé afin de fabriquer des puces avec nanopore. Une autre technique a été d'utiliser un microscope à transmission électronique pour percer des nanopores de 15 nm de diamètre dans des membranes de nitrure de silicium de 20 nm d'épaisseur. Un banc expérimental pour la détection par nanopore a été construit et testé. α-thrombine, ɣ-thrombine (protéines globulaires de 5 nm de diamètre) et prothrombine (sphéroïde de dimensions 5 nm x 9 nm) sont trois protéines de structures proches impliquées dans la coagulation sanguine. Elles ont été détectées avec un nanopore à une concentration de 1 nM. De plus, prothrombine a été discriminée de α-thrombine et ɣ-thrombine grâce à sa plus grande taille. A cause de leur taille similaire et donc de la même signature de blocage de courant qu'elles génèrent, α-thrombine et ɣ-thrombine n'ont pas été discriminée dans ce pore. La surface du nanopore a donc été fonctionnalisée avec des aptamères. Les aptamères sont de courtes séquences d'ADN simple brin capables de se lier avec une grande affinité à des biomolécules. Nous avons choisi un aptamère reconnaissant spécifiquement α-thrombine. La fonctionnalisation a été prouvée grâce à une réduction mesurée du diamètre du nanopore. αthrombine et ɣ-thrombine ont des interactions électrostatiques différentes l'une et l'autre avec les aptamères en surface. Nous avons donc pu observer des temps de passage différents dans le nanopore fonctionnalisé entre ces deux protéines et avons pu les discriminer. Les nanopores fonctionnalisés avec aptamères offrent donc des performances prometteuses et polyvalentes en matière de bio-détection.
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 111112 Figure 1.1: Illustration of typical size scales for cells, proteins and DNA that are the building blocks of all known living organisms. (Free images from Shutterstock.fr)
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 12 Figure 1.2: The different levels of protein structures. A) Amino acid general formula. B) Protein primary structure, an amino acid chain. C) Protein secondary structure, α helices and β sheets. D) Protein tertiary structure, full 3D conformation. Example with human α-thrombin (PDB: 1D3T) E) Protein quaternary structure, assembly of different protein chains. Example with human immunoglobulin G (PDB: 1HZH).
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 2213 Figure 1.3: Illustration of aptamer binding principle adapted from reference 29 .
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 14 Figure 1.4: Illustration of a biological nanopore in a lipid bilayer (left) a solid-state nanopore fabricated in an insulating membrane (middle) and a nanopipette (right).

Figure 1 . 5 :

 15 Figure 1.5: Illustration of solid-state nanopore principle. A) A dielectric membrane separates two electrolytes reservoirs that are connected solely through the nanopore. Electrodes are placed at each side of the membrane and a voltage is applied. B) Measured ionic current results from the electrolyte charges moving through the nanopore. Io is the open-pore current level.
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 16 Figure 1.6: Illustration of single-molecule detection with a nanopore. A) A constant voltage is applied and the biomolecule is driven through the nanopore. B) Measured signal of current over time. The biomolecules cause current blockades ΔI for a duration or dwell-time δt when going through the nanopore.

  (3.6 nm). Examples of biological nanopores with their dimension are illustrated on Figure1.7.
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 17 Figure 1.7: α-hemolysin nanopore structure (PDB: 7AHL) and Phi29 motor nanopore structure (PDB: 1JNB).
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 19 Figure 1.9 : Oxford Nanopore Technologies MinION commercial DNA sequencer 161 .
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 110 Figure 1.10: Discrimination of isolated amino acids trapped in a biological nanopore in the perspective of protein sequencing, from reference 196 .

1. 4

 4 Nanopores and Aptamers: a Winning Combination 1.4.1 Aptamer Structure and Aptamer-Target Studies using Naked Nanopores Aptamer's specificity is based on the 3D spatial conformation of the DNA or RNA sequence for the recognition of targets. Several teams have worked on the fundamental understanding of this conformation and the parameters involved for its stability with nanopores. In 2007, Thomson et al. assessed the structure of different aptamers in the vestibule of an α-hemolysin nanopore 243,244 . They worked on "Y-shaped" aptamers (TATA sequences for the specific binding of TATA binding proteins) and DNA hairpins. They proposed a statistical analysis method of the current blockage occurring while the aptamer interacts with another molecule, with the channel only, or from undergoing conformational changes 244 . G-quadruplex is a secondary DNA structure formed by interactions between at least four guanines G around a cation. They are notably found in thrombin binding aptamers and are an essential component for the recognition of the target. α-Hemolysin nanopores have been used as a tool for the structural studies of a G-quadruplex, its kinetics of folding and unfolding and the effects of cation selectivity over the stability of the quadruplex 245-249 (Figure 1.12 A). Shim et al. have demonstrated with the capture and linearization of a thrombin binding aptamer in a

Figure 1 .

 1 Figure 1.12: A) Capture of the folded G-quadruplex aptamer in the α-hemolysin nanopore cavity. When linearized, the aptamer is able to go through the narrowest region of the pore and translocates 245 . B) Aptamer-ligand conformation study of thrombin-binding aptamer and two possible isomeric configurations demonstrated with a ClyA nanopore 252 . C) Nanopore force spectroscopy of an ATP-aptamer complex 254 .

Figure 1 .

 1 Figure 1.13: A) Nanopore detection of cocaine with aptamers in solution 263 . B) "DNA bar-coding" of a DNA carrier with several aptamers for the specific detection of proteins thanks to the analysis of intra-events 269 . C) Detection of a relatively big target with the release of an intermediate DNA sequence during the aptamer recognition of the target 270 .

Figure 1 .

 1 Figure 1.14: A) Multiplexed Tunable Resistive Pulse Sensing of aptamer coated beads for the detection of PDGF-BB and VEGF on 300 nm and 100 nm beads, respectively 277 . B) Detection of human lymphoma cancer cells by combination of aptamer-coated particles, enzymatic amplification of DNA and biological nanopore detection 278 .

5

  nm aptamer-functionalized gold nanoparticles279 . They detected lysozyme with a concentration of 250 nM in a solution with background control proteins cytochrome C and trypsin. Alsager et al. have sensed 17β-estradiol hormone by using 217 nm-sized carboxylated polystyrene nanoparticles coated with aptamers 280 . Thanks to the analysis of single-events amplitude, they observed the diameter increase of the nanoparticles after grafting of the aptamer. Then, they also observed the diameter decrease resulting from the conformational change of the aptamer bound to its specific ligand. They reported a detection of 17β-estradiol in the nanomolar range.Nanopores and aptamer-coated nanoparticles have also been investigated for the detection of polluting agents in water. Microcystin-LR is a lethal cyanotoxin produced by cyanobacteria in fresh or saline water. He et al. have developed a strategy in 2018 to detect this toxin with two different sizes of gold nanoparticles coated with aptamers and a 20 nm diameter SiNx nanopore 281 . They grafted Microcystin-LR specific aptamers on 5 nm gold nanoparticles and the complementary sequence on 20 nm gold nanoparticles. Those two kinds of particles formed aggregates by complementary hybridization of the aptamers. After addition of the target toxin, the aggregates were disrupted and the 5 nm particles with the captured toxin were sensed through the nanopore. They tested this strategy with a concentration range of Microcystin-LR from of 0.1 nM to 20 μM. Additionally, they proved the specificity of their approach with a mixture containing Microcystin-LR, other congener toxins and chlorophyll that abundantly coexists in water. The same year, Mayne et al. have designed aptamer-modified nanoparticles for the detection of mercury (Hg 2+ ) and lead (Pb 2+ ) ions which are agents of metal pollution in sea-water258 . With a study of translocation velocities, driven by the aptamer charge density around the 150 and 300 nm particles when bound to their target or not, they could simultaneously detect the two targets in a concentration range between 10 to 200 nM. They also engineered a dual aptamer aiming to detect both Hg2+ and Pb 2+ at the same time.Recently, there has been an increase of interest toward aptamer-coated nanoparticles and nanopores sensing for biomedical and diagnostic applications. Healey et al. have developed a system for a rapid quantification of prion PrP C proteins 282 , which are involved in neurological diseases. After functionalization of 125 nm superparamagnetic beads with PrP C specific aptamers, they specifically detected PrP C proteins (50 nM concentration) with the monitoring of particle velocities. They also added 200 nM albumin, fibrinogen or γ-globulin as control proteins to show the specificity of their detection. The entire workflow from cellular extraction to the quantification of prion proteins takes less than an hour and offers a great promise toward the use of nanopore and aptamer coated particles for rapid diagnostics. Another biomedical application concerns the detection of cancer biomarkers. Li et al. modified magnetic nanoparticles with aptamers that target carcinoembryonic antigen (CEA) 283 , a

  discriminate the presence of CEA on the nanoparticles. Indeed, aptamer-nanoparticles with bound target CEA are three times larger in volume than aptamer-nanoparticles only and could easily be distinguished in the current signal. They tested this strategy in different human serums and compared the results with classical ELISA assays. This technique obtained the same level of performance and could be used for early diagnosis of cancer. In 2020, another study has shown the simultaneous nanopore detection of VEGF, PDGF-BB and thrombin (that are cancer lung biomarkers when overexpressed) with three different nanoparticle-aptamer and complementary DNA constructs284 . This approach has been further developed in the same group by Xi et al. for an ultrasensitive detection of cancer Ramos cells, which are involved in human lymphoma278 . They coated 1 µm-diameter beads with aptamers that specifically target Ramos cells. The sequence was hybridized with a short complementary DNA. When the aptamer specifically recognizes the cancer cell, the short complementary strand of DNA is released. Afterward, this sequence is specifically amplified via enzymatic cycling with phi29 DNA polymerase and the collected solution is further detected in an aerolysin biological nanopore. The illustration of their strategy is found on Figure1.14 B. The output DNA going through the nanopore produced characteristic single-events of current blockades and permitted a detection of the Ramos cells with an excellent sensitivity. Down to five Ramos cells could be detected in 100 µL, they also successfully performed the detection into human serum. This approach of sensing an intermediate product released with the target-aptamer binding allows an emancipation from the target size dependence of nanopore sensing. Moreover, this is a good example of selective and precise detection of cancer cells in human serum, which offers a powerful tool for biomedical research and diagnosis.

  2012, Jiang et al. presented an array of nanochannels of ~60 nm diameter in alumina membranes with an aptamer structure allowing a closed and open state 285 . The inner surface of the nanochannel had been grafted with a first capture ATP aptamer probe. Then, two other sequences could hybridize on this probe, forming an aptamer super-sandwich structure that obstructed the channel as a perfect electric seal (∼GΩ). After addition of ATP in the system, the aptamer assembly into the channel was disrupted by the ATP-aptamer recognition and the ionic current was established. The channel was then in its open state (Figure 1.15). With those open and close states, they were able to perform logical operations with eight parallel structures, showing the opportunities for complex nanofluidic architectures and manipulations. Later, the same group studied the effects of asymmetric exposure of this system to ATP both experimentally and theoretically 286 .

Figure 1 .

 1 Figure 1.15: Highly-efficient gating with two ATP aptamers forming a super-sandwich structure in a nanochannel 285 .

  16 A). Thanks to this, Cai et al. could specifically detect lysozyme amongst other control proteins (BSA, cytochrome c and pepsin) with a limit of detection of 0.5 pM. A similar approach was performed on a 20 nm tracketched nanopore in polyethylene terephthalate (PET) membranes for the specific detection of lysozyme down to 70 µM 302 .

Figure 1 .

 1 Figure 1.16: A) Illustration of lysozyme binding aptamer grafting on a 20 nm conical glass nanopores and induced ICR after addition of various concentrations of lysozyme protein 301 . B) Consecutive current decrease steps with immunoglobulin binding on the surface aptamers from reference 134 . C) Strategy for OTA toxin detection with DNA direct immobilization of aptamers from reference 305 .
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 54118 Figure 1.18: Representation of target proteins α-thrombin (PDB entry 1D3T, 36.7 kDa), ɣ-thrombin (PDB entry 2HNT, 34.3 kDa) and prothrombin (PDB entry 6BJR, 72 kDa). Representations made on the RCSB Protein Data Bank website 3D viewer, and measurements done with Swiss-PdbViewer 4.1.0 software.
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 1191120 Figure 1.19: Scheme of the targeted results regarding single-event detection of the closely related proteins α-thrombin, ɣ-thrombin and prothrombin. (Top) With a bare nanopore we expect αthrombin and ɣ-thrombin to have a similar current drop and dwell-time signature because of their similar volume (~65 nm 3). Prothrombin is expected to have a greater impact on current drop because of its bigger size (~212 nm3 ). (Bottom) After functionalization, we expect α-thrombin to interact with the aptamers at the surface of the pore and have a longer dwell-time than ɣ-thrombin. Prothrombin might also interact with the aptamers and present a longer dwell -time.

method 3 ,

 3 [23][24][25] . The membrane is irradiated by heavy ions (Xe, Au, or Pb), which go through the membrane and locally damage it. Then, a chemical wet etching attack those weak zones, revealing the nanopores. Tuning the wet etching solution allows a control over the geometry and size of the nanopores. The first SiNx solid-state nanopore has been fabricated byLi et al. in 2001 with the technique of focused ion beam (FIB)26 (Figure2.1 A). To do so, a first etching was made with reactive ion etching (RIE) to form a bowl-shaped cavity into the backside of the SiNx membrane. Then, a focused

Figure 2 . 1 :

 21 Figure 2.1: A) Nanopore fabrication technique using FIB first presented by Li et al. 26 Ion beam irradiation causes nanopore shrinking. B) Top view and cross section of the nanopore device by Storm et al.18 , electron irradiation in TEM causes nanopore shrinking.
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 22 Figure 2.2: A) From a 200 mm diameter wafer to 10 mm square nanopore chip. B) Cross section view of the starting silicon material to the fabricated nanopore chip. For simplification purposes, the schemes are not to scale.

Figure 2 . 3 :

 23 Figure 2.3: Scheme illustrating the membrane "pre-opening" step with a laser. For simplification purposes, the schemes are not to scale.
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 24 Figure 2.4: Klayout 49 software screenshot of the wafer design for laser cutting and engraving. The different actions are: cutting down a 200 mm wafer into 100 mm diameter wafer, engraving of membranes "pre-openings" and marking of alignment pattern, wafer information and 1 cm square chips delimitation.
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 25226 Figure 2.5: Illustration of the microfabrication steps for the frontside and backside alignments of patterns and deposition of gold marks for further guiding of nanopore fabrication: (i) Photosensitive resist deposition (ii) backside and frontside alignments with a mask for exposition of the resist in place of the future gold marks (iii) resist development (iv) gold layer deposition (v) resist removal, only the desired aligned gold marks remain. For simplification purpose, the schemes are not to scale.
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 27 Figure 2.7: Scheme of the different microfabrication steps for nanopore etching: (i) photosensitive resist deposition (ii) electron beam insulation of the resist following nanopore patterning (iii) resist development (iv) etching of the SiNx to form nanopores (v) removal of the resist. For simplification purpose, the schemes are not to scale.
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 29 Figure 2.9: Scheme of the final step of nanopore chip fabrication: KOH wet etching for the release of SiNx membranes. For simplification purpose, the schemes are not to scale.

Figure 2 .

 2 Figure 2.10: A) KOH wet etching geometrical schematic on a <100> oriented silicon substrate coated with SiNx for the release of freestanding membranes. For simplification purpose, the schemes are not to scale. B) Optical microscopy imaging of a released SiNx membrane.

Figure 2 .

 2 Figure 2.11: SEM images of nanopores on silicon bulk formed by RIE in a 100 nm SiNx membrane. A)

Figure 2 . 13 :

 213 Figure 2.13: Testing out different parameters in order to reach a 15 nm diameter nanopore. A) 13 nm x 4.5 nm pore. The electron beam was focused for 1 minute but the membrane was not yet stable, therefore we could observe the beam drift over the membrane. B) 9 nm diameter pore with 2 minutes 15 seconds of focus. C) 9 nm diammeter pore with 3 minutes 15 seconds of focus. D) 15 nm diameter pore with 2 minutes 20 seconds of focus but the beam is slightly less concentrated. All measures are performed with the software ImageJ.

Figure 3 .

 3 1 illustrates a typical nanopore experimental setup.
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 31 Figure 3.1: Illustration (top) and photography (bottom) of the experimental bench. 1) Faraday cage enclosing the fluidic cell holding the nanopore chip, 2) Amplifier, 3) Analog-to-Digital Converter, 4) Computer for data recording and treatment.
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 32 Figure 3.2: Photography of the Faraday cage's inside with sounding insulation foam, the amplifier's headstage, the electrodes and the fluidic cell.

Figure 3 . 3 :

 33 Figure 3.3: Photography of Nanopore Solutions chips close to a 1 € coin (top) and cross-sectional

Figure 3 . 4 :

 34 Figure 3.4: Fluidic cell setup with the Cassette containing the nanopore chip (top) and the Flow-cell holding the cassette (bottom).
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 35 Figure 3.5: An example of current data for a translocation signal event of λDNA in a 12 nm diameter SiNx nanopore at + 200 mV (1 M KCl, 1 mM Tris/HCl, 0.1 mM EDTA buffer).
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 36 Figure 3.6: Example of Open Nanopore data fitting for λDNA going through a 12 nm nanopore (+200 mV, buffer: 1 M KCl, 1 mM Tris-HCl, 0.1 mM EDTA, pH 8). Several events with one to three levels in one event are depicted. In blue is the raw current data trace, in orange are the fitted levels of currents by the software.
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 37 Figure 3.7: Block diagram of the Open Nanopore software, adapted from reference 15 .
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 38 Figure 3.8 : Scheme of a nanopore of thickness L and diameter D. When a voltage is applied a current Io is established in the nanopore corresponding to the open pore current level.

Figure 3 . 9 :

 39 Figure 3.9: Geometrical considerations regarding the calculation of Gpore 18 . The theoretical conductance range used in this work is given when α = 0 ° and Leff=L (case 1), or α = 45 ° and Leff=L (case 2).

  to-Noise Ratio (SNR) is the comparison between the level of the desired signal (the current drop ΔI occurring during biomolecule translocation) and the level of the background current noise. SNR is defined as 31 :
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 311 Figure 3.11: This scheme adapted from references 10,32 represents the different sources of noise in the Power Spectral Density (PSD) of current recording in a solid-state nanopore, as a function of frequency.

Figure 3 . 12 :

 312 Figure 3.12 : Typical current trace for translocation events. When a biomolecule enters the nanopore of diameter D and thickness L, the current drops (ΔI) from its open pore current level Io for a specific duration δt.

  V is applied, Io corresponds to the open pore current (Figure3.12). The event amplitude ΔI originates from a decrease in the pore conductance ΔG because of the excluded electrolyte solution corresponding to the occupied volume of the biomolecule. It is therefore possible to estimate a protein volume from its current drop amplitude ΔI.
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 313 Figure 3.13: Scheme of a protein (Prothrombin, PDB entry 6BJR) approximated as an oblate spheroid with axes a and b and m=a/b <1 for the calculation of the shapes factors  and  ⊥ .
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 314 Figure 3.14: Model of a spherical protein of radius r going through a nanochannel of length L.

Figure 3 .

 3 Figure 3.16: A) Thiolation of aptamers. B) Biotinylation of the complementary sequence. In both strategies, the final product results from the reaction between an amine group at the 5' end of the oligonucleotide and a N-HydroxySuccinimide (NHS) activated ester.
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 317 Figure 3.17: Silanization using APTES, adapted from reference 57 . A) Hydrolysis of the reactive siloxanes on the APTES molecule. B) Condensation on the silanol groups at the substrate's surface. C) Cross-linking of the APTES molecule thanks to thermal curing.

Figure 3 . 19 :

 319 Figure 3.19: Surface functionalization protocol adaptation to a nanopore chip. The APTES silanization and cross-linker maleimide-NHS incubation are performed in a sharp-ended glass container allowing the solution to flow on both sides.

Figure 4 .

 4 Figure 4.1 depicts a typical I-V measurement of a 12 nm diameter nanopore for its characterization with our experimental bench. Different voltages are applied, and the current is measured. Plotting the current as a function of the voltage allows the retrieval of a linear domain of the I-V curve due to the resistive properties of the nanopore (cf. subsection 3.2.1 of chapter 3). Therefore, the slope of the I-V curve gives access to a conductance of 0.0121 nA/mV = 12.1 nS. The coefficient of determination R² = 0.995 is given for the linear fitting of the curve. R² =0.99 means that the I-V curve is close to a perfect linear fit.
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 41 Figure 4.1: Experimental determination of the conductance of a 12 nm diameter nanopore in the buffer for protein and aptamer experiments (Tris-HCl 20 mM, MgCl2 1 mM, NaCl 120 mM, KCl 10 mM, pH7.4). A) TEM image of the pore. B) Measured current as a function of time for an applied voltage range of [-1 V; +1 V] with a 200 mV voltage step. C) I-V curve of the same nanopore, with current values extracted from B), the slope of this curve fitted by the dotted line gives the nanopore experimental conductance Gexp=12.1 nS.

=

  With the previously-cited example, we had an experimental conductance of Gexp = 12.1 nS (Figure4.1).

  Figure 4.3 is presented the TEM image of the 12 nm nanopore used for this experiment as well as its I-V curve characterization. The experimental conductance of the nanopore is equal to 61.9 nS in the buffer used for λDNA translocations (1 M KCl, 1 mM Tris-HCl, 0.1 mM EDTA, pH 8, conductivity 9.78 S/m), which is in the acceptable range of theoretical conductance [55.3 -147.5] nS calculated with equation (9). Even though the same nanopore is used as for subsection 4.2.1, this measured conductance and theoretical range are different. It is because the conductance is dependent on conductivity of the buffer used.

Figure 4 . 3 :

 43 Figure 4.3: A) TEM image of the drilled SiNx nanopore (12 nm diameter in 20 nm thick membrane). B) I-V curve characterization of the nanopore in the buffer for λDNA translocations (1 M KCl, 1 mM Tris-HCl, 0.1 mM EDTA, pH 8). The experimental conductance Gexp is equal 61.9 nS, obtained with a linear fit (dotted line).
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 44 Figure 4.4: A) 3-minute recording of single-events detection of λDNA in a 12 nm diameter SiNx nanopore. λDNA at 3 ng/µL in the buffer for λDNA translocations (1 M KCl, 1 mM Tris-HCl, 0.1 mM EDTA pH 8.0). B) Illustration and focus on two typical single-events of λDNA going linearly into the pore. C) Illustration and focus on two typical single-events of λDNA going partially folded into the pore.
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 45 Figure 4.5: Events fitting of λDNA going through the nanopore with OpenNanopore MATLAB software. The current trace is in blue and the fitted levels are in orange. Events have been concatenated.
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 46 Figure 4.6: A) Current Blockage and B) Dwell Time Histograms for levels of λDNA going through the nanopore fitted with the CUSUM algorithm of OpenNanopore. C) Scatter plot of current blockages versus the Dwell Time.

Figure 4 . 7 :

 47 Figure 4.7: Fluorescence results of SiNx surface functionalization with aptamers. Scheme of the different steps and fluorescent revelation with complementary strands (top) and negative control with non-complementary strands (bottom).
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 4432 Validation of Nanopore Surface FunctionalizationIn this work, the surface functionalization of a nanopore is assessed by measuring the experimental conductance decrease and comparing the experimental diameters of the bare and functionalized nanopore. The experimental diameter is given by equation (10) used in subsection 4.2.1. It has been assessed on a ~50 nm diameter commercial nanopore from Nanopore Solutions (Portugal). A TEM representative picture of the ~50 nm diameter nanopores provided by this seller is shown on Figure4.8 A). We do not have the exact dimensions of the pore. Therefore, we chose to only compare relative experimental conductances and diameters in the same buffer conditions to monitor changes.
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 48 Figure 4.8: Comparison of a ~50 nm diameter nanopore conductance before and after functionalization. A) Representative TEM picture of the nanopore from Nanopore Solutions. B) I-V conductance curves before and after surface functionalization with aptamers (buffer for λDNA translocations: 1 M KCl, 1 mM Tris-HCl, 0,1 mM EDTA, pH 8). Nanopore schemes not to scale.
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 49 Figure 4.9: Ionic Current Rectification (ICR) in the ~50 nm diameter nanopore functionalized with aptamers. Measurement in buffer Tris-HCl 20 mM, MgCl2 1 mM, NaCl 120 mM, KCl 10 mM, pH 5.2.

Figure 4 . 10 :

 410 Figure 4.10: Power Spectral Density (PSD) of a 12 nm diameter nanopore measurement at 0 mV in the buffer for protein and aptamer experiments (Tris-HCl 20 mM, MgCl2 1 mM, NaCl 120 mM, KCl 10 mM, pH7.4) before (black) and after its surface functionalization with aptamers (red).

Figure 4 .

 4 Figure 4.12 : A) 3.5 minutes current recording of 10 nM prothrombin going through a 14 nm diameter bare nanopore at 200 mV in the buffer for protein translocation with an inset of a typical event shape. B) Zoom-in the concatenated signal with only the events detected separated by 200 points of baseline set to 0 nA. Left: firsts events detected in the signal. Right: last events detected in the signal.

Figure 4 .

 4 Figure 4.13: A) Current blockages histogram for the concatenated events of prothrombin going through the nanopore. B) Dwell-time histogram of all detected events.

  shape factor(  ⊥ = 1.99 or  = 1.34) , σ = 0.953 S/m the conductivity of the solution, L = 20

Figure 4 . 16 :

 416 Figure 4.16: Current Blockages histogram of the detected events and dwell-time histogram A) αthrombin and B) ɣ-thrombin going through the 14 nm diameter bare nanopore at 200 mV.

4. 4 . 2

 42 Single-Events in a Functionalized NanoporeExperimental ConditionsOn Figure4.17 is presented the TEM image of the same 12 nm diameter nanopore that has been functionalized with aptamers according to the protocol presented in Chapter 3 and that is used for the translocation of α-thrombin and ɣ-thrombin. It is the same nanopore as the one used in part 4.2.3 for the translocation of λDNA. The experimental conductance after functionalization is 1.7 nS in the buffer for protein translocations. It has been measured as an approximation with a linear fitting of the I-V curve, even though this functionalized nanopore does not exhibit an ideally straight I-V curve.

Figure 4 .

 4 Figure 4.17: A) Scheme of the aptamer-functionalized nanopore. B) Figure of the TEM-drilled SiNx nanopore before its functionalization (12 nm, 20 nm thick membrane). C) I-V curve of the nanopore in the buffer (Tris-HCl 20 mM, MgCl2 1 mM, NaCl 120 mM, KCl 10 mM, pH 7.4). The measured conductance Gexp is equal to 1.7 nS.

Figure 4 .

 4 Figure 4.18: A) 3 minutes current recording of 1 nM ɣ-thrombin going through the 12 nm diameter functionalized nanopore at 300 mV in the buffer for protein translocation. B) Zoom-in the concatenated signal with only the events detected separated by 200 points of baseline set to 0 nA. The current trace is in blue and the fitted levels by the CUSUM algorithm are in orange.

Figure 4 .

 4 Figure 4.19: A) Histogram count of the current blockage levels fitted by the OpenNanopore CUSUM mode for the 220 events of ɣ-thrombin going through the functionalized nanopore. B) Histogram of the dwell time for all events and repartition of those events between impulsions and standard events.

Figure 4 . 20 :

 420 Figure 4.20: Hypothesis of the observed two-level events of ɣ-thrombin going through the functionalized nanopore. A first protein arrives in the sensing zone and is slowed down by the negatively charged walls, before being pushed by another protein and the two translocating through the functionalized nanopore.

Figure 4 .

 4 Figure 4.21: α-Thrombin sensing in the aptamer-functionalized nanopore. Zoom-in of the concatenated signal with only the events detected by OpenNanopore (baseline set to 0 nA).

Figure 4 .

 4 Figure 4.22: A) Current blockages histogram for the concatenated events of α-thrombin going through the functionalized nanopore. B) Dwell-times histogram of all detected events.

Figure 4 .

 4 Figure 4.23: I-V characterization of the ~50 nm diameter nanopore functionalized with aptamers before and after insertion of 200 nM α-thrombin in buffer Tris-HCl 20 mM, MgCl2 1 mM, NaCl 120 mM, KCl 10 mM at pH5.2. Schemes are not to scale.

Figure 4 .

 4 Figure 4.24 : I-V characterization of the 12 nm diameter functionalized nanopore with aptamers in the buffer for protein and aptamer experiments (Tris-HCl 20 mM, MgCl2 1 mM, NaCl 120 mM, KCl 10 mM, pH 7.4) before insertion of proteins (black), after insertion of 1 nM ɣ-thrombin (green) and after insertion of 10 nM α-thrombin (pink). Schemes are not to scale.

Figure 4 . 25 :

 425 Figure 4.25: Comparison of the thesis's objectives and results regarding the single-event detection of α-thrombin, ɣ-thrombin and prothrombin.

Chapter 5 200

 5 Another long-term perspective would be to adapt the nanopore surface chemistry to DNA-directed immobilization 17 (Figure5.1). This technique consists in the use of a DNA functionalized surface to generate various kinds of sensors with the complementary DNA strand coupled with a biomolecule such as aptamers, proteins, or sugars that are naturally present on the membrane of the cell and could offer biomimetic properties to the nanopore. A sugar-oligonucleotide conjugate is notably in development in our group with the work of a PhD student that will defend in 2021. This could offer a fast, versatile, and reversible tool for the detection of virtually any kind of biomolecule target in a solidstate nanopore.

Figure 5 . 1 :

 51 Figure 5.1: DNA-Directed Immobilization perspective with an oligonucleotide-functionalized nanopore. Using complementary sequences coupled with any kind of biomolecule of interest would allow a versatile biosensor.
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  Synthetic ions channels and stimuli responsive gates are one of the first steps toward nanoscale sensors and actuators. The aptamer gates and setting of nanometric logic operations represent good candidates for potential advanced structures called molecular robots 290 or nanoscale power generator291 . Those molecular robots could represent a promising tool for environmental monitoring or healthcare applications such as in vivo diagnosis or drug delivery. The high selectivity brought by aptamers could also serve in separation membranes292,293 for water desalination[294][295][296] or wastewater treatment297 . Those are only few directions where biomimetic nanoporous membranes could be useful in the future 298 .

  , A., Hau Yeah, B. S., Nilsen-Hamilton, M. & Shrotriya, P. Label free thrombin detection in presence of high concentration of albumin using an aptamer-functionalized nanoporous membrane. Biosens. Bioelectron. 126,88-95 (2019).

  It is the technique used in this thesis work for the fabrication of nanopores for single-event translocation experiments. Storm et al. have first demonstrated the convenience to use a TEM in 2003 18 (Figure 2.1 B). They fabricated nanopores with a diameter below 10 nm in a 10 nm thick SiO2 membrane with a high intensity electron beam.

. Nevertheless, another technique is commonly used for ~10 nm diameter nanopores and below: the Transmission Electron Microscope (TEM).

  Exposed SiNx is etched by the excited fluorine F* with the following equation47 : RIE is performed in the equipment PLASMALAB100 (Oxford, United Kingdom) at a 20 mTorr pression, with a SF6 flow rate of 50 sccm (standard cubic centimeters per minute) and a power of 50 W for 2 minutes and 50 seconds. In these conditions the SiNx etch rate is 40 nm/min. We decided for this preliminary work to etch for a longer time to be sure that the 100 nm layer is etched all the way through. After the RIE step, the wafer is immersed into a bath of resist remover (AR 300 76) at 50 °C

			e	** 65 SF e SF F --+ → + +
	Si	N			+	24	F	*	→	3	SiF		+	4	NF
	3	4(	s	)			(	g	)		4(	g	)	3(	g	)

.8)

. Sulfur hexafluoride (SF6), a fluorine gas highly reactive with silicon is introduced in the vacuum chamber. Plasma is generated by applying an oscillating electric field RF (Radio Frequency, 13.56 MHz). Upon impacts with electrons within the plasma, SF6 gas is converted into excited reactive species via the following reaction: for 20 minutes and in a final bath of distilled water for 5 minutes (step v). From this point, the wafer can either be characterized with microscopy (cf. subsection 2.2.6) or go through the final microfabrication step (cf. subsection 2.2.5).

5.8 V -Nanopore Chip Cleanroom Fabrication: Wafer Designs

Remerciements

Surface Functionalization with Thiol Aptamers

Once the SiNx surface is silanized, the next step is to graft the aptamers. For this purpose, a maleimide-NHS linker (GMBS, N-[-maleimidobutyryloxy]succinimide ester) is used. The chemical reaction occurring at the chip surface is described on Figure 3.18. The linker is first added and its NHS moiety reacts with the amino-groups on the surface leading to a maleimide functionalized surface, which allows the grafting of thiolated aptamers. The first step is the incubation for 1 hour at room temperature of the silanized chip with a maleimide-NHS crosslinker solution at 0.1 mM in PBS at pH 7.4. Then, several washing steps are necessary to remove the excess of linker. First, the chip is washed five times with PBS at pH 7.4. Then, the sample is rinsed 10 times with distilled water. Finally, the chip is dried with compressed air.

The second step consists in the incubation of the chip in a 10 µM solution of thiolated aptamers in PBS at pH 7.4. 1 µL-droplets of this solution are deposited on the surface and the sample is left for 1 hour in a wet chamber to avoid evaporation. Afterward, the chip is washed 5 times with rinsing buffer

Experimental Noise of a Solid-State Nanopore

Noise is an important characteristic for nanopore sensing (cf. Chapter 3). It can be experimentally assessed on a Power Spectral Density (PSD) obtained from a Fourier transform of experimental current data. On Figure 4.2 are the PSD of the 30 seconds current measurements described in the previous part for voltages varying between 0 and 800 mV on the 12 nm diameter nanopore in the buffer for protein and aptamer experiments (Tris-HCl 20 mM, MgCl2 1 mM, NaCl 120 mM, KCl 10 mM, pH 7.4).

The PSD calculus is inspired from Raillon et al. 2 . They were calculated on 3 000 000 sample long data with the MATLAB function pwelch using a 225 504 sample long Hanning window with 75 % overlap. The values of the obtained PSD are in good agreement with the literature [2][3][4][5][6] . When the applied voltage increases, the overall noise increases. It can be up to several orders of magnitudes higher when a voltage is applied compared to when the voltage is equal to 0 mV. In the low frequency range below 1 kHz, we can observe the 1/f dependency of the Flicker noise. This type of noise, as well as the shot noise, is dependent on the current (cf. Chapter 3), which is the reason why the amplitude of the PSD increases with the voltage under 1 kHz. At 0 mV we observe between 100 and 10 kHz a plateau corresponding to the thermal and shot noise. Above 10 kHz, we can observe the noise reduction resulting from the low-pass Bessel filter in the amplifier set to 10 kHz, which reduces the dielectric and capacitive noise contributions to the PSD.

Single-Events Detection of Closely-Related Proteins

The translocation of the three target proteins in the bare solid-state nanopore is expected to give specific current blockade signatures according to the protein's volume. Therefore, we expect to be able to discriminate prothrombin (212 nm 3 ) from α-thrombin and ɣ-thrombin (both at 65 nm 3 ).

Regarding α-thrombin and ɣ-thrombin, we expect the same current blockade and dwell time distribution. In order to discriminate those two proteins, we will need surface functionalization of the nanopore in order to have an influence on their dwell-time.

The buffer for translocation of proteins (Tris-HCl 20 mM, MgCl2 1 mM, NaCl 120 mM, KCl 10 mM, pH 7.4) originates from the work of Daniel et al. 20 in our team who worked on interactions between the thrombin aptamer and α-thrombin. This buffer has a lower salt concentration than the one used in part 4.2.3 for the detection of λDNA. According to the fact that the conductance drops are dependent with the solution's conductivity and that proteins are smaller objects than λDNA, we expect to observe smaller current blockades than the ones observed in the pilot experiment. ɣ-Thrombin and α-Thrombin ɣ-Thrombin 30 and α-thrombin 31 are both 5 nm diameter globular proteins with a volume of 65 nm 3 . In the buffer at pH 7.4, ɣ-thrombin's surface is negatively charged (pI=5.63) while α-thrombin's surface is neutral (pI=7.3). This difference makes ɣ-thrombin an easier target because it is electrophoretically driven through the pore thanks to the applied voltage 22 . This section will compare the results of those two different proteins translocation experiments in the same nanopore depicted previously.

For both experiments (ɣ-thrombin and α-thrombin translocation through the nanopore), a 200 mV voltage is applied, in the same manner as presented previously for prothrombin. ɣ-thrombin is inserted at a 1 nM concentration and approximately 540 translocation events are observed during the 15 minutes current recording. In another protein experiment, α-thrombin is inserted at a 10 nM concentration and approximately 600 events are observed during the 20 minutes recording. The signal is analyzed with the OpenNanopore software for the detection and localization of events in the signal with the parameters delta = 0.1 nA, and sigma = 0.02 nA for ɣ-thrombin and 0.0231 nA for α-thrombin.

538 events are detected for ɣ-thrombin experiments, 81 % of which are categorized as impulsions (less than 10 points = 100 µs). 598 events are detected for α-thrombin experiments, with 50 % impulsions.

On Figure 4.15 are presented extracts from the concatenated events for both experiments. All are onelevel events as expected from globular proteins. 

Appendix 5.4 I -Experimental Material

In Table i are listed the different oligonucleotides sequences used for this work. Thr1 is intended to be grafted onto silicon nitride surface and thr1c is used for the fluorescent revelation of surface functionalization. Thr2 is a sequence used as a negative control.

Name Sequence (5'→3') Supplier

Thr1 TTT-TTT-TTT-TGG-TTG-GTG-TGG-TTG-G Eurogentec, Belgium Thr1c TTT-TTT-TTT-TCC-AAC-CAC-ACC-AAC-C Thr2 TTT-TTT-TTT-TAG-TCC-GTG-GTA-GGG-CAG-GTT-GGG-GTG-ACT Tris-HCl 20 mM, MgCl2 1mM, NaCl 120 mM, KCl 10 mM, pH 7.4 -

S/m

Buffer for translocation of proteins pH 5

Tris-HCl 20 mM, MgCl2 1mM, NaCl 120 mM, KCl 10 mM, pH 5 -

S/m

Storing Buffer Tween20 at 0.