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SU-8 photoresist polymer is widely used in the fabrication of microdevices. However, for biological applications, the problem of efficiently modifying SU-8 surfaces without perturbing roughness has not been successfully resolved. We present UV/ozone (UVO) surface pre-treatment as an effective method to increase the hydrophilicity of SU-8 films without affecting surface roughness, thus improving specific covalent binding of bio-molecules. We demonstrate that 30 s UVO treatment suffices to create carboxyl groups at the surface that can then be used for high density binding of molecules via amide bond formation. We further demonstrate that a two-step surface modification where the surface is first protected with an ethylene glycol monolayer leads to an increase in binding specificity. Finally, to illustrate the controlled binding and accessibility of immobilized molecules, we show three cycles of reversible interactions between anti-tamra antibody and tamra-cadaverine immobilized on the surface of SU-8.

Introduction to biosensors

The large demand for precise and rapid detection of biomolecules and the need to define their mechanisms of interaction requires large improvements in biosensing techniques in term of sensitivity, specificity and rapidity of detection. A vast number of detection techniques is used in a wide range of existing biosensors to generate answers for many biological questions. The choice of a particular sensing method is closely related to a specific application, level of sensitivity or reproducibility.

In this Section, a brief introduction to biosensor techniques is presented with a strong emphasis on label-free optical biosensors, their applications and integration into a multi-array geometry and a microfluidic platform.

Concept of biosensors

The definition of a biosensor is a device that uses biological components to detect the presence or indicate the amount of biomaterial in a solution. Each biosensor is composed of a biorecognition element integrated with a transducer that the signal and generates transformed (comprehensible) data (Figure 1.1). transducer that processes the signal and generates data. Adapted from: (1) Biosensors can be applied to detection of various types of macromolecules, including: nucleic acids, proteins, antibodies and antigens, organelles, cells, microorganisms and drugs. Biosensors are now omnipresent in many different fields, such as medicine and biomedical research, pharmaceutics and drug discovery, environmental and food industries, security and defense.

The development of a biosensor requires a multidisciplinary approach. A crucial element in surface based biosensors involves ligand immobilization. Efficient immobilization is necessary for optimal analyte capturing and elimination of nonspecific interactions. The design of a microfluidic system needs to take into account sample delivery (injection and use of homogenous laminar flow, increasing efficiency of analyte transport etc.), reduction of sample consumption and detection time. The signalto-noise ratio can be optimized by either increasing the specific signal or by decreasing the background noise or ideally both. Finally, special attention must be paid to the detection format (e.g. direct binding, sandwich-type binding, competitive binding and so on) and data analysis, including extraction of information regarding analyte concentration or binding kinetics.

Label-free biosensors

Numerous biosensing methods require labelling of biomolecules. The most common labelling technique involves the use of fluorescent tags (2). Fluorescence intensity indicates the presence and the amount of a target molecule. Other widely used labels are radioactive markers and nano objects such as quantum dots or nanoparticles.

Although in many cases labelling improves sensing capabilities down to single molecule detection (3), using any kind of label may structurally and functionally interfere with an assay and decrease detection accuracy (4). Additionally, labelling requires supplementary steps in probe preparation that induces extra time and costs.

Therefore, label-free techniques are particularly attractive. Label-free detection can be performed in real time, giving quantitative and kinetic information about biomolecular interactions. Three of the most widely used label-free biosensing technologies are: optical biosensors, acoustic biosensors and microcalorimetry (5).

Main types of biosensors

The huge variety of accessible methods, devices and detected species makes the biosensor field very complex and elaborated. To facilitate discussion a division of biosensors may be drawn up based on different factors, such as the examined species or interactions, biosensor designs and detection methods. Here, surface based biosensors are listed and briefly described based on the detection principal, namely electrochemical, mechanical and optical biosensors (Figure 1.2). 

Electrochemical biosensors

A common feature of electrochemical biosensors is a measurement of changes that occur during biochemical reactions when electrons are produced or consumed. A standard system is built of two electrodes: a working one and a reference one. It detects changes in ionic strength, pH, hydration or enzymatic redox reactions (6).

Electrochemical biosensors are applied mainly to indicate the presence of molecules such as glucose, cholesterol and H2O2 and as DNA sensors. They are highly sensitive, stable and fast; therefore they are broadly applied in diagnostics. A variety of measured parameters and the ease of on-chip integration are the main advantages for large scale and cost-effective fabrication.

Broadly used electrochemical biosensors are based on amperometric, potentiometric, conductometric and impedimetric principles. Others use electric fields to control the conductivity of a channel between two electrodes in a semiconducting material. In field-effect transistor (FET) devices one can distinguish ion selective field effect transistor (ISFET), enzyme-sensitized field effect transistors (EnFET) or immunosensitized field effect transistors (ImmunoFED) (7). Molecular controlled semiconductor resistors (MOCSER) are electrochemical biosensors in which the organization of selfassembled monolayers on a semiconductor substrate induces charge transfer (8,9). This charge transfer process affects the electronic properties of the substrate and may induce variations in conductivity. MOCSER biosensors serve as a gas-phase and liquid-phase biosensor and they have been successfully applied to detect amino acids and antibodyantigen interactions (10).

Mechanical biosensors

The principal of mechanical biosensors is to convert an applied force into a measurable displacement (11). The devices are often reduced in the physical scale to micro-and nano-objects. They are characterized by short time of response, high sensitivity and a low sample volume.

Surface-stress based biosensors are a significant group of bioMEMS (bio micro electro-mechanical systems) devices. They are usually piezoelectrical micro cantilevers or micro membranes that register variations of resistance in the piezoresistive layer as a response to a change of mass when the analyte binds to the pre-functionalized surface (12). Other biosensors using piezoelectrical properties are acoustic wave based biosensors that generate and detect acoustic waves on the surface of a piezoelectric crystal. The wave is potentially very sensitive towards any changes on the surface, such as mass loading or viscosity (13). Also quartz crystal microbalance (QCM) biosensors measure a difference in deposited mass per unit area by recording the changes in frequency of a quartz crystal resonator. When the mass on a crystal surface increases related to analyte binding, the thickness increases and consequently the frequency of oscillation decreases.

Optical and optofluidic biosensors

Optical biosensors are found in a diverse group of sensing devices that use light in ultraviolet (UV), visible or near-infrared (NIR) regions (14). Since optic based biosensors differ significantly between each other, they also use distinctive properties of light and electromagnetic field to detect interactions with analyzed samples, for instance absorbance, fluorescence and luminescence, interferometry, Raman-scattering, light refraction, cavity resonance or surface plasmon resonance (15,16). Optical biosensors are robust devices with high throughput and sensitivity that greatly depend on the distance to a sensor surface since the electromagnetic field responsible for sensing typically decays exponentially with the distance from the surface. These biosensors have many advantages, mainly in low detection limit, small volume of analyzed probes (17) and fast analysis process.

Optical biosensors coupled with microfluidic systems (optofluidic biosensors) are often integrated in multiplex geometry chips to create lab-on-chip devices. Microarrays are fabricated by immobilizing biologically relevant molecules (e.g. oligonucleotides, proteins, peptides, carbohydrates, antibodies etc.) on a sensor chip prior to contact with analyzed samples delivered, for example, in a continuous flow. Probe molecules are used to trap targets from the applied sample through specific interactions (i.e. nucleic acid hybridization, nucleoprotein complex formation, ligand-receptor interaction or immunodetection). Detection of specific contacts between immobilized ligands and analytes from the examined sample results in changes in the optical signal that can be translated into a qualitative or quantitative response. Direct detection of biomolecules allows determination of sample concentration, monitoring molecular reactions in real time, and to determine affinity and kinetic constants (16). Screening several samples simultaneously provides a powerful analytical tool that significantly shortens the analysis time and reduces the amount of analytes and reagents. This kind of analysis is applied in fundamental research, medical diagnostics, food quality control, drug development or environmental monitoring (18). Therefore, to be efficient the system must be compact, miniaturized, easy to fabricate and cheap.

Three optical biosensors are described in detail below: micro ring resonators (Section 1.2.3.1), total internal reflection fluorescence (TIRF) microscopy (Section 1.2.3.2) and surface plasmon resonance imaging (Section 2).

Micro ring resonator based biosensor

Optical biosensors based on micro resonators in a photonic circuit are an emerging part of biosensing technology, providing a high efficiency in (bio) molecule detection.

Micro ring cavities are used to measure very small concentrations of chemicals in a solution or to study interactions of analytes via surface adsorption. A micro ring resonator is composed from a planar waveguide and closed circles in which light is propagated with total internal reflection (19). Polarized light is transported from the optical input to the micro ring and from the micro ring to the output where the photodetector detects both TE and TM polarizations. The straight waveguide is in close contact with micro rings (Figure 1.3). Because of the very narrow gap between these two elements (usually around a hundred or so nanometers), propagating light can be coupled from the waveguide into the micro ring resulting in light resonance. The propagation of electromagnetic waves in the cavity is quasi-infinite without any bandwidth limitations. This makes a micro ring resonator a very sensitive device with a broad range of applications. It enables quantitative and real time measurements and identification of samples with extremely low limit of detection in terms of analyte concentration and volume (15,16,20). Adapted from: www.str.llnl.gov/str/Oct06/Krishnan.html

The main aim is to follow and detect modulations of resonant wavelengths that occur when biomolecules bind to the surface of the micro ring resonator or bulk refractive index changes in the surrounding environment (18,21). Variations are registered in real time with a very low limit of detection, reaching 10 -8 RIU (relative intensity unit). These changes result in the shift of resonant wavelengths (Figure 1.4) that can be used to measure the binding affinity and to estimate kinetic constant rates of the reaction. Measured signals are compared to a reference that allows removal of systematic errors. analyte (here complementary RNA) to the micro ring surface. Adapted from: (22).

Micro ring resonators are fabricated using Silicon-On-Insulator (SOI) technology and photolithography process of polymers, such as negative photoresist SU-8. This gives the possibility to build compact devices with very good optical characteristics.

Additionally, integration of microresonators with a microfluidic system significantly increases sensing capabilities allowing real time detection within lab-on-chip devices.

Micro ring resonator based biosensors may be applied to detect pathogens in the blood (23,24), nucleic acids (22), low salt concentrations (25), biotin-streptavidin interactions etc. In particular, a collaboration between physicists from the LPQM laboratory and our group at the LBPA laboratory at ENS Cachan aimed at detecting two hundred molecules interacting with surface of a polymer (SU-8) based micro ring resonator for immunodetection applications (20).

Total Internal Reflection Fluorescence (TIRF) Microscopy

Total Internal Reflection Fluorescence (TIRF) is an optical phenomenon well suited to investigate molecular and cellular events occurring at solid -liquid interfaces (26) where the evanescent electromagnetic field is induced. TIRF microscopy is applied to study in real time specific biochemical and biophysical processes, for example cell binding process, blood coagulation, intramembranous transport, adherence and mobility of microorganisms (26). It is also used to characterize molecular processes at a single molecule scale (27)(28)(29).

TIRF effects occur when a light beam passing through a solid medium of a high reflective index (n2; e.g. glass prism) is reflected at the interface with a lower refractive index medium or a sample (n1) under an incident angle (θi) greater than the critical angle θc (Figure 1.5):
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where n1 > n2. light beam arriving at the critical angle θc produces an evanescent field that penetrates a few hundred nanometers into the medium and thus it excites only fluorophores within this distance. Adapted from: (30).

Although the incident light beam reflects internally at the interface, a fraction of energy of the incident light is transmitted to a standing evanescent wave that penetrates a liquid medium. The intensity (I) of the evanescent wave decays exponentially with a perpendicular distance (z) and it excites fluorescent molecules that are within 200 nm from the interface:
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for angles of incidence θ > θc and light wavelength in vacuum λ0 (26).

There are two main types of TIRF microscope setups: prism-based TIRF (26) and objective-based TIRF (27). Additionally, TIRF system can be coupled with various fluorescent techniques that give access to additional information, for example: epifluorescent microscope (31), fluorescence recovery after photobleaching (FRAP) [START_REF] Thompson | Measuring Surface Dynamics of Biomolecules by Total Internal-Reflection Fluorescence with Photobleaching Recovery or Correlation Spectroscopy[END_REF], fluorescence correlation spectroscopy (FCS) [START_REF] Lieto | Ligand-receptor kinetics measured by total internal reflection with fluorescence correlation spectroscopy[END_REF], fluorescence resonance energy transfer (FRET) (29) or atomic force microscopy (AFM) [START_REF] Brown | Cross-Correlated TIRF/AFM Reveals Asymmetric Distribution of Force-Generating Heads along Self-Assembled[END_REF].

Currently, the LBPA possesses a TIRF microscope under development to enable study of biological interactions at a single molecule level. It is believed that properly functionalized surfaces would allow selective immobilization of molecules to monitor their behavior and interactions under the microscope.

Surface Plasmon Resonance

To date, the most commonly used optical label-free technique is Surface Plasmon Resonance (SPR). This technique is widely applied to examine various biomolecular interactions between immobilized ligands and analytes delivered in a microfluidic flow to the sensor surface. Mass variations occurring on a gold surface during the analyte binding are coupled with changes in refractive index near the gold layer and serve to determine specificity and affinity of those interactions.

SPR technique has been used to identify a large range of biomolecular interactions, including protein -protein interactions [START_REF] Wegner | Fabrication of histidine-tagged fusion protein arrays for surface plasmon resonance imaging studies of proteinprotein and protein-DNA interactions[END_REF], nucleic acid hybridizations [START_REF] Nelson | Surface plasmon resonance imaging measurements of DNA and RNA hybridization adsorption onto DNA microarrays[END_REF][START_REF] Nogues | Efficient Antifouling Surface for Quantitative Surface Plasmon Resonance Based Biosensor Analysis[END_REF], nucleoprotein interactions [START_REF] Garcia | Use of surface plasmon resonance imaging to study viral RNA : protein interactions[END_REF][START_REF] Prorok | Highly Mutagenic Exocyclic DNA Adducts Are Substrates for the Human Nucleotide Incision Repair Pathway[END_REF][START_REF] Pemberton | Real time in vitro analysis of transcription by RNA polymerase on immobilized DNA fibres[END_REF], protein -carbohydrates [START_REF] Kanda | Surface plasmon resonance imaging measurements of the inhibition of Shiga-like toxin by synthetic multivalent inhibitors[END_REF], protein -peptide [START_REF] Villiers | Peptide-protein microarrays and surface plasmon resonance detection: Biosensors for versatile biomolecular interaction analysis[END_REF][START_REF] Grasso | Activity of anchored human matrix metalloproteinase-1 catalytic domain on Au(111) surfaces monitored by ESI-MS[END_REF](44) and protein -aptamer [START_REF] Daniel | Real time monitoring of thrombin interactions with its aptamers: Insights into the sandwich complex formation[END_REF][START_REF] Li | Fabrication and characterization of RNA aptamer microarrays for the study of protein-aptamer interactions with SPR imaging[END_REF] interactions and immunorecognition reactions [START_REF] Nogues | Characterisation of Peptide Microarrays for Studying Antibody-Antigen Binding Using Surface Plasmon Resonance Imagery[END_REF][START_REF] Wegner | Characterization and optimization of peptide arrays for the study of epitope-antibody interactions using surface plasmon resonance imaging[END_REF][START_REF] Kanda | Label-free reading of microarray-based immunoassays with surface plasmon resonance imaging[END_REF] such as: antibody -bacteria [START_REF] Bouguelia | On-chip microbial culture for the specific detection of very low levels of bacteria[END_REF][START_REF] Subramanian | Mono and dithiol surfaces on surface plasmon resonance biosensors for detection of Staphylococcus aureus[END_REF], antibody -cell [START_REF] Milgram | Antibody microarrays for label-free cell-based applications[END_REF]. SPR sensors serve to screen complex samples, including serum, milk, plasma or cell extract for binding partners and determining binding affinity [START_REF] Villiers | Polypyrrole-peptide microarray for biomolecular interaction analysis by SPR imaging[END_REF][START_REF] Bartoli | Polypyrrole-oligosaccharide microarray for the measurement of biomolecular interactions by surface plasmon resonance imaging[END_REF]. SPR is also used for drug discovery, biomarker identification, food industry, immunogenicity tests or biopharmaceutical development [START_REF] Maillart | Versatile analysis of multiple macromolecular interactions by SPR imaging: application to p53 and DNA interaction[END_REF][START_REF] Malic | Designed Biointerface Using Near-Infrared Quantum Dots for Ultrasensitive Surface Plasmon Resonance Imaging Biosensors[END_REF].

SPR biosensors are successfully applied to define concentration of analytes in samples. To perform these measurements, the interaction level is compared with an injected analyte concentration. Also more complex reactions are examined with SPR systems, for instance to determine simultaneously interactions during the study of antibody specificity to map epitopes with monoclonal antibodies [START_REF] Johne | Epitope Mapping and Binding-Kinetics of Monoclonal-Antibodies Studied by Real-Time Biospecific Interaction Analysis Using Surface-Plasmon Resonance[END_REF]. SPR is also applied to perform chain reactions on the chip, such as monitoring production of proteins in situ [START_REF] Seefeld | On-Chip Synthesis of Protein Microarrays from DNA Microarrays via Coupled In Vitro Transcription and Translation for Surface Plasmon Resonance Imaging Biosensor Applications[END_REF].

In this Section, the principles of SPR and methods of how to analyze data obtained from measurements will be explained. Afterwards, main differences in SPR methods and coupling of SPR with other techniques will be discussed.

Principles of Surface Plasmon Resonance (SPR)

SPR is a sensing technique that detects changes at a surface by measuring changes in the angle of incident p-polarized light under its total internal reflection. The monochromatic light travels through a medium of a high refractive index (glass prism)

till the interface between this medium and another of lower optical density (air or sample solution). Photons arriving at the interface between two dielectric media at an angle greater than the angle of total internal reflection produce an evanescent wave that propagates into the medium of lower refractive index. This evanescent wave, under certain conditions will enter into resonance with the amplitude vector of free electrons (plasmons) in the metallic thin layer. Binding of a ligand to an immobilized molecule on the metallic layer will induce a change in the local refractive index. This change is related to the change in mass at the surface by the Clausius-Mossotti relation:

where α is the polarizability of the molecule, N is the number density which is equal to ρNA/M and M is the molar mass. In a commercial instrument such as BIAcore, the unit of measurement are expressed as Resonance Units (RU) where a change of incident angle of 10 -4 ° is equivalent to a change of 1 RU. Empirically the actual responses in RU as a function of the change of surface molecules concentration (for example a globular protein) is that 1 RU is equivalent to a change in surface concentration of about 1 ng/mm 2 [START_REF] Stenberg | Quantitative-Determination of Surface Concentration of Protein with Surface-Plasmon Resonance Using Radiolabeled Proteins[END_REF].

From three principal geometries used to obtain a plasmon excitation by light: grating [START_REF] Wassaf | High-throughput affinity ranking of antibodies using surface plasmon resonance microarrays[END_REF], Otto and Kretschmann [START_REF] Kretschmann | Determination of Optical Constants of Metals by Excitation of Surface Plasmons[END_REF] configurations (schematically presented in Figure 1.6), the Kretschmann configuration is the most often applied in SPR [START_REF] Gwon | Spectral and Angular Responses of Surface Plasmon Resonance Based on the Kretschmann Prism Configuration[END_REF]. In this configuration a thin film is deposited directly on the top of a glass prism surface. The incident p-polarized light, after total internal reflection, generates an electromagnetic evanescent wave on the conducting metal (gold) surface at the interface of a high refractive index prism and a low refractive index liquid medium as explained above. The concept of surface plasmon comes from the analysis of a metal -dielectric interface by Maxwell's theory where surface plasmons can be treated as propagating electron density waves (plasma) occurring at the interface between metal and dielectric.
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Surface plasmons (SP) can propagate along a metallic surface with the wave-vector (kSP) dispersion relation:
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where ε1 and ε2 are respectively dielectric constants of the metal and the medium in contact with it.

The energy of the incident light is strongly coupled to photons onto the surface plasmon evanescent wave. The relationship between kx wave vector incident light and the angle of incident light (θ) can be expressed as:

k x = n sin θ
where n is a refractive index of a glass prism.

Resonance is achieved by matching the wave vector of the incident light in the direction of the interface and the wave vector of surface plasmon oscillations:

kX = kSP

There is a decrease in intensity of reflected light at the angle of resonance as presented in Figure 1.7a. Changes occurring at the interface (e.g. correlated with mass variations as a consequence of a ligand-analyte binding process) result in a shift of the resonance curve (Figure 1.7b). Changes observed in a measured parameter (resonance angle) over time serve to generate a kinetic curve, which historically has been referred as a sensorgram (Figure 1.7c). It is worth noticing that the signal at the interface decays exponentially with the distance from a gold layer. As a consequence, the SPR technique interrogates interactions only at or close to the metallic surface.

Information obtained by SPR and its analysis

Kinetic analysis provides information about the specificity of (bio) molecular interactions and aids in the determination of the mechanism of binding and dissociation in a quantitative manner. In the following Section, data analysis will concentrate uniquely on SPR, knowing that similar treatment is applicable to most biosensors that generate data concerning changes in a reaction over time.

The simplest model to describe adsorption of molecules to a surface is given by the Langmuir isotherm that describes a dependence of a perfect gas adsorbed to the surface at different pressures and at a fixed temperature [START_REF] Langmuir | The constitution and fundamental properties of solids and liquids Part I Solids[END_REF][START_REF] Langmuir | The Adsorption of Gases on Plane Surfaces of Glass, Mica and Platinum[END_REF]. Classically, the equilibrium between molecules of gas adsorbed to the surface and molecules of gas in a dynamic b) c) a)

angular shift sensogram state can be directly related to the equilibrium between molecules adsorbed to and desorbed from a surface.

In the present context, the interaction between analyte A binding to the immobilized ligand B can be expressed by the equation:

where AB stands for the complex created on the sensor surface, ka is the association rate and kd -the dissociation rate. From the differential rate equation:
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one can obtain the association equilibrium constant as a ratio of two rate constants, given by:
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The unit for association constant (ka) is M -1 s -1 and has a value from 10 3 to 10 7 M -1 s -1 in typical biological systems. The unit for the dissociation constant (kd) is s -1 and it generally is between 10 -1 and 10 -6 s -1 . Classically in biochemistry the inverse of the equilibrium association constant is used; this equilibrium dissociation constant (Kd) is expressed in M -1 and depends on a number of factors. Under standard physiological conditions in biological systems (25°C and 1 atm pressure) Kd has always the same value for a given reaction, regardless of the analyte concentrations [START_REF] Lodish | Molecular Cell Biology[END_REF].

An alternative method to estimate the affinity of a reaction involves measuring steady state levels of saturation as a function of analyte concentration. Knowing the dependence between the total concentration of free analyte and the fractional saturation Kd can be obtained when a fractional saturation is a half value of the asymptote. This is presented as:
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and thus:
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giving therefore:
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In the SPR technique, changes in refractive index caused by interacting molecules are monitored in real time [START_REF] Pemberton | Real time in vitro analysis of transcription by RNA polymerase on immobilized DNA fibres[END_REF][START_REF] Greive | Monitoring RNA transcription in real time by using surface plasmon resonance[END_REF]. A sensorgram can be extracted from most of biosensors that use surfaces to trap interacting molecules from a solution. Consequently, association and dissociation rate constants can be determined separately. This allows more detailed analysis of the binding mechanism and it is a significant step forward in comparison to a classical steady-state analysis of biomolecular interactions. When the analyte is injected over the biochip surface, changes in the detected signal are monitored and plotted in the form of a sensorgram (Figure 1.9). A typical sensorgram consists of the following phases: (i) baseline: a buffer solution is passed over the sensor; (ii) association phase: at the time t=0 the buffer solution containing an analyte passes over the sensor surface and binds to the immobilized ligands; (iii) steady state phase: the amount of analyte associating and dissociating to and from the ligand is equal (iv) dissociation phase: the flowing solution is switched back to the running buffer and analyte dissociates from the ligand. Association (ka) and dissociation (kd) rate constants are determined from the sensorgram. [START_REF] Ritzefeld | Real-Time Analysis of Specific Protein-DNA Interactions with Surface Plasmon Resonance[END_REF].

In order to interpret the schema shown in Figure 1.9, a model for the interaction is required. In the majority of cases a simple Langmuir binding isotherm as described above is used. In this simple case, the dissociation phase is given by the expression:

where Rt is the response at time t and R0 the response at the start of the dissociation phase. A fit of this part of the curve thus gives the apparent dissociation rate kd. With this calculated rate constant and a known concentration C the association rate can be derived from the expression:

Interpretation of sensorgrams is limited by the kinetic model used to analyze the reaction and a number of parameters needs to be considered before attributing quantitative values to derived constants [START_REF] Myszka | CLAMP (c): A biosensor kinetic data analysis program[END_REF].

R t = R 0 exp -k d t R t = k a CR max k a C + k d ⎡ ⎣ ⎢ ⎤ ⎦ ⎥ (1-exp -(k a C+k d )t )
{ }

Classification of SPR: differences between SPR, SPRi and LSPR

The first commercially available SPR system (BIAcore) presented in 1980s used the Kretschmann configuration [START_REF] Homola | Surface plasmon resonance sensors for detection of chemical and biological species[END_REF]. Since then, several alternative configurations have appeared with improvements of sensitivity and resolution, the introduction of structural innovations, facilitating data processing and analysis and increasing throughput.

BIAcore technology

The BIAcore instruments are used to detect a wide range of specific molecules and their interactions with immobilized ligands, to screen samples for finding a binding partner and to measure kinetic interactions and binding affinities. The systems can detect molecules as small as 180 Da. The measured concentrations, depending on the BIAcore model, are in a range of pM with a limit of detection reaching 0.01 RU.

Surface Plasmon Resonance imaging (SPRi)

Surface plasmon resonance imaging is an advanced version of a classical SPR and it has remarkable advantages over the traditional BIAcore technology, including a chargecoupled device (CCD) camera for signal detection that offers the possibility for simultaneous analysis of up to several hundreds of biological interactions. SPRi significantly shortens manipulation time and sample consumption since interactions between analyte and all immobilized ligands are monitored simultaneously during the same injection (Figure 1.11). The SPRi platform linked with a microfluidic system is thus ideal for the design of a whole on-chip reaction allowing the synthesis of proteins onchip [START_REF] Seefeld | On-Chip Synthesis of Protein Microarrays from DNA Microarrays via Coupled In Vitro Transcription and Translation for Surface Plasmon Resonance Imaging Biosensor Applications[END_REF] or RNA aptamers (70). A CCD camera allows interrogation of the whole biosensor surface on which spots containing different ligands may be immobilized. Spots without any ligand serve as controls for non-specific interactions or with alternative ligands for positive and negative control. The size of each spot, defined by the presence of biomolecules varies from tens to hundreds μm 2 . SPRi has been successfully applied to a wide range of complex measurements that requires high-density microarrays for high-throughput analysis of biomolecular interactions, such as: proteomic analysis, drug discovery, pointof-care diagnosis or biomarker screening [START_REF] Nogues | Characterisation of Peptide Microarrays for Studying Antibody-Antigen Binding Using Surface Plasmon Resonance Imagery[END_REF][START_REF] Beleoken | SPRi-Based Strategy to Identify Specific Biomarkers in Systemic Lupus Erythematosus, Rheumatoid Arthritis and Autoimmune Hepatitis[END_REF][START_REF] Fenalti | GABA production by glutamic acid decarboxylase is regulated by a dynamic catalytic loop[END_REF].

The most widely commercially available SPRi instruments are currently SPRi-plex GenOptics Horiba (France), GWC Technologies (USA), IBIS Technologies B.V.

(Netherlands) and GE Healthcare (Sweden).

Localized Surface Plasmon Resonance (LSPR)

Localized surface plasmon resonance (LSPR) is a technique that uses noble metal nanoparticles and surface plasmon phenomenon. The gold nanoparticles typically exhibit LSPR at visible and near-infrared frequencies caused by the collective oscillations of conductive electrons induced by light illumination [START_REF] Huang | Localized surface plasmon resonance biosensor integrated with microfluidic chip[END_REF]. Because of their size, metallic nanoparticles are characterized by a sharp spectral absorption and scattering peaks, as well as a strong electromagnetic field near their surface. The localized electromagnetic field around the metal surfaces is very sensitive to environmental refractive index changes. Environmental changes, at the interface between media and metals, can be traced by monitoring the changes of metal LSPR characteristics as in SPR or SPRi. Moreover, LSPR is not sensitive to changes of temperature and requires only simple optical extinction measurement. LSPR based gold nanoparticle biosensors are also integrated in a microfluidic system and have been successfully used to detect DNA [START_REF] Hutter | Detection of DNA hybridization by gold nanoparticle enhanced transmission surface plasmon resonance spectroscopy[END_REF], proteins [START_REF] Fujiwara | Measurement of antibody binding to protein immobilized on gold nanoparticles by localized surface plasmon spectroscopy[END_REF] or antibody -antigen interactions (77).

Further developments of SPR

Widespread accessibility and the broad possibility of SPR applications make this technique very popular amongst researchers and encourage further improvement and development. One of the directions of SPR sensor development is focused on a miniaturization of the system in order to create portable platforms suitable for point-ofcare applications. In the concept of miniaturized SPR sensors all optoelectrical elements are integrated in a monolithic platform based on SPR spectroscopy [START_REF] Melendez | A commercial solution for surface plasmon sensing[END_REF].

Currently, many research groups develop SPR by integrating new methods of sensing and structural design to improve sensitivity and enhance performance of sensing measurements. Optimization of conditions includes constant flow injection, thermostatic control and improvement of components, such as light source, prism and CCD camera quality and data processing methods [START_REF] Wang | Review: Advances and Applications of Surface Plasmon Resonance Biosensing Instrumentation[END_REF]. Also combining SPR with other techniques opens up new possibilities and promises a significant progress for the detection and investigation of biomolecular interactions. Several examples of those combined techniques are presented below, in the Section 2.4.

SPR coupled with other techniques

Coupling of SPR with other techniques gives additional information about examined sample and may significantly improve the understanding of a given biological event. There are many integrated systems supplied from commercial SPR producers that directly combine SPR with other detection methods. One of them is SPR coupled with Matrix-Assisted Laser Desorption/Ionization Mass Spectrometry (SPRi MALDI-MS) for the identification of protein components (44, 80) or antigens [START_REF] Bellon | Hyphenation of Surface Plasmon Resonance Imaging to Matrix-Assisted Laser Desorption Ionization Mass Spectrometry by On-Chip Mass Spectrometry and Tandem Mass Spectrometry Analysis[END_REF]. Horiba Scientific has recently commercialized a technique to directly couple SPRi to MALDI-MS. It enables a multiplex quantification of samples bound to ligands immobilized to the biochip and molecular characterization by MS analysis of analytes directly on a biochip without further elution.

In addition to MALDI associated SPR other promising combinations exist [START_REF] Homola | Surface plasmon resonance sensors for detection of chemical and biological species[END_REF]. A

promising approach determines the nature and structure of bound molecules using an SPRi coupled with Fourier Transform (FT-SPRi) [START_REF] Grasso | Activity of anchored human matrix metalloproteinase-1 catalytic domain on Au(111) surfaces monitored by ESI-MS[END_REF]. Molecular Imprinting Polymer (MIP) has been performed to selectively bind DNA to a surface [START_REF] Diltemiz | Molecularly imprinted ligandexchange recognition assay of DNA by SPR system using guanosine and guanine recognition sites of DNA[END_REF], whereas coupling SPRi with Scanning ElectroChemical Microscopy (SECM) allowed direct visualization of localized electropolymerization [START_REF] Szunerits | Approach to writing and simultaneous reading of micropatterns: Combining surface plasmon resonance imaging with scanning electrochemical microscopy (SECM)[END_REF]. Digital electrowetting-on-dielectric (EWOD) coupled with SPR was found to be a remarkable alternative to the traditionally used microfluidic system [START_REF] Wegner | Characterization and optimization of peptide arrays for the study of epitope-antibody interactions using surface plasmon resonance imaging[END_REF][START_REF] Malic | Biochip functionalization using electrowetting-on-dielectric digital microfluidics for surface plasmon resonance imaging detection of DNA hybridization[END_REF][START_REF] Malic | Two-dimensional droplet-based surface plasmon resonance imaging using electrowetting-on-dielectric microfluidics[END_REF][START_REF] Lee | SPR imaging measurements of 1-D and 2-D DNA microarrays created from microfluidic channels on gold thin films[END_REF]. A temperature scanning system finds new applications in SPRi monitoring, for example in DNA point mutation detection (87).

SPRi-plex GenOptics

The majority of SPR studies described in this manuscript were performed with a SPRi-plex GenOptics instrument (Horiba, Orsay, France). SPRi-plex GenOptics allows the characterization of biological interactions with a detection limit of 5 pg/mm 2 for samples of ≥ 200 Da. In this Section a brief description of the instrument will be presented. The main elements of this platform are: (i) optical system, (ii) biochip, (iii) microfluidic system, (iv) software.

The optical system used in SPRi-plex GenOptics (Figure 1.12a) is constructed with a source of incident near infrared light (high stability LED, 810 nm), a mobile mirror, and a CCD camera with optical lateral resolution of 40 μm.

The sensor chip (Figure 1.12b) is a prism with a high refractive index (SF 10;

n=1.707987 at λ=830 nm) coated with a thin gold layer (between 45 and 50 nm thick).

The gold thin layer is functionalized using an appropriate surface chemistry protocol (see Section 3) prior to ligand spotting. Ligands can be deposited on a surface sensor using a spotter or manually using a micropipette. The working surface of the sensor is about 1 cm 2 thus allowing the deposit of up to several hundred spots. In order to prevent spots from drying, the biochip is maintained in a humid environment during the ligand incubation period.

The SPRi-plex GenOptics platform has an in-built microfluidic system (Figure 

Surface chemistry in biosensors

Bioconjugation of surfaces is an integral part of the development of surface based biosensors [START_REF] Samanta | Immobilization of bio-macromolecules on selfassembled monolayers: methods and sensor applications[END_REF]. Surface ligand immobilization has a direct impact on the relevance and on the sensitivity of the biosensor. Parameters like ligand density and orientation, ligand structure and surface related non-specific interactions must be controlled in order to optimizing a biosensor [START_REF] Conde | Revisiting 30 years of biofunctionalization and surface chemistry of inorganic nanoparticles for nanomedicine[END_REF]. Due to the huge range of potential macromolecular interactions and the wide variety of surfaces used in biosensing applications, a universal protocol for surface functionalization does not exist. The (bio) conjugation strategy is strictly specific to a particular biological system and the surface chemistry should be optimized to expose the functional or recognition sites as a function of the ligand properties, size and shape [START_REF] Scarano | Surface plasmon resonance imaging (SPRi)-based sensing: A new approach in signal sampling and management[END_REF]. Additionally, for a robust biosensor, the surface chemistry and immobilized ligand should be stable over the time of the interaction and allow repeated characterization [START_REF] Hunt | Label-free biological and chemical sensors[END_REF].

There are several techniques commonly available for efficient immobilization of biomolecules of interest to surfaces. These methods can be classified into two main categories based on the mechanism of attachment of the ligand to the surface: through covalent bond formation and non-covalent coupling (e.g. electrostatic, hydrophobic, hydrophilic and affinity interactions) [START_REF] Samanta | Immobilization of bio-macromolecules on selfassembled monolayers: methods and sensor applications[END_REF].

a) a) b) c)

Methods of surface functionalization

Immobilization of target molecules on surfaces for biosensing applications must be optimized to simultaneously prevent non-specific interaction of the analyte with the surface so that only specific interactions between the analyte and the immobilized target are detected, to prevent steric hindrance by adjusting the target surface density and to control the target orientation on the surface to allow the interaction to occur as it would if diluted in solution. In addition, the binding of biomolecules to surfaces should avoid denaturation not to affect their biological activity.

Immobilization of target molecules can either be performed directly if they have a functional group that interacts strongly with the surface or through a pre-functionalized surface with either a polymer or a self-assembled monolayer that contain a functional group to allow the controlled adsorption of the target molecule.

Self-Assembled Monolayer (SAM) on gold surfaces

Many surfaces can be functionalized with a self-assembled monolayer with organic molecules having a reactive functional group that specifically and spontaneously reacts with a specific surface to form a stable bound: thiol group on metallic surfaces (gold), carboxyl group on metallic surface and silane on oxidized surface (silicon, metal oxide, glass) for example.

There are two methods to adsorb a molecular monolayer on a solid substrate: (i):

Langmuir-Blodgett (LB) where a pre-formed monolayer of amphiphilic molecules is first formed on water and then transferred to a solid surface which is either hydrophobic or hydrophilic; (ii) self-assembled monolayer (SAM) where bifunctionalized molecules are on one side attached with a strong bound to the surface and contain, generally at the other end, a functional head group that can be either directly the ligand or react/interact specifically with the target molecule.

Considerable attention has been given to the creation of SAMs on noble metal surfaces, and more specifically gold surfaces. Thiolated SAMs deposited on gold have been extensively characterized as they spontaneously form densely packed monolayer [START_REF] Harder | Molecular conformation in oligo(ethylene glycol)-terminated self-assembled monolayers on gold and silver surfaces determines their ability to resist protein adsorption[END_REF] and are of particular interest for sensing, electrochemical, and optical or piezoelectric applications. Adapted from [START_REF] Graham | Self-Assembled Monolayers: Advantages of Pure Alkanethiols[END_REF].

Voltametric studies confirmed deprotonation of thiol groups during adsorption on gold and the formation of bonds based on the formula (51):
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An alkyl chain of minimum eight carbons [START_REF] Agonafer | Study of Insulating Properties of Alkanethiol Self-Assembled Monolayers Formed Under Prolonged Incubation Using Electrochemical Impedance Spectroscopy[END_REF], generally used as a spacer between the thiol group and the functional head group improves the self-assembly stability via

Van der Waals interactions between neighboring molecules in the SAM. In addition, upon binding the molecules optimize their interactions with the neighboring molecules by orienting upward on the surface until saturation of the surface, as presented in Figure The pertinent choice of the functional head group of the molecules that composes the SAM allows tuning of the properties of the SAM. For example using decanethiol of long (typically 18) alkyl chains, the formation of a dense monolayer on a clean gold surface leads to a highly hydrophobic surface and to a hydrophilic surface when a terminal methyl group is replaced by a hydroxyl group. Whitesides et al. demonstrated in 1998 [START_REF] Harder | Molecular conformation in oligo(ethylene glycol)-terminated self-assembled monolayers on gold and silver surfaces determines their ability to resist protein adsorption[END_REF] that having an n ethylene glycol (with n ranging from 4 to 6) as a head group prevented non-specific interactions of biomolecules (essentially proteins and DNA) directly to the surface and lead to an efficient antifouling surface modification. In addition, it was shown that such gold surface modifications also efficiently prevented biomolecule denaturation upon immobilization [START_REF] Nogues | Efficient Antifouling Surface for Quantitative Surface Plasmon Resonance Based Biosensor Analysis[END_REF][START_REF] Nogues | Characterisation of Peptide Microarrays for Studying Antibody-Antigen Binding Using Surface Plasmon Resonance Imagery[END_REF].

For biosensor applications, two approaches have been developed: either the target molecule contains an accessible thiol group (5' or 3' thiolated ssDNA or/and dsDNA, presence of a cysteine at a surface of a protein) so that it can be directly bound to a gold surface, or the SAM functional head group is chosen so it can react or interact with the target molecules (lysine, cysteine or terminal amine of proteins or peptides, 5' or 3' thiolated ssDNA or/and dsDNA, available primary amine of amino acid in a protein). In all cases, the target molecules are large (few kDa to few hundred kDa) so the surface coverage has to be optimized to avoid crowding and steric hindrance upon interaction with the analyte. In addition, the choice of the surface immobilization method often determines the orientation and stability of target molecules on the surface.

Mixed SAMs obtained by immersing gold surfaces into a diluted solution of the target molecule and inactive or inert molecules allows control of the surface density of the target [START_REF] Love | Self-assembled monolayers of thiolates on metals as a form of nanotechnology[END_REF], therefore controlling steric hindrance. Diluting different ratios of each molecule for identical adsorption time controls the target surface density, which therefore can be optimized for all target size. Additionally, the nature of the inactive molecules is primordial so as not to affect the sensing event while inhibiting non-specific interactions with the surface. Furthermore, in the SAM mixture, the spacer chain can be adjusted so that the target molecule is fully accessible to interact as it would be in solution as illustrated in Figure 1.16 [START_REF] Mittlerneher | Spectroscopic and Surface-Analytical Characterization of Self-Assembled Layers on Au[END_REF]. Thiolated SAMs on gold surfaces can be extensively characterized with respect to the molecular density and orientation using Contact Angle measurements (CA), Fourier

Transform InfraRed (FT-IR), X-ray photoelectron spectroscopies (XPS), scanning electron microscopy (SEM), atomic force microscopy (AFM), Surface Plasmon Resonance (SPR) and Quartz Crystal Microbalance (QCM).

The flexibility in choosing different functional groups of the monolayer head makes SAM an excellent tool for surface functionalization and an intermediate to immobilize a wide range of bio molecules, such as nucleic acids, peptides, proteins for selective sensors.

Surface coating

Long polymer chains grafted to surfaces are an alternative to self-assembled monolayers for surface functionalization. Similarly to SAMs, they create an anti-fouling layer that minimizes nonspecific interactions of biomolecules directly to the surface and increases the stability of immobilized biological species. However, the density of functional head groups that allows immobilization of biomolecules is often difficult to control, therefore the density of ligands as well as their orientation on the surface is more difficult to optimize than in the case of SAMs.

Long macromolecular chains can be either covalently bound to the surface or immobilized via physical bound (e.g. electrostatic, hydrophobic). They eventually can also be deposited on surfaces by spin coating. In all cases, deposition of long polymeric chains on surfaces often leads to random orientation. Nevertheless, some control can be obtained by using side grafting, block side grafting or end-grafting, as presented in Two of the most widely used polymers for surface functionalization are dextran and polyethylene glycol (PEG). They are efficient anti-fouling substances that significantly lower non-specific protein adsorption on surfaces and are cell-resistant.

Both, PEG and dextran, can be bi-functional polymers: they may contain one functional group for their stable anchoring to the surface and one to conjugate specifically to a (bio) molecule. Dextran is a linear polysaccharide built from connected 1,6-glucose units. Each glucose monomer could be modified with one carboxyl group that can be activated to form an amide bond with a primary amine present in biomolecules. As a multivalent molecule, dextran is used for high-density surface immobilization of biologically active molecules. It extends the volume where molecules can anchor and interact with ligands, leading to an increase of sensitivity and specificity. On the other hand, PEG as a divalent macromolecule has a very strict and limited number of sites available for biomolecule coupling (usually one binding site per monomer, except socalled 'star-configuration' PEGs). Therefore, to obtain higher densities of immobilized bioactive molecules dextran-coated surfaces are preferred.

Long macromolecular chains tend to form coils rather than fully extended brushes since this state increases the configurational entropy (101). It is therefore difficult to determine the exact thickness of the formed thin layer, which is crucial for optical biosensors that use an evanescent wave, like in SPR experiments. The evanescent wave extends approximately up to 200 nm away from the surface (depending on the wavelength of incident angle) to sense biomolecules adsorbing on the surface. Because the evanescent wave intensity decreases exponentially away from the surface, the sensitivity of the detection is optimal within the few tens of nanometers from the surface. An additional drawback of the polymer biofunctionalization is the random orientation and distribution of the anchoring group that is therefore not always available to react with biomolecules (Figure 1.18). Adapted from (99).

Biomolecule conjugation and immobilization techniques

A well-controlled immobilization of ligands on the surface in terms of density, orientation and availability is essential for quantitative detection of analyte present in solution. Since antifouling SAMs on a surface allow adjusting the ligand surface density, the following part of this Section will concentrate on describing different immobilization methods on pre-treated surfaces using a functionalized SAM (89).

Covalent bond formation

Covalent bond formation at the interface between the ligand and a functionalized SAM allows an efficient immobilization. While the ligand is exposed toward the solution, it can interact as it is in the solution. The immobilization process is therefore multi-step.

Since a wide range of linkers is available, it can be optimized to a specific system and thus the ligand orientation is also optimized. The SAM reactive site that has not reacted with the ligand has to be blocked before any further experiments. Thus the selectivity of the detection would not be affected and the non-specific binding of biomolecules directly to the surface would be reduced.

Amide bond formation and EDC/NHS coupling reaction

The conjugation of primary amine and carboxyl group leads to the formation of amide bonds -one of the most common covalent bonds in nature, present for example between amino acids in peptides and proteins. Primary amine groups are often exposed on the surface of proteins and antibodies or they can be added to 5'-or 3'-end of DNA and RNA molecules [START_REF] Conde | Revisiting 30 years of biofunctionalization and surface chemistry of inorganic nanoparticles for nanomedicine[END_REF]. Primary amines can be coupled to carboxyl, aldehydes, epoxides or anhydrides groups exposed on a head of a SAM adsorbed on the substrate surface.

To facilitate coupling of primary amines to carboxyl groups Therefore, to achieve the most efficient reaction, carefully stored or freshly prepared reagents should be used. In certain situations, the presence of both carboxylates and amines on one of the biomolecules to be conjugated with EDC may lead to uncontrolled self-polymerization and consequently to loss of effectiveness. To overcome this issue, excess of EDC should be removed before adding a biomolecule, for example through extensive surface rinsing. 

Thiol-based conjugation and maleimide coupling

Maleimide groups react specifically with thiols. The reaction generates a stable 3thiosuccinimidyl ether linkage. This approach is an alternative to amide bond formation when the only exposed group available for immobilization is thiol. It can be used to efficiently immobilize proteins via cysteine amino acid (103). Cysteine residue may be genetically introduced into a specific site of a target protein (preferably far from the active site) and thus allows for properly orientated immobilization [START_REF] Samanta | Immobilization of bio-macromolecules on selfassembled monolayers: methods and sensor applications[END_REF].

On the other hand, thiolated molecule can be directly grafted to the gold surface.

Thiol-modified single stranded DNA (ssDNA) immobilized on a gold surfaces can be hybridized with a complementary ssDNA conjugated with an antibody or a protein to direct their spatial assembly on the surface (104).

Click chemistry

Click chemistry refers to a group of reactions that are fast, simple and efficient.

They are broadly applied to immobilize (bio) molecules, for instance on functionalized silane surfaces [START_REF] Hunt | Label-free biological and chemical sensors[END_REF]. The most widely used click reaction is copper (I) -catalyzed cycloaddition between alkyne and azide that gives a 1,2,3-triazole ring (105):

Azide and alkyne groups are highly inert towards biological molecules and they are easily introduced into organic compounds by nucleophilic and electrophilic processes [START_REF] Conde | Revisiting 30 years of biofunctionalization and surface chemistry of inorganic nanoparticles for nanomedicine[END_REF]. Azide-alkyne cycloaddition reaction is highly regioselective and promotes the spatial orientation of immobilized biomolecules. However, the disadvantage of this method is the fact that the immobilized (bio) molecule must be modified prior to their immobilization to a surface that might affect their affinity to the specific biomolecule.

Non-covalent coupling

Non-covalent conjugation between a molecule of interest and a biosensor surface includes electrostatic, hydrophobic/hydrophilic and affinity interactions. Non-covalent immobilization often results in a less stable immobilization. Affinity based interactions such as receptor -substrate recognition (e.g. biotin -avidin) or antibody -antigen detection are widely used since they are very robust and specific.

Ionic coupling

Ionic adsorption is a simple one-step method to immobilize molecules. Principally, charged biological species can be coupled to a surface with an opposite charge. Binding can be stronger when the amount of charges on the surface and the biomolecule is higher providing so-called multi-punctual binding [START_REF] Conde | Revisiting 30 years of biofunctionalization and surface chemistry of inorganic nanoparticles for nanomedicine[END_REF]. This method is directly related to the adsorption of negatively charged nucleic acids (e.g. DNA or RNA) to positively charged surfaces. Proteins such as antibodies can also be electrostatically adsorbed to the surface. This issue is directly related to their isoelectric point (pI) and the pH at which biological molecules are neutral (106). By varying the pH of a system, it is possible to couple a variety of proteins: cationic, anionic or neutral (105). However, this example also indicates the extreme sensitivity of ionic coupling technique and potential ease of biosensor degradation in variable conditions. This strategy is therefore rarely used for biosensing applications but it has to be taken into account as it often leads to non-specific interactions with a complex solution.

Hydrophobic coupling

Similar issues as ionic coupling concern also hydrophobic (and analogicallyhydrophilic) interactions. Proteins and antibodies can be adsorbed to the hydrophobic surface directly or by previous modification with a functional hydrophobic group, for example cholate or cholesteryl (107). As in the case of ionic binding, hydrophobic conjugations also suffer from the need to modify native biomolecule that might affect its activity. Similarly, controlling the orientation and the amount of molecules is of paramount importance.

Affinity interactions

Immobilization via affinity interactions is based on the selective affinities of biological species that can be applied to surface functionalization. Herein three of the most often-used affinity-based conjugation strategies will be presented: biotin -avidin interaction, antibody -antigen interaction and immobilization via a histidine tag [START_REF] Wegner | Fabrication of histidine-tagged fusion protein arrays for surface plasmon resonance imaging studies of proteinprotein and protein-DNA interactions[END_REF].

Other techniques also used to conjugate biomolecules are: glutathione S-transferase (GST) tag and maltose binding protein (MBP) tag methods (108).

Biotin -avidin interactions. Biotinylation of surfaces or biological molecules is a common strategy as biotin can be easily introduced into oligonucleotides and proteins 

Challenges for biosensor development

The development of surface based biosensors requires solving complex problems.

A number of divers factors can play an important role in controlling the optimization of a device. Some of these aspects will be discussed below.

Complexity

An attractive possibility offered by biosensor technology is to mimic some extent conditions that are prevalent in a cell. However, it is difficult to precisely imitate in vivo conditions, thus a proper approximation is desired. Nevertheless, control of parameters, such as density, orientation, flexibility and surface rugosity coupled with changes in the local environment on the surface (pH, temperature, viscosity) offers unique possibilities to approach in vivo conditions. Furthermore, the enzymatic activity of biological molecules at or close to a surface may also be affected thus opening up novel functional interpretations.

Finally, an important point concerns the relationship between the actual copy number of biological species in a single cell and the situation on the biochip. The number of biomolecule copies in a cell is generally relatively low. For example, within a cell population a typical single cell contains from one (haploid) to two (diploid) copies of genetic material. In E. coli population, protein copy numbers range in average from 10 -1 to 10 4 per cell, while mRNA copy numbers from 10 -3 to 10 1 per cell. In Saccharomyces cerevisiae, cells were estimated to contain 10 1 to 10 5 copies of protein and only 10 -1 to 10 2 copies of mRNA. Similarly, in mouse fibroblasts, the copy numbers of protein and mRNA were calculated to be 10 2 to 10 8 and 1 to 10 4 , respectively (111). On the other hand, the amount of (bio) molecules immobilized on a sensor surface or delivered to a chip is often a few orders of magnitude higher. Therefore, results obtained in vitro are averaged with the assumption that similar effects occur in crowded but heterogeneous cellular conditions.

Nonspecific interactions

Reducing or even eliminating nonspecific interactions in surface based biosensors is of paramount importance. Nonspecific adsorption in a biosensor can occur at two levels: during surface functionalization when a (bio) molecule is immobilized on the sensor surface or during the recognition event when an analyte is presented to the target at the surface.

Nonspecific interactions, especially in a quantification context can completely falsify the results. Firstly, because they introduce competing reactions to that which one is trying to fit to a specific model. Secondly, they can severely reduce the active concentration of analyte available for the specific interaction. Thirdly, nonspecific interactions between the surface and immobilized molecules can cause conformational changes that affect the active site and successively decrease the level of possible interactions. Finally, inefficient coupling of ligands to a surface can affect the function of the immobilized ligand and in many cases induces aberrant binding behavior.

As outlined above, surface chemistry and knowledge of the physical chemistry of the surface-liquid interface have a large extent attempted to solve these problems. In addition, other parameters must be optimized; one of the most important of these concerns microfluidics.

4.3.Microfluidic systems in the surface dependent biosensors

In resent years microfluidic systems have attracted significant attention in applications to many important fields, such as clinical diagnostics, chemical analysis, environmental monitoring, drug discovery or biosensing (112,113). The main concept of microfluidic biosensors is to integrate the analytical functions necessary for biochemical analysis onto a chip, including sample preparation, surface pretreatment, detection of interactions and eventually separation or sorting of analytes. Microfluidics add numerous advantages in biosensing applications, including: reduced consumption of samples and reagents, laminar flow, improved kinetic analysis, sample recovery and homogenous distribution. The high surface to volume ratio enhances analyte mass transport, resulting in shorter assay processing time and increased detection limit [START_REF] Huang | Localized surface plasmon resonance biosensor integrated with microfluidic chip[END_REF].

Additionally, biochemical reactions are more efficient due to the reduction of dilution and diffusion effect. Microfluidic systems are easily automatized. Experiments may be sequenced and controlled for better efficiency and precision. However, it is important to note that analytes in microfluidic systems are exposed to extraordinary physical conditions, such as high surface tension or high interface-to-volume ratio. Therefore analytical information might significantly differ from that predicted or obtained by conventional bulky methods (114).

Plasmofluidic systems -microfluidics into SPR devices

The combination of microfluidics and plasmonics in sensing applications is well established and has been successfully applied into surface plasmon resonance (SPR) based biosensors (115). SPR technologies integrated with microfluidics are broadly commercialized, e.g. in BIAcore, Horiba or GWC systems. Customized SPR with modified fluidic systems have also been adapted to specific applications.

The combination of a multiplex array with microfluidics allows effective parallelization of numerous experiments on a single chip, e.g. in SPR imaging device or multi-microchannel SPR. Using a microarray with tens to thousands of samples examined at the same time notably reduces the procedure costs and analysis time.

An important advantage of microfluidic systems is the autonomy. Analyte flow rate, pressure and the injected volume can be modified. Multiple valve injectors allow complex experiments to be programmed where several samples are subsequently injected without introducing undesired dead volumes or any disturbance in the flow.

A microfluidic flow cell by definition is small, in the range of tens of microliters, thus it can be filled quickly with a reduced dilution effect. Although in principle a refractive index sensor is almost insensitive to volume changes of the sensing cell, the efficiency of a biosensor may be lowered by the rate at which analyte is transported to a transducer (116). Therefore, precision in cell design and an optimized flow rate are important to perform an efficient analysis.

The constant development of microfluidic based biosensors is of interest in many research groups. Fusion of microfluidics and plasmonics has been already successfully applied in SPR biosensors, 'lab-on-a-chip' and 'point-of-care' devices. Further progress in this field will be focused on both: improvement of sensing and finding new applications, including real sample detection and analysis.

Mass transport and analyte recapturing

Data obtained from SPR experiments generally cover the whole recognition process, including association and dissociation constants. Diffusion, mass transport and analyte rebinding are effects that may significantly disrupt the interpretation of kinetic data and the estimated rate constants obtained from SPR experiments. When the binding process is diffusion limited, the sensor detection limit and response time are altered by the analyte mass transport. The mass transport is dependent on numerous factors, including diffusion coefficient, analyte flow rate and flow cell dimensions (117).

The concentration of analyte passing from the bulk solution to the surface is not constant over time. Under certain conditions analyte concentration in the immediate vicinity of the sensing surface could be severely depleted. In this case (generally explained by a rapid association rate between the immobilized ligand and the analyte) the rate-limiting step becomes diffusion of the analyte from the bulk to the surface. As a result, the estimated association rate value actually reflects this rate rather than the chemical reaction (118). Additionally, after dissociation of the analyte from the ligand, the analyte can be eventually recaptured to an adjacent ligand thus reducing the apparent dissociation rate.

To identify and overcome this artifact, it is necessary to inject the analyte at different flow rates and/or decrease the density of immobilized ligands. High flow rate will prevent dilution of sample, reduce the height of the unstirred solvent layer and increase the transport rate of analyte to and from the surface (117). Low density of immobilized ligand will minimize crowding effects on the sensor surface and prevent analyte from being recaptured before complete dissociation. Another possibility is to include a mass transport effect as an additional step in the binding reaction:
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The step A0 ⇄ A stands for the transport of the analyte in the bulk solution to the sensor surface with a transport coefficient km, while A + B ⇄ AB stands for the binding of the analyte to the immobilized ligand on the sensor surface. This assumption allows better calculation of kinetic rates [START_REF] Agonafer | Study of Insulating Properties of Alkanethiol Self-Assembled Monolayers Formed Under Prolonged Incubation Using Electrochemical Impedance Spectroscopy[END_REF].

RNA metabolism and gene expression processes

The first step in gene expression involves production of RNA transcribed from a DNA template. The flow of genetic information is often presented by the so-called central dogma of biology (Figure 1.23). Information contained in a sequence of DNA is both replicated in order to duplicate the entire genetic material before cell division and transcribed selectively into RNA. Subsequent to transcription, information from the RNA sequence is decoded into a sequence of amino acids that build proteins during the translation process. RNA has three main roles in protein synthesis. First, messenger RNA (mRNA) carries information about the correct order of amino acids present in a synthesized protein that exists in a form of three successive nucleotides (this triplet is called a codon). Second, transfer RNA (tRNA) transports a specific amino acid and acts as a transducer interprets the information stored in mRNA with the help of a third type of RNA, ribosomal RNA (rRNA) to produce a linear sequence of amino acids. 

Gene expression in Prokaryotes

Gene expression is the entire process where the information encoded in DNA is transferred and decoded to produce proteins. This process differs significantly in its details and complexity between Archeae, Prokaryotes and Eukaryotes and in this dissertation only that which concerns Prokaryotes will be described and discussed.

DNA-dependent synthesis of RNA

Unlike DNA polymerase, transcription of RNA by an RNA polymerase (RNAP) does not require a primer. Synthesis of RNA using DNA-dependent RNA polymerase (RNAP) is composed of three main phases: initiation, elongation and termination. Regulation of transcription occurs at each of these levels, however, the main focus of regulation of transcription occurs during polymerase binding and the initiation of transcription.

RNAP elongates an RNA strand by adding ribonucleotide units to the 3'-hydroxyl end, thus synthesizing RNA molecules in the direction 5' → 3'. The transcription initiation process is complex and consists of several intermediate states (130):
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In this scheme, R stands for RNAP, P -promoter, RP -transcribing complexes, RPinitthe initiating transcription complex and TC -the elongation complex. After recognition of the promoter sequence, RNAP interacts with a promoter DNA forming a thermodynamically unstable closed complex (RPc) which further isomerizes into a thermodynamically stable locally melted open complex (RPo) (131-133). Conformational changes accompany the transition from the initiation to the elongation phase of transcription. This transition causes the movement of the transcription complex away from the promoter site (this process is also called promoter clearance).

However, before the complex leaves the promoter definitively, abortive and repetitive initiation occurs and results in the synthesis and release of numerous short transcripts. After formation of the first RNA phosphodiester bond, RNAP may be trapped in an abortive mode (134, 135). The enzyme can initiate transcription and elongate a few nucleotides (from 2 to 16 nt) without dissociating from the promoter. If the promoter clearance step is slow, short oligomers are released and re-initiation can occur many times before a runoff transcript is produced (136). The distribution and amount of the abortive initiation products vary significantly depending on the DNA template and RNAP.

Transcription elongation phase

In Prokaryotes, the movement of the transcription complex away from the promoter site and start of the elongation phase are tightly associated with the rearrangement of the RNAP structure. The spatial orientation of the transcription complex components changes significantly during the transition from the initiation to the elongation phase that takes place when 9 -12 nt of nascent RNA are synthesized (137). This transition is associated with σ 70 subunit translocation. The σ 70 subunit is either stochastically released from the transcription complex (138, 139) or remains associated, however its affinity for the complex decreases (140, 141). The associated σ 70 factor continues scanning DNA for the promoter-like sequences that may induce transcriptional promoter-proximal pausing (142, 143).

Afterwards, the RNAP proceeds along the template DNA, melting the downstream dsDNA without the necessity of a separate helicase protein, and hybridizing the strands behind.

The rate of RNA elongation is non-uniform: pausing, arresting and termination during RNA synthesis occurs regularly (144). Pausing is a temporary delay in RNA synthesis that is modulated by various supporting proteins or other types of signals (145,146), such as interactions between a nascent RNA hairpin and an RNAP (147).

Pausing is considered to be an important element of the control of gene expression through the regulation of the rate of transcription elongation.

Transcription termination phase

Control of specific termination of RNA synthesis is essential in order to not release pre-mature RNA transcript that would enable the synthesis of a protein. Therefore

Prokaryotes have developed two main transcription termination processes: factor ρ- In ρ-independent transcription (also 'intrinsic') termination, synthesized RNA transcript has a self-complementary sequence that forms a GC-rich hairpin structure of length of 15 to 20 nt (Figure 1.27a). This structure causes conformational changes leading to structural isomerization, followed by transcription termination and nascent RNA dissociation (148, 149).

In the case of the ρ-dependent terminators (Figure 1.27b), ρ factor (an RNAdependent ATPase (150)) interacts with a nascent RNA and migrates until it reaches a transcription complex in the termination site where it participates in releasing of an RNA oligomer (151-153). However, the overall mechanism of ρ mediated termination is still largely unknown.

Regulation of RNA transcription and gene expression in E. coli

Transcription is the first step in the complex and energy-requiring pathway of gene expression and protein synthesis. In order to economize energy, this process must be strictly controlled and regulated, especially in the early initial stages.

The E. coli genome encodes for more than 250 additional regulatory proteins that participate in the control of RNA transcription and gene expression in vivo. They are generally called transcription factors and usually are grouped as activators and repressors (154). One of the major activator proteins in E. coli is the cAMP receptor protein that increases the transcription of genes coding for enzymes that participate in the metabolism of sugars other than glucose in the absence of glucose in the cell (155).

Similarly, the lac repressor is one of the best-characterized repressors that blocks transcription of certain genes for lactose metabolism during the absence of lactose (156).

Escherichia coli RNA polymerase

Escherichia coli is a model organism used in numerous studies concerning biochemical and biophysical processes that occur in Prokaryotes. Nowadays, RNA transcription and the structure of E. coli RNAP are relatively well characterized and described in the literature.

Construction of E. coli RNA polymerase

The DNA-dependent RNA polymerase (RNAP) of E. coli is a multisubunit protein 

Sigma subunit

The σ subunit interacts transiently with the core enzyme and promotes specific binding to the DNA promoter site. It is responsible for the initiation of transcription by

formation of an open complex and entry of RNAP into a transcription start point on the DNA (157). When the σ subunit is released, it leaves a core RNAP engaged in a growing, nascent RNA chain. This leads to the start of the 'sigma cycle' (158).

The σ subunit in E. coli RNAP exists in several forms, however the most common is a 'housekeeping sigma' σ 70 , so named because of its molar mass of 70 kDa. E. coli RNAP holoenzyme can be constructed also with other σ factors, such as σ 32 (32 kDa) that interacts with heat-shock genes and is specific to heat-shock promoters (159) or σ 54 that occurs during a nitrogen starvation and recognizes promoters for genes encoding enzymes needed for recycling of organic nitrogen compounds (160). Using different σ subunits coordinates the expression of various genes in a cell, depending on the cell's physiology and various stress conditions. A host of different σ factors exist in a range of prokaryotic organisms (161).

Other subunits

The subunits that constitute the E. coli RNAP core enzyme have a well documented role in enzyme structure and function (162). Available crystallographic data of the core and holo enzymes have produced high resolution models of the 3D structure of RNAP and provided information on the role of individual subunits (163). For instance, the α subunit recognizes an AT-rich recognition element within DNA promoters located in the region between -40 and -60 (with respect to start site for RNA production) of certain highly expressed genes and the large subunits β and β' form the catalytic active center of the enzyme. The ω subunit is not essential for transcription, however it stabilizes the enzyme by assisting in subunit assembly.

LacUV5 promoter

Extensive studies of the fine positioning of RNAP on the lacUV5 promoter have allowed a detailed characterization of transcription in E. coli. LacUV5 is a relatively strong promoter that has been well described in terms of the recognition process and the formation of a kinetically competent transcription complex (164). 

T7 RNA polymerase

T7 RNAP encoded by the bacteriophage T7 is a single subunit enzyme of molar mass 98.8 kDa. Thanks to its relative simplicity, it is commonly used as a model system for biochemical and biophysical studies of a transcription process and the structure of DNA-dependent RNAP. The enzyme is very active in vivo and in vitro, using both linearized and supercoiled DNA templates. T7 RNAP is highly selective for its promoters and it is capable of transcribing any DNA template linked to its promoters without any additional proteins (168).

The highly conserved 23-nucleotide sequence (TAATACGACTCACTATAGGGAAA) recognized as a T7 promoter is situated from -17 to +6 on the template DNA with respect to the start site of transcription (169). Although the consensus promoter sequence ends at -17, footprinting experiments suggested protein-DNA contacts as far back as -21 (170).

Simplified initiation kinetic studies suggest a two-step DNA binding mechanism:

where RNAP (R) binds to the DNA promoter (P) and forms a closed complex (RPc) that isomerizes fast to an open complex (RPo) followed by the synthesis of RNA in the presence of four ribonucleotides (NTPs: ATP, UPT, GTP and CTP) (169, 171).

T7 RNAP also enters into an abortive cycling phase of transcription and synthesizes a large amount of small oligoribonucleotides of lengths from 2 to 12 nt (172). T7 RNAP has an elongation rate in vitro of ∼230 nt/s (173) that is about six times faster than that from E. coli RNAP.

Kinetic characterization methods

Initial studies on the kinetics and physical properties of E. coli RNAP were carried out by McClure in the 1980s (136, 174). They were performed by measuring steady state kinetics (164, 174). Since that time, numerous techniques have been used to characterize interactions occurring during the transcription process, including: abortive initiation assays, kinetic burst experiments, filter binding assays, footprinting and chemical modification of DNA, quantitative transcription, template competition assays or stopped flow kinetics (175). However, the majority of these techniques have limitations, such as studies in a bulk or homogenous solution that are not compatible with in vivo conditions that are known to be extremely crowded and in a heterogeneous and variable environment. Therefore, surface plasmon resonance (SPR) techniques have recently attracted significant attention as a robust alternative for the analysis of nucleoprotein interactions in real time in very confined conditions [START_REF] Pemberton | Real time in vitro analysis of transcription by RNA polymerase on immobilized DNA fibres[END_REF]175) that may artificially simulate a crowed environment. SPR is used to measure small changes in refractive index linked to the mass variations occurring on the sensor surface. This technique serves for measuring interactions between DNA immobilized on the surface and proteins in solution and can be used to monitor binding of RNAP to DNA templates, forming the active initiation or elongation complex [START_REF] Pemberton | Real time in vitro analysis of transcription by RNA polymerase on immobilized DNA fibres[END_REF][START_REF] Greive | Monitoring RNA transcription in real time by using surface plasmon resonance[END_REF].

OBJECTIVES AND MOTIVATIONS

Gene expression is a crucial process occurring in each living cell and leads to the synthesis of a functional gene product based on the information stored in the genetic material and transferred during multiple steps, involving transcription, translation and protein maturation. The process is highly regulated at each level but a major part of the control is associated with the initial phase of transcription where DNA is copied to RNA transcripts by the DNA-dependent RNA polymerase (RNAP). Although the transcription process is relatively well characterized especially in Prokaryotes, many elements concerning RNAP and its interactions with the DNA template remain poorly understood, especially with respect to the dynamics of promoter recognition, escape and elongation in a cell like context where molecular density, concentrations and nearest neighbour effects are prevalent.

The goal of this thesis was to develop a robust method that would allow real time monitoring of RNAP activity in vitro in thoroughly controlled conditions. Special attention has been focused on surface-based biosensors that could be used to characterize the main steps of the transcription reaction: recognition and binding of RNAP to a specific promoter sequence of DNA, subsequent isomerization and formation of a transcription complex, transcription and synthesis of an RNA strand and finally termination.

Optofluidic surface-based biosensors are known from their high sensitivity and the possibility of real time process monitoring, factors that are extremely useful for affinity determination and kinetic analysis. For example, in Surface Plasmon Resonance (SPR), the principles of detection are based on the real time monitoring of differences in the reflectivity of p-polarized light at a fixed angle due to changes in mass at the interface between the sensor surface and its surrounding solution. These changes necessarily occur between a ligand (e.g. DNA template) immobilized on a sensor surface and an analyte (e.g. RNAP enzyme) passed over the surface in a microfluidic system. In addition, under in vitro conditions in an SPR apparatus, parameters such as temperature, flow rate and composition of the system may be strictly controlled, and indeed the density and orientation of ligands immobilized on the surface could be arranged to approach as much as possible the crowded environment of a living cell.

However, in order to control conditions during the transcription process in surfacebased biosensors special attention has to be paid to the specific immobilization procedure of ligands on a biochip surface. Consequently, to obtain information about the density, specificity and accessibility of immobilized ligands, a detailed characterization of the functionalized surfaces was carried out. Two distinct surfaces -polymer coated glass and thin gold layers were biofunctionalized and characterized prior to immobilization of DNA strands in a controlled manner, using a self-assembled monolayer (SAM). Several strategies were tested in order to determine the most reliable functionalization method and to obtain a wide range of surface densities -depending on the desired application.

Functionalized surfaces were used to monitor in real time, the kinetics of transcription with two proteins: a monomeric T7 RNAP and a multisubunit E. coli RNAP.

Kinetic analysis was performed to compare the rates of nucleoprotein complex formation and transcription process carried out by these polymerases. Studies were performed using immobilized DNA oligomers with a specific promoter site as a template. Various conditions were tested to obtain relevant kinetic information, for instance the length of the immobilized DNA, the position of the specific promoter sequence with respect to the point of immobilization and the direction of subsequent transcription, i.e. either towards or away from the surface. To confirm that RNA transcription on immobilized DNA fibres took place in the SPRi apparatus, relevant products were collected, detected and characterized.

The future development of this project would involve continuous improvement of biosensors dedicated to in vitro gene expression. Special attention will be focused on the adaptation of the methods and strategies put in place here to other optofluidic systems (e.g. micro ring based resonator or total internal fluorescent reflection microscopy) that would give additional information about the interactions. The final goal is controlled RNA synthesis that would be an intermediate step to investigate real time in vitro protein production.

Chapter II

MATERIALS AND METHODS

Surface fabrication and characterization

All surfaces presented and discussed in this manuscript were fabricated in a clean room from the Institut d'Alembert at the Ecole Normale Supérieure of Cachan. The clean room has a cleanliness class of 100 000, 50% rate of hygrometry and a constant temperature at 21°C.

SU-8 surface fabrication

SU-8 photoresist polymer surfaces were fabricated on 2-inch silicon wafers (ACM-PVD, France) and microscope glass slides as described in (176). Briefly, before the deposition procedure, silicon wafers were cleaned for 10 min in the UVO-Cleaner (model 42-220, Jeligth, USA) and glass slides were cleaned with ethanol and acetone followed by cleaning in UVO-Cleaner for 10 min. 2 -3 µm thick SU-8 films were obtained by spincoating of SU-8 2002 solution (Micro-Chem, USA) with the following program: 7 s at 500 rpm with acceleration 100 rpm/s, followed by 30 s at 3000 rpm with acceleration 300 rpm/s using Spin-Coater RC8, Suss MicroTech. In order to evaporate a remaining solvent, films deposited on Si wafers were softbaked on a hotplate for 1 min at 65°C, followed by 2 min at 95°C and films deposited on glass slides were softbaked on a hotplate for 6 min at 65°C. Samples were flood-exposed in UV light for 15 to 30 s, using the UV-Aligner MJB4, Suss MicroTech. Post-exposure baking on a hotplate was performed for 1 min at 65°C, followed by 3 min at 95°C for a silicon wafer and 6 min at 95°C for a glass slide. Samples were hardbaked in the oven under three different conditions: at 90°C for 5 h, at 120°C for 3 h or at 180°C for 2 h. The thickness of prepared surfaces was controlled with a contact profilometer (see Section 2.1.3). Surfaces were stored under nitrogen or used directly in experiments.

Gold surface fabrication

Glass slides with evaporated gold thin layers were used to characterize biomolecule immobilization methods. Glass prisms with a high refractive index (SF 10; n=1.707987 at λ=830 nm) were used as a substrate in experiments with a Surface Plasmon Resonance imaging (SPRi). Prisms and microscope glass slides were cleaned by sonication in isopropanol, followed by cleaning with acetone, drying in a nitrogen flow and a 5-minute treatment in UVO-Cleaner. The surface of the microscope glass slide was activated by Reactive Ion Etching (RIE) at 30 mT for 10 min followed by thermal evaporation of few nanometers chromium and 50 nm gold layer at the pressure 6.5⋅10 -6 mbar. The clean prism surfaces were activated by Reactive Ion Etching (RIE) prior to thermal evaporation of a 50-nm gold layer. Prepared surfaces were stored under nitrogen.

Surface characterization

The thickness of freshly prepared SU-8 or gold layers was controlled by a height profile measurement with a Dektak 150 Surface Profiler, Veeco. Thin scratches through the coating gold or SU-8 layer to the surface of a glass slide, prism or silicon substrate were made using a semi-sharp tool. The samples were placed in the stage and the position of the stylus was adjusted and placed close to the scratched area. The surface was scanned by the stylus with a width of 500 -1000 µm using the profile 'Hills and Valleys'. The differences in height between a plain surface and a scratched area were calculated with applied software.

Additionally, the surface topography and the rugosity before and after activation pre-treatment of the SU-8 thin film (description in the following Sections) were controlled by an atomic force microscopy (AFM) Veeco nanoscope V equipped with microcantilever tips OMCL-AC240TS-R3 (Olympus, Japan). Measurements were performed in tapping mode with a scan rate of 1 Hz and scan sizes of 1 and 5 µm. Images were taken at a minimum of three randomly selected areas. The software Nanoscope was used for the post-measurement analysis: option 'Section' was selected to calculate a root mean surface roughness (spectral RMS amplitude).

Water contact angle measurements were performed to characterize the hydrophobicity of the SU-8 surfaces. Measurements were carried out with a Digidrop MCAT Analyser (GBX, France). All measurements were taken at room temperature. 0.5 µl of deionized water droplets were dispensed from a needle and the water contact angle was calculated on captured images 500 ms after the drop deposition on the SU-8

surface. Each given value was the average of five consecutive water contact angle measurements.

Surface functionalization and strategies of biomolecule immobilization

SU-8 thin films and gold thin layers surfaces were functionalized in order to immobilize biomolecules in a stable and controlled manner.

Amide bond formation

Amide bonds are covalent bonds that are formed when the hydroxyl group from a carboxylic acid is replaced by amine or ammonia. Here, amide bonds were formed between the carboxylic group present on a surface and the amine group (-NH2) present on the (bio) molecules: tetramethylrhodamine cadaverine (tamra-cadaverine;

Invitrogen -Molecular Probes) or DNA-NH2 (oligonucleotide modified with an amine group at 5' end).

Functionalization of SU-8 surface. 2-µm-thick SU-8 film was exposed to UV/ozone treatment using UVO-Cleaner (low pressure mercury vapor grid lamp: 28,000 µW/cm 2 at 254 nm). Exposure of the sample lasted from 15 s to 20 min. Pretreated surfaces were immersed in a diluted solution of EDC/NHS (ratio 1:1; EDC: 0.4M N-[3-Dimethylaminopropyl]-N-ethylcarbodiimide hydrochloride; NHS: 0.1M N-Hydroxysuccinimide;

both purchased from Sigma-Aldrich) for 30 -60 min. After rinsing with double distilled water, two protocols were applied: (i) samples were incubated for 1 to 2 hours either directly with 10 µM tamra-cadaverine in 10 mM sodium acetate buffer (NaOAc) pH 5.2

or with 1 to 10 µM oligoDNA-NH2 in PBS (phosphate buffer saline) buffer or (ii) samples Pre-functionalization of gold surface. Glass slides or glass prisms with a 50-nm gold layer were immersed in the solution of 4.5 mM 1-undecanethiol (Sigma-Aldrich) diluted in ethanol for 16 h to create a dense and highly hydrophobic self-assembled monolayer.

Hydrophobic coupling with cholesteryl and cholate moieties

Samples were then rinsed with ethanol for 30 min.

(Bio) molecule immobilization. Different concentrations of DNA-chol and tamra-chol in water, PBS or phosphate buffer were incubated with SU-8 thin film or prefunctionalized gold surface from 1 min to 2 hours and rinsed with an appropriate solution (water, PBS or phosphate buffer, respectively).

Gold -thiol bond formation

Immobilization of DNA oligomers modified with a thiol group in 5' end (DNA-SH)

was performed with a protocol adapted from [START_REF] Nogues | Efficient Antifouling Surface for Quantitative Surface Plasmon Resonance Based Biosensor Analysis[END_REF]. Briefly, a 50-nm gold layer was immersed in a solution containing 0.1 mM of 11-mercaptoundecyl tetra(ethylene glycol) (EG4-OH) diluted in ethanol for exactly 30 s. Afterwards, the gold surfaces were thoroughly rinsed with pure ethanol for 30 min. The DNA solution in water or 0.4 M phosphate buffer pH 7.0 was spotted on the pre-treated surface at different concentrations and incubated overnight in a 100% humid chamber to prevent the DNA solution from drying.

ExtrAvidin -biotin bond formation

Glass slides or glass prisms with a 50-nm gold layer were immersed in a solution containing 0.1 mM of 11-mercaptoundecyl tetra(ethylene glycol) (EG4-OH) diluted in ethanol for exactly 30 s and rinsed thoroughly with ethanol for 30 min. The gold surfaces were then immersed in a solution of 1 mM -S(CH 2 ) 11 (OCH2CH2) 6 -biotin (EG-biot, Prochimia, Poland) for 5 -120 min and rinsed with ethanol for 30 min. Surfaces were incubated for 1 hour with 1 to 100 nM extrAvidin (Sigma-Aldrich) diluted in PBS and rinsed gently with PBS buffer. Biotinylated oligonuceotides (DNA-biot) were incubated on the surface for 0.5 to 2 h in a humid chamber in order to avoid spot from drying.

Immunodetection of biomolecules immobilized on a surface

The interaction between an antigen immobilized on the surface and an antibody delivered to the surface with a microfluidic flow was tested to confirm the specificity of molecule grafting on the surface and their accessibility for interacting. Modified tetramethylrhodamine (tamra) molecule and its specific monoclonal antibody -antitetramethylorhodamine rabbit IgG fraction (anti-tamra, Invitrogen Molecular Probes)

were used to model the antigen -antibody reaction.

Detection on SU-8 surface by fluorescence intensity variation

SU-8 thin films pre-treated as described in Section 2.2.1 were used to immobilize 10 µM tamra-cadaverine (in 10 mM NaOAc buffer pH 5.2) with 1% v/v glycerol. Spots of tamra-cadaverine of diameter ∼300 µl were deposited using a Vikalex Spotter (Vikalex Technologies, France). 10 µg/ml of anti-tamra diluted in PBS buffer was incubated on the tamra-cadaverine functionalized SU-8 film before the surface was rinsed with 10 mM glycine-HCl pH 2.0 to remove retained antibodies. All reactions were performed under liquid on the protected SU-8 surface; microfluidic flowcells were prepared on the glass slides using Sticky Slides VI 0.4 (Ibidi, Germany). Three cycles were carried out for the reaction between immobilized tamra-cadaverine molecules and anti-tamra in the microfluidic flowcell, followed by surface regeneration with a glycine solution.

Fluorescence images were recorded using an inverted epifluorescence microscope (Leica MicroSystems) equipped with a 4× objective and fluorescence filters suitable for tamra (excitation bandpass 510 -560 nm, emission bandpass 590 -680 nm). The average fluorescence intensity was calculated using ImageJ Software (NIH) after subtracting a background for each spot.

Detection on a gold surface by SPRi

0.2 to 1 µl spots of 10 µM tamra-cadaverine were deposited and incubated for 0.5 to 2 hours on the 50 nm gold layer pre-treated as described in Section 2.2.1. 0.2 to 1 µl spots of 10 µM tamra-chol were incubated for 0.5 to 2 hours on the 50 nm gold layer pre-treated as described in Section 2. 

Oligonucleotides and molecular biology methods

Oligonucleotides listed below were used to characterize the biofunctionalized surfaces, to amplify desired DNA fragments and for molecular cloning. The sequence of initially used plasmid (pIVEX 2.3d) can be found in Appendix 1.

Oligonucleotides for characterization of surface biofunctionalization strategies

Modified and non-modified oligonucleotides were used to verify the density and specificity of dsDNA adsorbed to the surface depending on the DNA length (50, 500 and 1000 bp) and analyzed surface chemistry. Short (50 bp) oligonucleotides and primers were purchased from Eurofins and Eurogentec. Oligonucleotides were modified on the 5' end with amine (-NH2), thiol (-SH), biotin (-biot) or tetra-ethylen glycol cholesteryl (-chol) groups and non-modified (-OH). Additionally, a pentathymine spacer (-5T-) was introduced between the functional 5' end group and the DNA sequence.

The shortest oligonucleotides (50 bp) were hybridized by heating the two complementary strands in a molar ratio of 1.1:1 of modified to non-modified strand respectively, for 10 min at 95°C in a PBS or 0.4 M phosphate buffer (pH 7.0) and slowly cooled down to the room temperature. Longer DNA fragments (500 and 1000 bp) were obtained by amplification in 30-cycle standard PCR reactions using one modified ('primer rev') and one non-modified primer ('primer for'). Plasmids 'pIVEX-UV5' and 'pIVEX-NiRFP' were used as matrices to amplify fragments of 500 and 1000 bp, respectively. 

Labeling and modifications of DNA oligomers

Oligonucleotides and primers were purchased from Eurofins and Eurogentec. They were modified at the 5' end with amine (-NH2), thiol (-SH), biotin (-biot) or tetraethylene glycol cholesteryl (-chol) groups and non-modified (-OH). Additionally, the functional group was separated from the relevant sequence by a pentathymine spacer (-

5T-).

32 P-α ATP nucleotide was used to label DNA oligomers at the 5' end. 25 µl DNA at a high concentration (usually 100 µM) was incubated with 4 µl 32 P-α ATP and 2 µl polynucleotide kinase (PNK, New England Biolabs) in 50 µl reaction mix at 37°C for 30 min and afterwards purified using Bio-Spin 6 size exclusion microcolumn (BioRad). 32 P-γ ATP nucleotide was used to label DNA oligomers at the 3' end. 25 µl DNA at a high concentration (usually 100 µM) was incubated with 4 µl 32 P-γ ATP, 2 µl transferase terminal (New England Biolabs) and 5 µl CoCl2 in 50 µl reaction mix at 37°C for 30 min and afterwards purified using Bio-Spin 6 size exclusion microcolumn (BioRad).

RNA synthesis and kinetic analysis of formation DNA -RNA polymerase complexes

RNA synthesis reactions were performed with special attention to keep RNase-free conditions. RNA synthesis was carried out with two DNA-dependent RNA polymerases (RNAP): (i) bacteriophage T7 RNA polymerase (T7 RNAP, Thermoscientific) and (ii)

Escherichia coli RNA polymerase holoenzyme (E. coli RNAP, Tebu-bio). Circular plasmids or DNA oligomers as listed in Appendix 1.3 were used as a matrice to synthesize RNA strands. 

In vitro RNA synthesis and characterization

Characterization of interactions DNA -RNAPs using SPRi

Monitoring the interactions between DNA and RNA polymerases using the SPRi-plex GenOptics apparatus was performed in order to characterize the kinetics constants of 

Synthesis of RNA using SPRi

All materials (pre-functionalized prism, buffer compositions and reaction mix) were prepared as described in the previous Sections. analyzed and translated into a digital response. It is therefore imperative that special attention is paid to the properties of the biosensor surface (the biochip).

In the design of biosensor surfaces many characteristics need to be taken into consideration including hydrophilicity/hydrophobicity, roughness, and the amount of accessible functional groups. In general developments, functionalization can be universally applied to both, 2-and 3-dimensional objects (e.g. flat surfaces, micro-and nanoparticles). However, each method must be optimized for the particular case due to the complexity of the biosensor field. As a general principle, functionalized supports must be biologically inert, limiting non-specific interactions to a minimal level and optimizing parameters such as the density and accessibility of immobilized molecules.

In the present studies two substrates were functionalized, characterized and applied to biosensing: negative photoresist polymer SU-8 films and thin gold layers. SU- and gold surfaces. Special attention was been paid to determine the density and accessibility of immobilized molecules as well as the level of non-specific interactions and the optimization of the approach was designed with this in mind.

SU-8 surface biofunctionalization by UV/ozone (UVO) activation

Thin films of SU-8 negative photoresist polymer were functionalized by exposure to UV/ozone (UVO) radiation. The hypothesis was that this pre-treatment method was effective in breaking surface-exposed epoxy groups and, by creation of hydroxyl and carboxyl groups, increased the hydrophilicity and enhanced functionality of the polymer film. Analysis of the SU-8 thin film after UVO pre-treatment was performed in order to characterize the properties of activated SU-8 surface and establish optimal conditions to control covalently bound molecules.

Covalent immobilization of two distinct molecules via amide bond formation was characterized. Firstly, a small fluorescent molecule -tamra-cadaverine was adsorbed on the pre-treated surface in order to obtain data about the density and accessibility of immobilized ligands. Secondly, DNA oligomers modified with amine groups were immobilized to determine if the functionalization method was universal and could be transferred to other applications in biosensing, different than those already described micro ring based resonator (20).

These studies have been published (176). A copy of this peer-reviewed article can be found in Appendix II. Biofunctionalization of the thin (~2 µm) SU-8 film that was developed during these studies was carried out using two distinct methods: covalent (bio) molecule grafting to the surface pre-treated with UV/ozone (UVO) exposure, followed by amide bond formation, and non-covalent immobilization of cholesteryl-and cholate-modified molecules based on hydrophobic coupling to the SU-8 surface. SU-8 surfaces, functionalized with these methods have found applications as a support to immobilize ligands in optofluidic biosensors, such as micro ring resonator (20). Additionally, results from the hydrophobic coupling method could be applied directly to the functionalization of the 50-nm thin gold layer used in Surface Plasmon Resonance imaging (SPRi).

UV/ozone (UVO) surface pre-treatment

UV/ozone (UVO) treatment is an inexpensive, fast and convenient method applied to modify the surfaces of various polymers (192)(193)(194). Although, short UVO treatment has relatively weak oxidizing power, exposure to UV radiation increases the polymer surface energy by breaking molecular bonds on the surface (e.g. in epoxy groups) and ozone aeration which adds polar oxygen atoms to create carboxyl and hydroxyl groups (194). It increases the hydrophilicity and improves wettability properties. UVO exposure is applied as a robust pre-treated method to activate the surface, followed by molecule adsorption or immobilization.

Characterization of SU-8 surface after UV/ozone treatment

SU-8 polymer thin film was exposed to UVO in order to improve its reactivity and to optimize its use in biology related applications, such as surface-based biosensors.

To prepare a thin SU-8 layer, the solution of monomeric SU-8 2002 was spincoated on a glass or silicon substrate, followed by hard-baking in three different conditions: 90°C for 5 h, 120°C for 3 h and 180°C for 2 h in order to access a range of cross-linking densities on the SU-8 polymer surface (195,196). The degree of SU-8 reticulation, and thus the amount of reactive epoxy groups present on the surface, was largely dependent on the hard-baking step (195)(196)(197). Such-hard-baked surfaces were Roughness is an important factor for the characterization of surfaces for biosensing applications. It can increase significantly the surface area, thus the molecular density and accessibility of immobilized ligands would be different than in the case of a 2-dimensional atomically flat surface. However, if the surface roughness is smaller than the size of molecules, one can assume a two-dimensional geometry of the area that is desired for the determination of the number of (bio) molecules bound to the surface.

Surface roughness values may be obtained directly from surface-profile or AFM measurements (198). AFM provides images of surface topography by mechanically moving a probe tip across the sample to detect the morphology of the surface. Data can then be analyzed in a dedicated software program to identify various parameters, such as root-mean-square (RMS) roughness and peak-to-valley roughness. FT-IR spectra performed before and after 30 s and 5 min UVO exposure (Figure 3.4) demonstrated significant changes in the intensity of several peaks. While the intensity of peaks corresponding to the long molecular chains of SU-8 polymer was not affected by UVO treatment, significant variations were observed for peaks corresponding to epoxy groups and to carboxyl groups (197). As the UVO treatment time increased, the intensity of the signal from the epoxy groups decreased concomitantly with an increase in peak intensity corresponding to carboxyl groups. Most of the epoxy groups within the thin SU-8 layer were cross-linked during the post-exposure baking step (197), thus it was deduced that the small peak intensities of the epoxy groups corresponded to epoxy groups present on the surface of the SU-8 film.

In addition, the increase in carboxyl group peak intensity after 5 min of UVO treatment was larger than the decrease in the intensity of the epoxy groups peaks, indicating that oxidation of SU-8 was reaching the bulk of the SU-8 layer after relatively long UVO exposure times (5 min). Therefore, activation of the SU-8 surface with 30 s UVO exposure time should allow efficient (bio) molecule immobilization. Of particular interest was that, although there was the presence of carboxyl groups and lower peak intensities corresponding to epoxy groups on the SU-8 film hard-baked at 120°C for 3 h before UVO treatment, yet no carboxyl groups were detected on the SU-8 film prepared under the other two hard-baking conditions. The presence of carboxyl groups on the SU-8 surface could be due to oxidation of epoxy groups at the surface and/or to the presence of some residual solvent from the thin SU-8 film (195). This observation was, in both hypotheses, coupled with a lower peak intensity of the epoxy group on the surface of SU-8 hard-baked at 120°C for 3 h than with the other hard baking conditions.

FT-IR revealed that changes in the oxidation state of the SU-8 layer occurred both at the surface and in the bulk of the SU-8 film for long UVO exposure times (up to 5 min).

While the amount of reactive epoxy groups on the SU-8 surface was defined by the degree of reticulation of the polymer upon the post exposure hard-baking, the surface density of carboxyl groups could be potentially controlled by short UVO exposure time (30 s). Consequently, the exposure time of SU-8 microstructure to UVO should allow modulation of the surface density of subsequent (bio) molecules following chemisorption.

Covalent binding of tamra-cadaverine to the surface

The potential of binding (bio) molecules on UVO activated SU-8 thin films was tested with the chemisorption of tamra-cadaverine. Tetramethylrhodamine 5carboxamide (tamra) cadaverine contains a diamine cadaverine that has one free amine For the SU-8 not exposed to UVO treatment, the density of surface retained tamracadaverine was not negligible. In addition, the surface molecular density after sonication was significantly lower than for samples rinsed thoroughly and agitated in a large volume of buffer, indicating that the retained molecules were covalently attached to the SU-8 surface. It followed that the presence of residual reactive epoxy and carboxyl groups at the interface, highlighted by FT-IR (Section 2.1 and Figure 3.4), was in itself sufficient to allow some specific binding. Secondly, the molecular density on the surface increased for UVO treatment shorter than 1 min and decreased significantly with longer exposure. In all cases, removing most non-covalently bound molecules via sonication of samples strengthened the observation that the UVO exposure of SU-8 surfaces between 30 s and 1 min created the highest density of reactive carboxyl groups at the interface.

Longer UVO activation time most likely oxidized SU-8 surfaces forming unreactive chemical groups, leading to lower densities of bound molecules. To conclude, the highest density of immobilized molecules (1.9⋅10 10 molecules/mm 2 ) was obtained when SU-8 thin films were exposed to UVO radiation for 30 s or 1 min. without UVO surface treatment, confirming the specific adsorption of tamra-cadaverine on the SU-8 surface. The tamra-cadaverine density on the surface without UVO was three times higher after pre-incubation with EDC/NHS than without EDC/NHS pretreatment, confirming the presence of COOH groups on the surface hardbaked at 120°C for 3 h and the low level of non-specific interactions (corresponding to 1/3 of the specifically bound tamra-cadaverine). After 30-s UVO exposure the level of non-specific binding of tamra-cadaverine increased three fold (when no EDC/NHS was applied to the surface) relative to the SU-8 surface without UVO treatment. Finally the surface density was 1.4⋅10 10 molecules/mm 2 while the non-specific interaction was 9.0⋅10 9 molecules/mm 2 when both UVO and EDC/NHS were applied to the SU-8 surface prior to the tamra-cadaverine deposition. It is important to note that the amount of non-specific interactions of tamra-cadaverine with the SU-8 surface after UVO treatment and with EDC/NHS pre-treatment was expected to be significantly lower than the non-specific interactions when no EDC/NHS was employed. Indeed, EDC/NHS pre-treatment activated COOH groups therefore the specific interaction (formation of an amide bond)

was largely favored over the non-specific interactions, as demonstrated on the sample with no UVO treatment.

Although rinsing SU-8 surfaces by sonication was shown to remove non-covalently bound molecules efficiently, it may pose a problem for biological applications through denaturation of biomolecules, such as proteins or dsDNA. Thus, to decrease non specific interactions of tamra-cadaverine and subsequent anti-tamra adsorption with the SU-8

surface, the effect of pre-functionalization with carboxyl-amine n-ethylene glycol (CA(EG)8 and CA(EG)24) was studied [START_REF] Nogues | Efficient Antifouling Surface for Quantitative Surface Plasmon Resonance Based Biosensor Analysis[END_REF][START_REF] Nogues | Characterisation of Peptide Microarrays for Studying Antibody-Antigen Binding Using Surface Plasmon Resonance Imagery[END_REF]201).

The influence of the EG chain-length and short UVO treatment on the density of tamra-cadaverine for each SU-8 hard-baking condition is presented in Figure 3.7c.

Short-time UVO treatment was shown to significantly increase tamra-cadaverine density on the bare surface for the three hard-baking conditions (Figure 3.7c, no EG).

Furthermore, it was clearly demonstrated that hard-baking conditions influenced molecular density. Thus, in agreement with data presented above and for samples with no UVO treatment and no EG, the tamra-cadaverine surface density was the highest after hardbaking at 120°C for 3 h. Although pre-immobilization of CA(EG) 8 or CA(EG) 24 did not significantly influence tamra-cadaverine surface density for SU-8 film hard-baked at 90°C for 5 h and 180°C for 2 h, a lower tamra-cadaverine surface density for samples pre-functionalized with CA(EG) 8 or CA(EG) 24 and hard-baked at 120°C for 3 h was observed. Comparing with the tamra-cadaverine surface density after sonication (Figure 3.7a), the amplitude of the drop in molecular density was similar, indicating that pretreatment of the surface with CA(EG)8 or CA(EG)24 produced an efficient anti-fouling layer. Tamra-cadaverine surface density was lower following immobilization on prefunctionalized SU-8 surfaces than on the untreated SU-8 film rinsed with sonication (9.5•10 9 and 1.3•10 10 molecules/mm 2 , respectively) indicating that the final amount of reactive carboxyl groups was lower. Moreover, the EG chain-length had no influence on the tamra-cadaverine surface density.

SU-8 thin film hard-baked at 120°C for 3 h then activated by 30 s UVO treatment was adopted as a standard protocol for preparing SU-8 surfaces, since it resulted in homogeneous samples with fewer disparities in the density of immobilized molecules (Figure 3.7c). To demonstrate the relevance of the surface modification method for biosensing applications, a quenching assay between immobilized tamra-cadaverine molecules and interacting anti-tamra was performed.

Spots of a diameter of ~300 µm were immobilized on the pre-treated SU-8 surface.

Fluorescent microscope images at different times following injection of anti-tamra across the surface are shown in Figure 3.8a. Injection of anti-tamra caused a decrease in the fluorescence intensity, while surface regeneration with 10 mM glycine-HCl (pH 2.0) was effective in the signal enhancement. The relatively small variations in fluorescence intensity observed during the three cycles of interaction/regeneration may be explained by the low quenching efficiency after complex formation. Indeed, as characterized in the literature, quenching efficiency was not expected to exceed ∼57% of the initial intensity of the free tamra fluorophore diluted in a buffer solution (200). In addition, since the average distance between tamra-cadaverine immobilized on the SU-8 surface was approximately 7 nm (deduced from Figure 3.7c), not all immobilized tamra-cadaverine molecules could be involved in a complex with anti-tamra because of possible steric hindrance. It was demonstrated that the level of nonspecific interactions was high, indicating that the surface was not optimally protected from the non-specific adsorption of DNA molecules, even when CA(EG)8 was applied. A lack of reproducibility and a significant error bar characterized the majority of the results. It is worth noticing that radioactive labeling followed by quantitative analysis is a very sensitive method, allowing the detection of small amounts of material, up to 10 fg of DNA (203). Nevertheless, for the same reason this method demonstrated a very significant dispersion in results. To reduce the amount of these nonspecific interactions, surfaces with deposited DNA were rinsed with 0.1 -1 % sodium dodecyl sulphate (SDS) solutions, since SDS is an anionic surfactant regularly used to lower surface tension and to disrupt non-covalent interactions. The level of nonspecific interactions decreased, however this method was not reproducible in all experiments and thus was not applied further.

Overall, the method presented here was not sufficiently optimized to be used regularly for the specific covalent binding of DNA oligomers to a SU-8 surface. To improve the use of UVO activated SU-8 surface several steps in the protocol need to be adjusted, including protection of the surface from non-specifically bound molecules and optimization of the accessibility of immobilized dsDNA for further reactions, e.g.

interactions with sequence-specific proteins. According to the results presented above, UVO surface treatment can be used as an efficient method to develop SU-8 based biosensors. This method could be applied to immobilize small molecules possessing an exposed primary amine group, such as tamracadaverine. By varying UVO radiation times, one could tune the desired properties of the surface, such as hydrophilicity and density of bound molecules. Relatively hydrophobic surfaces and the highest density of exposed carboxyl groups was obtained for short UVO exposure time (30 s to 1 min) while longer UVO exposure times increased the hydrophilicity of the surface but decreased the amount of accessible carboxyl groups, reaching extreme hydrophobicity after 15 min of UVO exposure. A two-step reaction where the surface was first protected with an ethylene glycol monolayer minimized nonspecific adsorption to the hydrophobic surface.

Conclusions

The example of immunodetection with molecules immobilized to the UVOactivated surface illustrated a reliable biosensing application of SU-8 thin film biofunctionalization. It was demonstrated not only that the surface modification allowed immobilization of biomolecules in a controlled manner but also that it did not impact on the functional integrity of the surface, proving that UVO surface treatment was a very

promising method having a significant potential to be developed in biosensor techniques, such as micro ring resonators (20) or TIRF microscopy.

However, the present method was not transferable for immobilization of other (bio) molecules. The example with immobilized DNA oligomers, that are relatively big molecules possessing numerous charged groups, demonstrated that the surface protection must be optimized. The present protocol, including using short ethylene glycol molecules (CA(EG)8) was not sufficient to specifically immobilize charged molecules, such as DNA oligomers and proteins.

Since the surface functionalization strategy presented above was multistep and not transferable to immobilization of another molecules, an alternative functionalization method based on non-covalent hydrophobic interactions, was developed and the findings are presented below in Section 3. 

Hydrophobic surface biofunctionalization by coupling

Biomolecule synthesis

Cholesterol is composed of a highly hydrophobic sterol skeleton and an aliphatic hydrocarbon tail (Figure 3. 

Tamra-cholate

The fluorescent molecules conjugated with cholesteryl or cholate groups used here were not commercially available. They were synthesized in the laboratory, taking advantage of the presence and accessibility of sodium carboxylate group placed at the extremity of the hydrocarbon tail (Figure 3.9c). Na-deoxycholate was activated with EDC/NHS and conjugated with tetramethylrhodamine (tamra) cadaverine according to the protocol described in Chapter II Section 2.2.

The efficiency of synthesis was controlled using analytical thin layer chromatography. Solutions of conjugated tamra-deoxycholate in ratios 1.1:1, 1:1, 1:2 The upper line represents a solvent front during sample migration.

In order to enforce conjugation of all tamra cadaverine molecules with a Nadeoxycholate, first synthesis was performed with a slight excess of tamra (molar ratio 1.1:1). However, further analysis demonstrated that regardless of the molar ratio (1.1:1, 1:1, 1:2 and 1:4) a comparable amount of tamra-cadaverine molecules was invariably conjugated with Na-deoxycholate, as shown in the developed plate (Figure 3.10, lines 4 -7). Traces visible in the bottom part of the plate most probably came from tamra cadaverine not conjugated with Na-deoxycholate.

Tamra cadaverine deoxycholate ('tamra-chol') molecules used in further experiments were conjugated at the molar ratio 1.1:1 of tamra cadaverine and Na deoxycholate, respectively. It is worth noticing that in the described synthesis the purification step was intentionally omitted. The presence of EDC/NHS would not have had any effect on subsequent experiments, since surfaces were thoroughly rinsed before tamra-chol deposition and prior to any quantitative analysis or other measurement.

Additionally, sample purification in a chromatography column after synthesis required a significant amount of material or resulted in extensive dilution and thus was avoided.

DNA-cholesteryl

DNA oligomers with deoxyribose-cholesteryl modifications are commercially available (Eurogentec company). In this case, the cholesteryl moiety is linked to deoxyribose via a tetraethylene glycol (TEG) spacer (Figure 3.11). Oligomers possessing this modification at the 5' end were immobilized on SU-8 films and thin hydrophobic gold layers, as described in the following Sections. 

Coupling of tamra-chol to the hydrophobic surface

The fluorescent properties of tamra molecules modified with cholate moiety (tamra-chol) were used to optimize conditions for the immobilization of amphiphilic molecules on hydrophobic surfaces. Experiments were performed with SU-8 thin film fabricated as described in Chapter II, Section 2 and hard-baked at 180°C for 2 h, since previous measurements of water contact angle and surface roughness (Chapter III, Section 2.2) confirmed similar values obtained independently from the thin film hardbaking conditions (180°C for 2 h, 120°C for 3 h and 90°C for 5 h). The standard thickness of prepared films was 2 µm ± 15%. Surfaces were used directly to immobilize cholatemodified molecules without any modification and/or activation step.

Influence of the concentration and incubation time

Firstly, the density of immobilized tamra-chol molecules was defined with respect 

μ μμμμ μ

The relatively planar construction of a sterol ring might promote interactions with a hydrophobic support. Here it was assumed that cholate-or cholesteryl-modified molecules interacted with a hydrophobic surface via the sterol ring. Based on data presented in Figure 3.9b and in reference (209), the surface area occupied by a single sterol ring was estimated to be 6.4•10 -13 mm 2 and by a sterol ring with an attached hydrocarbon chain -7.6•10 -13 mm 2 . To estimate the surface occupied by an adsorbed single molecule possessing a sterol ring, both situations were considered, since the position of the hydrocarbon chain may cause steric hindrance and thus the area dedicated to a single molecule would increase. Taking into account these two values, the theoretical maximal density of immobilized cholate-or cholesteryl-modified molecules was calculated to be between 1.3•10 12 -1.5•10 12 molecules/mm 2 . These values were clearly above values obtained experimentally (~3•10 10 molecules/mm 2 ). However, it was hypothesized that the presence of tamra-cadaverine moiety covalently bound to the hydrocarbon chain caused supplemental steric hindrance that might increase the area occupied by a single molecule. In addition, nonspecific interactions between immobilized molecules and a hydrophobic surface could occur. In order to characterize the specificity, accessibility and potential application of immobilized tamra-chol, the studies concerning immunosensing applications were carried out and results are presented below, in Section 3.2.3.

Removal of adsorbed molecules and surface reusability

Immobilization of tamra-chol on the SU-8 surface based on noncovalent hydrophobic coupling is a reversible interaction. In certain situations (e.g. when regeneration of a surface is compromised by the stability of the studied interaction or when it is important to recover material without damaging it) non-covalent binding is of interest as it allows removal of the monolayer and re-immobilization in an identical manner in terms of density and orientation. To establish the most efficient method for surface renewal, the conditions of controlled molecule removal were characterized by studying the influence of the solvent composition, pH, sonication and rinsing time. The list of examined solvents included: water, acidic solution of 1 M sodium acetate (pH 5.2), basic solution of 1 M tris (pH 9.0), organic solution of cyclohexane, acetone and absolute ethanol. SU-8 surfaces with a monolayer of the maximal density (3•10 10 molecules/mm 2 ) formed by immobilized tamra-chol were immersed in the solvents for 1 and 10 min. The amount of molecules remaining on the SU-8 surface was quantified by comparing the densities as illustrated in Figure 3.13. Ethanol and acetone were the most efficient solvents for tamra-chol removal. Neither basic, nor acidic solutions were sufficient to totally remove adsorbed molecules. Also rinsing with water and further 10min sonication of the immersed surfaces did not release all tamra-chol from the surface.

Likewise, cyclohexane did not remove the immobilized molecules and therefore it was considered as an ineffective method. In all the above cases increased incubation time (from 1 to 10 min) did not improve the desorption efficiency. Results in Figure 3.13 demonstrated that ethanol and acetone were considered to be optimal solvents for hydrophobic surface regeneration. To prove that the chosen solvents did not affect the hydrophobic properties of the surface and that the surface could be used multiple times, a 10 µM solution of tamra-chol was incubated on the SU-8 increased and thus hydrophobic interactions between the SU-8 film and sterol rings got weaker leading to tamra-chol desorption.

Additionally, it was demonstrated that the use of ethanol did not have any influence on the surface properties; hence subsequent immobilization of molecules at the same concentration was proved to lead to reproducible molecular surface density.

As stated above, functionalization of hydrophobic surfaces based on amphiphilic molecule coupling is postulated to be a universally applicable technique. To prove it, studies of tamra-chol immobilization on a hydrophobic gold layer were performed.

Solutions of 1-undecathiol in ethanol were used to form a highly hydrophobic selfassembled monolayer on the 50-nm gold layer evaporated on a glass prism. From these results, it was concluded that functionalization of a hydrophobic surface with cholate-modified molecules was a simple and fast one-step method leading to the formation of a monolayer contained immobilized amphiphilic molecules at a
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moderate density that depended on the solution concentration and/or incubation time.

As demonstrated, for low concentrations (≤ 1 µM tamra-chol) the incubation time influenced the density but for higher concentrations, the saturation of the surface was very fast and independent of the incubation time. Undoubtedly, the possibility of complete renewal and re-use of the same surface with a simple immersion in ethanol was a remarkable advantage that allowed work on a fresh monolayer and in addition reduced surface fabrication costs and shortened the manipulation time.

Immunosensing applications

The functionalized hydrophobic gold surfaces with immobilized tamra-chol molecules were used to study the accessibility of immobilized molecules and to demonstrate the relevance of the surface modification method for potential use in biosensing applications. An immunosensing assay between immobilized tamra-chol molecules and anti-tamra antibodies was performed. The test was carried out in an SPRi apparatus, using tamra-chol molecules immobilized on the hydrophobic gold sensor, as described in the previous Section. Non-covalent binding via the hydrophobic interaction was compared to the conventional method of immobilization of (bio) molecules on SPR biochips via covalent amide bond formation between an activated EDC/NHS carboxyl group and a primary amine of tamra cadaverine molecules. In the control system, tamra cadaverine was coupled to the gold surface functionalized with a self-assembled monolayer of short thiolated alkyne chains. Thiolated n-ethylene glycol molecules modified with carboxyl groups (EG-COOH) were coupled with the amine moiety of tamra cadaverine molecules after the activation with an EDC/NHS solution. The detailed protocol can be found in the Chapter II Section 2.1. Additionally, the signal for the dissociation phase in all cases confirmed that interactions between antibody and antigen were extremely stable; a characteristic feature of a typical antibody -antigen interaction measured in SPR [START_REF] Nogues | Characterisation of Peptide Microarrays for Studying Antibody-Antigen Binding Using Surface Plasmon Resonance Imagery[END_REF]213). After relatively long dissociation times (∼20 min), the surface was regenerated in order to remove bound antibodies. Principally, surfaces were regenerated with 10 and 100 mM glycine solution (pH 2.0). However, this method was inefficient and even after numerous regeneration trials, antibody remained bound to the surfaces functionalized in both manners (data not shown). However, in the case of a hydrophobic surface, the injection of ethanol enabled complete removal of antigen from the surface and the surface would be re-used. Therefore, solutions of increasing anti-tamra concentrations (13.5, 20 and 27 nM) were injected after regeneration of the surface with absolute ethanol followed by tamra-chol immobilization (Figure 3.16 a, c, e).

Solutions of anti

These results were correlated with data obtained from various immunosensing experiments between anti-tamra and tamra-cadaverine bound covalently to the biochip surface. BIAevaluation software was used to fit all curves based on a simple Langmuir asymptote model 1:1. Kinetic rates (dissociation rate kd, association rate ka and binding affinity KD) were calculated for n=4 independent measurements for tamra-chol and n=3 independent measurements for tamra cadaverine. Kinetic data for tamra molecules immobilized covalently and non-covalently did not differ significantly from each other and were comparable with previously obtained results describing well-characterized antibody -antigen interactions (214).

Immobilization of DNA oligomers on a hydrophobic surface

The functionalization of a hydrophobic surface via coupling with cholate-modified tamra (tamra-chol) molecules has thus been characterized and the method has been shown to be universally applicable and independent of the nature of the surface, SU-8 thin film or hydrophobic gold layer. In order to examine the efficiency of the method for the immobilization of other (bio) molecules, immobilization of cholesteryl-modified DNA oligomers (DNA-chol) on the hydrophobic surface was characterized. Firstly, a quantitative analysis of immobilized oligomers was performed, depending on the stock solution concentration and incubation time. Afterwards, the established method was applied to examine accessibility of DNA-chol on a hydrophobic gold surface by demonstrating the enzymatic digestion of oligomers. . Two distinct conclusions may be drawn from the data. Firstly, the average density of immobilized dsDNA-chol was about 6•10 10 molecules/mm 2 , independent of the stock solution concentration. Secondly, the density of nonspecifically bound molecules was significantly lower than in the case of DNA-chol. This supported the hypothesis that the presence of cholesteryl moieties promoted interactions with the hydrophobic surface, thus one could assume that immobilization of DNA was specific and mediated via the cholesteryl group. 

Enzymatic digestion of immobilized DNA-chol

As already defined above, the characterized functionalization method was universal and efficient for both cholesteryl-and cholate-modified molecules immobilized on a hydrophobic SU-8 surface and a hydrophobic gold surface. However, to prove the specificity of binding and accessibility of immobilized DNA-chol molecules for further reactions, enzymatic digestion of dsDNA modified with cholesteryl moiety and immobilized on the hydrophobic gold surface was demonstrated.

Previously hybridized dsDNA-chol containing a sequence recognized by BamHI endonuclease (sequences of oligonucleotides listed in Appendix I) was immobilized on the hydrophobic gold surface. Over-night immersion of the 50-nm gold layer evaporated on a glass prism in a solution of 1-undecanethiol in ethanol (procedure described in Chapter II, Section 2.3) caused formation of a hydrophobic self-assembled monolayer on the gold surface that was used for direct coupling of dsDNA-chol. The surface was inserted in the SPRi apparatus followed by extensive rinsing with a running buffer specific for the BamHI restriction enzyme (100 mM NaCl, 50 mM Tris-HCl, 10 mM MgCl2, 100 µg/ml BSA; pH 7.9). Stabilization of the signal implied that only specifically bound molecules remained on the surface. The effect of two sequential injections of BamHI enzyme on the immobilized dsDNA at room temperature is shown in Figure 3.19 in a form of a superimposed SPRi sensorgram, the curves for the two injections differed considerably. During the first injection (Figure 3.19, black curve), and following the customary increase due to bulk refractive index changes, material was retained on the surface and slowly dissociated after injection. The second injection of enzyme however resulted not only in reduced binding but also in a substantial loss of material from the surface subsequent to injection of the enzyme. These experiments were carried out at room temperature and not 37°C the optimal for BamHI. However it is clear that the enzyme is binding and digesting the bound DNA on the surface.

Control experiments on DNA without the restriction sites did not exhibit this behavior thus testifying to the specificity of the reaction. 

Conclusions and perspectives

This Section described the creation and functionalization of a hydrophobic surface based on coupling with cholate-and cholesteryl-modified molecules. The presence of a hydrophobic sterol ring attached to a (bio) molecule promoted interactions with a hydrophobic surface. The influence of incubation time and solution concentration on the density of immobilization of two different molecules (small fluorophore tamra and 50base DNA oligomer) on the hydrophobic surface was examined. A rapid method of surface regeneration with a simple immersion in ethanol was developed and described.

Moreover, it was shown that (bio) molecules of interest immobilized on the functionalized surfaces were accessible and used in biosensing applications, i.e.

immunosensing assay and DNA digestion with a specific restriction enzyme.

Whilst most immobilization techniques involve numerous time-consuming steps, such as surface pre-treatment or modification, incubation times lasting several hours and multiply rinsing (215, 216), the method presented here was straightforward for SU-8 surfaces and did not require any long and complex preparation. In the case of gold surfaces, pre-treatment involved only an overnight incubation in reactive solution (undecanethiol in ethanol) followed by surface rinsing. Non-covalent adsorption of modified (bio) molecules of interest was the simplest and fastest method to automate since steps involving substrate activation and/or modification were not needed. (Bio) molecules modified with the moiety containing a sterol ring (e.g. cholate, cholesterol or cholesteryl) could be deposited directly on the hydrophobic surface.

Several seconds of incubation and 10 minutes rinsing were sufficient to form a stable monolayer of immobilized molecules. However, the density of the immobilized molecules depended on the initial concentration of the solution and/or incubation time.

For the low-concentration solutions (≤1 µM) and short incubation times (≤1 min) the density of immobilized molecules was strongly controlled by two parameters, as demonstrated in Sections 3. Going further, one could create a system where high affinity complexes be formed and analyzed with SPR. These complexes could be released from the surface via ethanol rinsing and, further analysis applied for example in a mass analyzer. The development of a robust protocol could thus improve assays based on the identification of proteins captured on DNA during complex sample screening (44). First of all, one could obtain a substantial amount of a specific nucleoprotein complex, if a significant amount of DNA were to be immobilized on the SPR sensor surface. In addition, extensive rinsing would remove all non-specifically bound molecules and only specific complexes would remain bound to the surface. Additionally, native proteins are not required in MALDI experiments, thus the potential denaturation of proteins during ethanol release would not affect the analysis.

Data presented in this Section demonstrate that functionalization based on cholate-and cholesteryl-modified (bio) molecule binding to the hydrophobic surface could be applied to immunosensing assays (Section 3.3.3) and specific digestion of immobilized oligomers via restriction enzymes (Section 3.4.2). However, it was hypothesized that this method was more universal and could be used to analyze other interactions, such as nucleoprotein and protein-protein complex formation, sample screening assays, in situ DNA hybridization, and identification of DNA mutations. The simplicity of sample preparation and the possibility of chip re-utilization even in the case of very stable complex formation increase the potential of this method in biosensing applications. Nevertheless, in the case of interactions concerning the use of proteins special attention needs to be made for their stability on hydrophobic surfaces.

Comparative study of biomolecule immobilization methods on gold surface

The majority of using gold in biosensing involve gold nanoparticles, Quartz

Crystal Microbalance (QCM) or surface plasmon resonance (SPR). Gold nanoparticles have rather unusual physicochemical features useful for biological applications (219).

They possess excellent optical and optoelectronic properties, i.e. plasmon resonance absorption, conductivity, redox attributes etc. Gold nanoparticles are easily synthesized and variations in their size and shape significantly change certain properties. QCM technology takes advantage of piezoelectric mass sensing during biological recognition.

Piezoelectric transducers allow very sensitive label-free detection of molecules. They are not only mass sensors but they can also detect interfacial phenomena, viscoelastic properties of the adhered biomaterial, surface charges of adsorbed molecules, and surface roughness (220). A thin layer of gold in SPR serves to generate surface plasmon as a response to light excitation which are then used in various applications, for example detection of biological interactions. In addition, thin gold layer provides high chemical and biological stability and high sensitivity resolution.

Physicochemical characteristic of gold offers the possibility of variable functionalization with a wide range of organic or biological ligands for the selective binding and detection of small molecules and biological targets. Gold can be functionalized in many ways, however the most common technique is based on goldthiol interactions. These are extremely strong, easily-formed and robust covalent bonds.

In addition, sulphur is broadly available and therefore thiol-gold interactions can be used to immobilize numerous molecules, such as polymers to cover the gold surface (e.g. Another important point to note during surface (bio) functionalization is the influence of the surface. Usually, each biosensing technique requires a dedicated surface that is optimized for a specific application. For instance, in SPR, a presence of a thin metal layer at the interface is fundamental to create a plasmon by electron excitation. In general the field intensity decays exponentially to about 200 nm from the surface. The immobilized ligand must therefore be placed within this region in order to obtain reliable results. On the other hand, too close proximity to the surface can cause undesirable interactions, for example non-specific adsorption of (bio) molecules to hydrophobic surfaces. Therefore, to overcome this obstacle, surfaces are generally protected with an antifouling layer composed of oligomers or polymers, such as nethylene glycol [START_REF] Nogues | Efficient Antifouling Surface for Quantitative Surface Plasmon Resonance Based Biosensor Analysis[END_REF] or dextran (221), as discussed in Chapter I.

The goal of the studies described in this Section was to compare various gold functionalization strategies in order to obtain information about the effects of the density of immobilized DNA oligomers, their stability on functionalized gold surfaces and the degree of nonspecific interactions.

Quantitative analysis of immobilized linear DNA on a functionalized gold surface

Several strategies for the immobilization DNA oligomers a gold thin layer prefunctionalized with n-ethylene glycol molecules have been compared in this Section.

Self-assembled monolayers (SAM) composed of thiolated n-ethylene glycol (n-EG) at a moderate density constitute a robust antifouling agent that protects immobilized (bio) molecules from the surface [START_REF] Nogues | Efficient Antifouling Surface for Quantitative Surface Plasmon Resonance Based Biosensor Analysis[END_REF][START_REF] Nogues | Characterisation of Peptide Microarrays for Studying Antibody-Antigen Binding Using Surface Plasmon Resonance Imagery[END_REF]176). Modification of n-EG molecules allows surface functionalization with various groups, including amine, carboxyl, thiol, biotin etc. In these studies, modified oligomers were grafted to functionalized gold surfaces via goldthiol bond formation, amide bond formation and non-covalent interactions between biotin and extrAvidin, and additionally compared with functionalization by hydrophobic coupling of cholesteryl-modified DNA. The analysis of results was focused on the density of bound DNA as a function of the oligomer length and concentration and specificity. All studies were performed with DNA oligomers labeled with 32 P at the 3' or 5' end immobilized on a 50-nm gold layer evaporated on a glass slide.

To examine the density of immobilized oligomers as a function of oligomer length, 1 µM dsDNA of three different lengths: 50, 500 and 1000 bp with a specific modification were incubated on pre-functionalized surfaces. After given incubation times, surfaces were extensively rinsed with an appropriate buffer, followed by sample incubation in a developing cassette as described above and in Chapter II, Section 2.

Studies concerning the stability of immobilized DNA on the pre-functionalized surface were performed on short DNA (50 nt). Oligomers at 10 µM concentration were labeled with modified adenosine triphosphate (ATP), having a 32 P isotope on the alpha or gamma phosphate group. Samples (as presented schematically in Figure 3.20) were tested in order to determine the molecular stability of immobilized DNA as a function of density. Single stranded DNA (marked as 'ssDNA') was modified at the 5' extremity with an appropriate functional group and at the 3' extremity with alpha 32 P-ATP. These oligomers were also hybridized with a complementary strand without any modification (marked as 'dsDNA-X*' where X stand for the strand modification: thiolated, biotinylated or aminated). Other oligomers consisted of hybridized dsDNA where one strand was modified with a functional group and the other with a 32 P-ATP isotope (marked as 'dsDNA*'). All oligomers were compared to determine the density of immobilized oligomers depending on their nature: ssDNA and dsDNA. The comparison between dsDNA-X* and determined the stability of the hybridized oligomer and indicated the amount of dehybridization when dsDNA was bound to the prefunctionalized surface. The dependence of the density of immobilized dsDNA-X* on the concentration of the incubated solution: 1 and 10 µM was also examined. In addition, the density of all samples was compared with a 50-bp control DNA (marked as 'dsDNA-OH')

that did not possess a functional modification. 

Gold -thiol bond formation

The strength of covalent interactions between gold atoms and thiol sulphur is commonly used to obtain robust self-assembled monolayers (SAM) for biosensor applications [START_REF] Nelson | Surface plasmon resonance imaging measurements of DNA and RNA hybridization adsorption onto DNA microarrays[END_REF]. Both, formation and properties of SAMs based on thiol-gold interactions are extensively described in the literature (222). In this Section, characterization studies of the density of thiol-modified DNA oligomers immobilized on a gold thin layer are presented in order to obtain comparative data and to indicate similarities and between various surface functionalization strategies.

Characterization of thiol -gold functionalization strategy is discussed first, since it is the most commonly used.

50-nm gold layers evaporated onto a glass slide were pre-functionalized by immersion in a solution of thiolated ethylene glycol (EG-OH) diluted in absolute ethanol for 30 s prior to over-night incubation with 32 P radioactive labeled thiolated DNA (DNA-SH), as described in Chapter II. After extensive rinsing with phosphate buffer and incubation in a developing cassette, the signal from immobilized radioactive DNA-SH was quantified. Results presented in Figure 3.21a show the density of immobilized short (50 bases) DNA-SH. Thiolated ssDNA was bound to a higher density than dsDNA, giving respectively 5.8⋅10 13 and 2.7⋅10 13 molecules/cm 2 . These values correlate well with data previously published in the literature [START_REF] Nelson | Surface plasmon resonance imaging measurements of DNA and RNA hybridization adsorption onto DNA microarrays[END_REF][START_REF] Nogues | Efficient Antifouling Surface for Quantitative Surface Plasmon Resonance Based Biosensor Analysis[END_REF]. It was deduced that this functionalization strategy did not have any influence on the double helix and immobilized 50 bp remained hybridized on the gold surface. The densities of double stranded DNA labeled radioactively on one of two strands ('dsDNA*' for labeling on the immobilized strand and 'dsDNA-SH*' for the hybridized strand) were respectively 2.7⋅10 13 and 3.3⋅10 13 molecules/cm 2 . This showed that the pre-functionalized gold surface did not decrease the stability of immobilized dsDNA that remained in its double-stranded form. The concentration (1 or 10 µM) solutions of dsDNA-SH spotted on the surfaces had no impact on the density of the immobilized molecules. Spotting of dsDNA-SH at both concentrations and overnight incubation gave comparable densities of immobilized (around 3⋅10 13 molecules/cm 2 ) within the error bars of the experiment. This indicated that after overnight (∼16 hours) incubation of dsDNA-SH solution on the gold surface the number of immobilized molecules was independent of the initial concentration of the solution in the range of 1 to 10 µM. Measured densities for all the short (50 nt) oligomers suggested a high specificity of immobilization via thiol-gold bond formation. Measured densities were compared with a control sample that did not possess a thiolated modification. The density of immobilized DNA-SH was in a range 2.7 -5.7⋅10 13 molecules/cm 2 , while for the control sample it was 1.4 ⋅10 12 molecules/cm 2 -a difference of more than one order of magnitude.

Comparison of the densities of immobilized DNA-SH as a function of oligomer lengths depicted in Figure 3.21b clearly showed that the density decreased with increasing DNA length. Namely, measured values were: 4⋅10 13 molecules/cm 2 for 50 bp DNA-SH, 5⋅10 12 molecules/cm 2 for 500 bp DNA-SH and 2⋅10 12 molecules/cm 2 for 1000 bp DNA-SH. These results showed that longer molecules, possessing only one reactive group led to less dense monolayers immobilized on the functionalized surface.

summary, gold surface functionalization for immobilizing DNA via thiol -gold bond formation is a well known and commonly used method effective to produce high and controlled immobilization [START_REF] Nelson | Surface plasmon resonance imaging measurements of DNA and RNA hybridization adsorption onto DNA microarrays[END_REF]. The data presented here demonstrated that ssDNA was immobilized to a greater degree than its double stranded analogue.

Additionally, long incubation times (∼16 hours) were effective in producing constant densities of immobilized DNA, regardless of the initial solution concentrations. The dependence of density on the length of the immobilized oligomers showed that shorter oligomers formed denser monolayers than longer oligomers prepared under the same conditions. A low level of nonspecific interactions showed that the 30-second immersion in EG-OH solution produced a reliable anti-fouling layer giving protection both from nonspecific adsorption and denaturation of the double helix as previously described [START_REF] Nogues | Efficient Antifouling Surface for Quantitative Surface Plasmon Resonance Based Biosensor Analysis[END_REF].

Amide bond formation

Amide bonds formed between carboxyl group and primary amines are very common in nature; they are formed between functional groups in amino acids in order to peptides and proteins. In laboratory conditions this coupling reaction can be mediated using a zero-length cross-linking agent 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) that forms a reactive ester. The stability of the ester increases in the presence of N-hydroxysuccinimide (NHS) or N-hydroxysulfosuccinimide (sulfo-NHS).

These coupling substances are water-soluble and can be easily removed by filtration, dialysis or, as in the present case, by rinsing.

In our studies a gold surface was first incubated for 30 s with 11-mercaptoundecyl tetra(ethylene glycol) (EG-OH) diluted in ethanol to form a SAM with a low molecular density. Secondly, the surface was immersed in a solution of 1 mM -S(CH 2 ) 11 (OCH2CH2) 6 -COOH (EG-COOH) for times ranging from 5 to 120 min that allowed SAM formation of increasing carboxyl densities. Carboxylated surfaces were then activated with a solution of EDC/NHS as described in Chapter II followed by deposition of 32 P radioactive labeled DNA modified with an amine group at its 5' extremity ('DNA-NH2'). DNA was diluted in a 0.4 M phosphate buffer (pH 7.0) to concentrations of 1 and 10 µM. After 2 hours of incubation time, samples were extensively rinsed with a phosphate buffer and incubated in a developing cassette prior to quantitative analysis.

The analysis of short (50 bases) DNA densities spotted at a concentration of 10 µM demonstrated that immobilization of single stranded DNA (ssDNA) provided a higher density than double stranded DNA (dsDNA). Based on data presented in Figure 3.22a, the density of immobilized ssDNA was 1.5⋅10 11 molecules/cm 2 when the immersion time in EG-COOH was from 5 min to 60 min and 8⋅10 11 molecules/cm 2 for an immersion time in EG-COOH of 120 min. The surface density of dsDNA was around 2⋅10 10 molecules/cm 2 for immersion times in EG-COOH 5 min and 3⋅10 11 molecules/cm 2 for 120 min of EG-COOH immersion time. These differences could be explained by that the fact that a double helix of 50 bp is stiffer than its single stranded counterpart and requires more space and time for its terminal amine to react with the surface than the more flexible ssDNA under the same conditions.

In addition, a similar number, ∼2.5⋅10 11 molecules/cm 2 , of immobilized dsDNA molecules ('dsDNA-NH2*' for DNA labeled with 32 P on the strand having an amine modification and 'dsDNA*' for DNA labeled with 32 P on the complementary, previously hybridized strand) indicated that the close presence of the gold surface did not have a negative impact on the stability of 50 bp DNA [START_REF] Nogues | Characterisation of Peptide Microarrays for Studying Antibody-Antigen Binding Using Surface Plasmon Resonance Imagery[END_REF] and that dsDNA did not dehybridize in these conditions. The density of immobilized EG-OH on the surface was constant for all samples; only the density of EG-COOH was varied according to the incubation time for each SAM formation. Since the density of SAM was strongly related to the incubation time, it was assumed that the longer the immersion in the EG-COOH solution, then the denser the SAM that would be obtained and therefore more carboxyl groups present on the surface could be coupled with amines.

Indeed, analysis of the data presented in Figure 3.22a confirmed that 120-min immersion in EG-COOH solution lead to the higher number of immobilized molecules, independently from the nature of DNA (single and double stranded). However, taking into account the 10 µM control dsDNA sample that did not possess amine modifications, one could draw the conclusion that 120-min incubation of EG-COOH on a gold surface caused also an increase in the number of non-specifically bound DNA molecules of around 2.5 fold. Because under these conditions a higher number of polar carboxyl
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groups were exposed on the surface, this could also cause an increase in the hydrophilicity of the system and thus nonspecific adsorption of molecules.

In the next step, the number of immobilized DNA molecules was analyzed as a function of the concentration of the deposited DNA solutions. 50 bp dsDNA at concentrations of 1 and 10 µM were spotted and incubated following the standard protocol described in Chapter II. A quantitative analysis demonstrated that spotting of less concentrated solutions resulted in a lower density of immobilized DNA (Figure 3.22a): samples with 10 µM dsDNA produced a density of 2⋅10 10 -3⋅10 11 molecules/cm 2 and with 1 µM dsDNA between 1⋅10 10 and 8⋅10 10 molecules/cm 2 . This could be explained by the fact that binding was at higher concentration of spotted biomolecules increased the probability of a coupling event.

In the last comparative analysis, the influence of DNA length on the density was examined. 1 µM DNA of three lengths: 50, 500 and 1000 bp was immobilized on the surface based on a standard procedure (Figure 3.22b; sequences of DNA listed in Appendix I). The number of immobilized DNA molecules was higher for short 50 bp DNA (1⋅10 10 -3⋅10 10 molecules/cm 2 ) in comparison to longer molecules 500 and 1000 bp where the calculated density was between 4⋅10 9 and 1⋅10 10 molecules/cm 2 . Evidently the lower density of immobilized long DNA strands could be explained by the fact that these long molecules (170 and 340 nm for 500 and 1000 bp DNA, respectively, based on the assumption that 1 bp ≈ 0.34 nm) possessed only one reactive group that was hardly accessible to be coupled with an activated carboxyl group.

Taking into account all the results one could conclude that the density of immobilized DNA-NH2 molecules depended on several factors, such as the density of carboxyl groups in a functionalized antifouling monolayer, the nature of DNA (single and double stranded DNA), the concentration of the deposited solution and the DNA length.

These results also confirmed that the proximity to a gold surface did not have any influence on the stability of short (50 bp) dsDNA.

ExtrAvidin -biotin bond formation

Bonds formed between biotin and avidin or its analogues (e.g. neutravidin, extrAvidin or streptavidin) are known to be amongst the strongest non-covalent interactions in nature, with extremely high affinity constants KD ≈ 10 -15 M. The ease, speed and robustness of these interactions has ensured that avidin -biotin complexes are commonly used in numerous and varied biological applications, i.e. to immobilize modified (bio) molecules on biochip surfaces (223).

In our studies, biotin and extrAvidin were used to immobilize biotinylated DNA oligomers (DNA-biot) on pre-functionalized gold surfaces via a sandwich reaction.

Surfaces pre-functionalized with a SAM of EG-OH and EG-biot ( -S(CH 2 ) 11 (OCH2CH2) 6biotin) were entirely covered with a solution of extrAvidin in PBS buffer prior to immobilization of DNA-biot. In order to obtain the optimal amount of immobilized molecules, various concentrations of immobilized extrAvidin were tested. Principally, three solutions of 1, 50 and 100 nM extrAvidin in PBS were spotted on the prefunctionalized 50-nm gold layer evaporated on a glass prism. The prism was inserted into the SPRi apparatus and 1 µM solution of 50 bp dsDNA-biot was injected and passed over the chip for 6 min. The SPRi sensorgram (Figure 3.23) illustrated changes in the refractive index at the interface as a response to the interaction with a biotinylated analyte. The injected biotin reacted with extrAvidin immobilized on the surface proportionally to the concentration of the spotted extrAvidin. However, extrAvidin in the concentration range 1 and 50 nM was not sufficient to bind significant amounts of biotinylated analyte, as the intensity of the signal in the dissociation phase corresponded to the background (black curve). On the other hand, the signal from spots with 100 nM extrAvidin (blue curve) remained constant after binding DNA-biot and upon rinsing with PBS indicating a stable and specific interaction. The noise present during all monitoring process occurred because the overall changes in the refractive index were registered close to the detection limit. Based on the these data, it was concluded that 100 nM extrAvidin immobilized on the gold surface pre-treated with EG-OH and EG-biot was appropriate to bind biotinylated molecules and this concentration of extrAvidin was used in all the following studies. min immersion in EG-biot solution to 8⋅10 12 molecules/cm 2 for 120-min immersion. For dsDNA the number of immobilized molecules ranged from 7⋅10 11 molecules/cm 2 for 5 min immersion in EG-biot solution to 4⋅10 12 molecules/cm 2 for 120-min immersion. The amount of immobilized ssDNA was higher than dsDNA. Based on these data, it was that longer immersion times in EG-biot solution were effective in creating higher densities of immobilized EG-biot molecules and therefore in higher densities of immobilized DNA on the surface pre-functionalized with 100 nM extrAvidin.

The densities of immobilized 10 µM 50 bp dsDNA radioactively labeled on one of the strands ('dsDNA*' for labeling on the complementary strand and 'dsDNA-biot*' for radioactive labeling on the biotinylated strand) were compared; measured values showed no significant difference. Densities were from ∼8⋅10 11 molecules/cm 2 for 5 min immersion in EG-biot solution to ∼4⋅10 12 molecules/cm 2 for 120-min immersion. This indicated that immobilized dsDNA was stable. The proximity of the gold surface and/or the presence of biotin -extrAvidin complex did not have a negative influence on the double-helix structure and did not cause dehybridization of the strands. Similarly as in the case of immobilization of amine-modified DNA, for DNA-biot a significant difference in density was observed depending on the concentration of the deposited solution. When 1 µM dsDNA-biot was incubated on the surface, the density was about 2⋅10 11 molecules/cm 2 , whereas the incubation of 10 µM dsDNA-biot in the same conditions created a density of 1⋅10 12 -4⋅10 12 molecules/cm 2 3.24a). This density difference of nearly one order of magnitude may be explained by the fact that higher concentrations of deposited might promote binding since the possibility of a coupling event was higher.

These data showed that most of the DNA oligomers were immobilized specifically via biotin-extrAvidin interaction, since the density of the control DNA (not biotinylated)

was nearly two orders of magnitude lower. In addition, the data showed that this functionalization strategy was effective for more specific immobilization than in the case of immobilization of amine-modified DNA, since the ratio of specific to non-specific interactions was higher for biotinylated samples than for aminated: 1:0.04 and 1:0.

The density of immobilized DNA-biot as a function of DNA length ( In summary these results suggest similar conclusions as those for immobilized amine-modified DNA on pre-functionalized gold surfaces (Section 4.1.2). The density of immobilized DNA-biot molecules depended on several factors, such as the amount of functional biotin groups in a pre-functionalized antifouling monolayer and the number of accessible extrAvidin molecules, the nature of the DNA (single or double stranded DNA), the concentration of the deposited solution and the DNA length. These results confirmed that the presence of a proximal gold surface had no influence on the stability of short 50 bp dsDNA.

Conclusions and

In these Sections various strategies for DNA oligomer immobilization on the prefunctionalized gold surfaces were described. The gold surfaces were incubated with a mixed SAM of thiolated n-ethylene glycol. Thanks to head group modifications in nethylene glycol molecules, several functionalization strategies were available and allowed immobilization of modified DNA molecules in different ways, including covalent bond formation (amide and Au -thiol) and non-covalent interactions (biotin -extrAvidin affinity interactions and hydrophobic coupling).

The presence of SAM in these systems had several functions. First of all immobilized n-ethylene glycol molecules provided functional groups for immobilization of modified DNA oligomers. SAM functionalized with carboxyl groups followed by activation with an EDC/NHS solution was coupled with amine-modified molecules.

Accessible biotin on the top of a formed SAM was used to capture extrAvidin. ExtrAvidin possesses four binding sites and at least one of them was coupled to EG-biot, remaining binding sites were used to capture biotinylated molecules (here DNA-biot) and thus to create a sandwich-like immobilization system. Additionally, a dense SAM formed from 1undecanthiol provided a hydrophobic surface that was applied to graft cholesteryl modified DNA as discussed in Section 3 of this Chapter.

The other important role of SAM was to protect immobilized (bio) molecules from nonspecific interactions by controlling the distance from the gold surface. The density of deposited DNA oligomers without functional groups (DNA-OH) was about 1 -2 orders of magnitude lower than in the case of immobilized specifically modified DNA. It turned out that even a loose monolayer of n-ethylene glycol had antifouling properties and significantly reduced adsorption of (bio) molecules [START_REF] Nogues | Efficient Antifouling Surface for Quantitative Surface Plasmon Resonance Based Biosensor Analysis[END_REF].

The following conclusions could be drawn from data concerning gold surfaces functionalized with differently modified DNA molecules. Immobilization of short (50 bases) DNA oligomers gave higher density binding for ssDNA than dsDNA. As mentioned above, the structure of ssDNA is more flexible than ds DNA and thus it was hypothesized that a functional group placed at the extremity of a molecule could reach the prefunctionalized surface faster. In the case of dsDNA structure, the rigidity of the double helix therefore resulted in fewer adsorbed molecules. This appeared to be independent of the DNA incubation time since thiolated oligomers deposited on the surface for ~16 hours also showed a higher density for single stranded molecules than their double stranded analogues (Figure 3.20a).

It was demonstrated that short (> 25 bp) dsDNA immobilized on surfaces did not remain double stranded and they dehybridized easily, even though dsDNA of the same length remained hybridized in solution (224). In order to characterize the stability of 50 bp DNA immobilized on gold surfaces, a test with double-labeled DNA was performed.

Two identical samples of previously hybridized dsDNA were incubated on the prefunctionalized gold surface. In both of them one strand had one radioactively labeled 32 P adenosine triphosphate: either the strand possessing the functional group (-NH2, -biot and -SH) or the complementary one. Quantitative analysis showed that in each functionalization method the number of immobilized molecules was similar in both samples indicating that the vicinity of the surface did not have any influence on immobilized 50 bp dsDNA. Since longer dsDNA oligomers possessed more hydrophobic bonds that kept oligomers in their double helix structure, it was assumed that immobilized 500-and 1000-bp dsDNA remained fully hybridized.

The characterization of DNA density as a function of oligomer lengths suggested that the length of bound DNA was directly related to the density of the monolayer formed. This could be explained by the difficulty of access of a functional group placed at the extremity of a DNA molecule to the head group present on the top of SAMs. Long dsDNA molecules (170 and 340 nm for 500 and 1000 bp DNA, respectively, based on the assumption that 1 bp ≈ 0.34 nm) are longer than the persistent length and thus are flexible and thus the active group present in the end of the strand could be hidden within a structure, therefore less accessible for coupling reactions. In this situation even long incubation times (16 hours for DNA-SH) led to a significantly lower density of immobilized long DNA.

It was demonstrated that longer immersion of a gold surface in functional nethylene glycol (EG-NH2 and EG-biot) produced higher densities of accessible functional groups on the top of formed SAMs. This resulted in a higher amount of immobilized modified DNA. This tendency was observable for all the functionalization methods. In addition, 120-min immersion in modified n-EG significantly increased the number of immobilized molecules. Two possibilities could explain this phenomenon. First, long immersion of a gold surface in n-EG solution formed a dense SAM that possessed a high number of functional groups accessible for coupling to modified DNA. Second, a dense SAM reduced nonspecific to gold atoms and promoted interactions between head groups of SAM and DNA. However, for the 120-min incubation with n-ethylene glycol the number of bound molecules increased in all samples, including the control ones. One could assume that this was related to increased hydrophilicity and thus to increased amounts of non-specific interactions between the head groups of SAM and DNA.

The effects of the immobilization strategy on the density of immobilized DNA molecules indicated that immobilization via gold -thiol bond formation produced the highest number of immobilized molecules, reaching 10 13 molecules/cm 2 . This is also the best known and characterized gold functionalization method [START_REF] Nelson | Surface plasmon resonance imaging measurements of DNA and RNA hybridization adsorption onto DNA microarrays[END_REF][START_REF] Nogues | Efficient Antifouling Surface for Quantitative Surface Plasmon Resonance Based Biosensor Analysis[END_REF]. Two strategies of DNA immobilization, via biotin -extrAvidin interaction and amide bond formation, produced densities of immobilized DNA between 10 9 and 10 12 molecules/cm 2 depending on applied conditions, such as the nature of the DNA (ssDNA or dsDNA), the concentration of deposited solution and DNA length. These effects are summarized in Table

Density of DNA immobilized based on hydrophobic coupling with cholesteryl moieties was not examined as other techniques reported in this Section. Certain obstacles were met during the amplification and purification of long (500 and 1000 bp) oligomers. Size-excluded columns used to purification of PRC reaction product did not allow a sufficient DNA-chol elution after PCR amplification with a cholesteryl-modified primer, probably because of the cholesterol moiety presence. One of the possibilities to overcome this problem would be using of HPLC technology to the PCR product purification. However, in the discussed situation, data concerning dsDNA-chol density presented in Section 3 were used for comparison. Density of short (50 nt) fluorescentlylabelled DNA-chol immobilized on the hydrophobic SU-8 and gold surface was studied.

Non-covalent adsorption of cholesteryl-modified DNA to hydrophobic gold surface was effective in diverse surface densities that were in a range of 10 10 molecules/mm 2 and were strongly dependent on the applied conditions, such as DNA concentration and/or incubation time. It was demonstrated that few-second immobilization time allowed decreasing the molecular density to the range of 10 4 molecules/mm 2 (see Section 3.4.1). Taking into account the characteristics discussed above for the different immobilization strategies, their similarities in specificity and differences in the amount of bound DNA, one can now choose an immobilization strategy that is optimized for a specific application. For instance, for a dense monolayer of immobilized DNA for in vitro protein production, the most preferable would be immobilization via thiol -gold bond formation. A more moderate density of immobilized DNA, for example to examine nucleoprotein complex formation, could be provided by DNA immobilization via amide bond formation or biotin-extrAvidin interactions. On the other hand, functionalization by hydrophobic interactions would be optimal to obtain low density of immobilized DNA or to examine stable complexes with extremely low dissociation rate constants. In this case, the surface could be easily regenerated via ethanol rinsing that removed all remaining complexes, as has been already discussed in Chapter III, Section 3.4.

Taking into account all data presented here, it can be concluded that different functionalization strategies to immobilize DNA on a gold surface effectively produce different surface densities. The density of immobilized oligomers can be easily tuned by changing certain parameters in a functionalization protocol, for instance immersion time in a modified n-EG solution and concentration and/or incubation time of deposited DNA. In addition, independent of the applied functionalization strategy, a SAM formed from n-ethylene glycol molecules demonstrated its antifouling properties by reducing nonspecific adsorption to treated gold surfaces. technology. DNA templates were immobilized as monolayers on pre-functionalized 50nm thick gold sensor surfaces and proteins were introduced to the surfaces using a microfluidic continuous flow set up at constant temperature (37°C). Experiments were carried out under a number of controlled conditions in order to access the effects of immobilized DNA density, length and the position of the specific promoter sequence on the DNA with respect to the surface. RNA products obtained during the transcription reactions were collected and characterized and correlated with the changes in the biosensor signal during the various processes.

Chapter IV

SURFACE

Application of SPRi to real time in vitro monitoring

Surface Plasmon Resonance imaging (SPRi) has already been described (see Chapter I, Section 2). The advantages of its use in this particular study include:

1. Multiplex biochip surfaces 2. Efficient anti-fouling surfaces, therefore high signal to noise ratios;

3. Controlled monolayer DNA surfaces in which the DNA brush is well organized and readily accessible to analytes;

4. Access to apparent kinetic rate constants and relative affinities;

5. A signal that changes over time as mass accumulates at a surface thus ideal for following polymerization events; 6. Efficient microfluidics allowing coordinated injection of material such as nucleotide triphosphate substrates to initiate RNA transcription.

Examined cases

Based on the results presented in the previous Chapter, the immobilization of DNA oligomers on the gold surface thiol -gold bond formation was chosen as the most appropriate biofunctionalization strategy. This method of gold surface functionalization allowed the formation of well-structured DNA monolayers of known density (∼10 13 molecules/cm 2 ). In addition, a short n-ethylene glycol linker between the DNA and the surface created an ordered monolayer with strong antifouling properties, thus obviating DNA denaturation upon immobilization and reducing nonspecific interactions between analytes and the surface [START_REF] Nogues | Efficient Antifouling Surface for Quantitative Surface Plasmon Resonance Based Biosensor Analysis[END_REF].

Experiments with T7 RNAP were carried out with DNA containing a 17-mer T7 In order to study the influence of the direction of transcription by the RNAP, DNA fragments were immobilized at the SPRi surfaces in such a way that the specific promoter sequence was placed close to or far from the point of immobilization (Figure 4.1). Thus essentially two directions of subsequent transcription could be followed, either towards ('far') or away ('close') from the surface. 

DNA -T7 RNAP interactions measured by SPRi

The T7 RNAP system involving the monomeric (98.8 kDa) RNA polymerase has been extensively studied from the point of view of transcription (169, 171). The multisubunit RNA polymerases whether E. coli RNAP [START_REF] Pemberton | Real time in vitro analysis of transcription by RNA polymerase on immobilized DNA fibres[END_REF]133,166) or eukaryotic RNAP (226-228) are necessarily more complex but share certain common features with the T7 system. A major difference at least between the T7 and E. coli enzymes concerns the fact that the latter has an associated sigma factor that at some point after escape into elongation dissociates from the holo enzyme (see Chapter I, Section 5.1.4), whereas the T7 protein remains intact from promoter recognition (initiation) through to nascent RNA release and dissociation (termination). In both cases major conformational changes are associated with the enzymes during the transition from initiation to the elongation complexes.

The T7 RNAP carries out a high productivity of transcription without the presence of additional transcription factors (229). It is a relatively stable enzyme in different environmental conditions, and successful transcription can be observed even at room temperature [START_REF] Seefeld | On-Chip Synthesis of Protein Microarrays from DNA Microarrays via Coupled In Vitro Transcription and Translation for Surface Plasmon Resonance Imaging Biosensor Applications[END_REF]230).

In the following studies, SPRi technology was used to characterize in vitro transcription with T7 RNAP and DNA templates (listed in Table 4.1) immobilized on the sensor biochip in order to determine apparent rates for the various processes and to characterize transcription products. Four DNA samples containing a specific T7 promoter sequence and a control sample without this sequence (Table 4.1) were immobilized on an SPRi surface at the concentration of ∼1 µM in 0.4 M phosphate buffer (pH 7.0) and incubated over night in a humid chamber to avoid drying of the spots. After insertion into the SPRi apparatus, the biochip was extensively rinsed with running buffer (40 mM Tris-HCl pH 8.0, 6 mM MgCl2, 10 mM NaCl and 2 mM spermidine) until a stable sensorgram (baseline) signal was obtained indicating that all the DNA remaining on the surface was covalently bound (via SH -Au bonds).

Kinetics of DNA -T7 RNAP complex formation

The relative stability of complexes formed between the immobilized DNA samples and injected RNAP could be assessed by measuring the apparent affinity constants (KD).

Kinetic binding data were obtained using titration series. This method involves sequential injections of analyte in different concentrations without any regeneration steps (231, 232). In the type of experiment shown in 

Kinetics of transcription elongation

The following studies were performed to determine the influence of the concentration of injected T7 RNAP and the position of the binding site on the transcription reaction in the presence of nucleotide triphosphates (UTP, GTP, CTP and ATP collectively referred to as NTP). It was assumed that the addition of NTP to the immobilized DNA templates pre-incubated with the T7 RNAP bound specifically to the promoter region would initiate RNA synthesis. However, in crowded systems the accessibility of the specific binding site for a protein is strictly connected with the spatial geometry and the local environment (233, 234), and may impact on escape into elongation.

371-bp dsDNA oligomers with the T7 promoter located close to and far from the immobilization point (Figure 4.1, Table 4.1) were spotted on the SPRi surface as described above. The surface was inserted into the SPRi apparatus and rinsed thoroughly with running buffer at 37°C at a continuous flow rate of 25 µl/min. T7 RNAP in running buffer at two concentrations (100 nM and 500 nM) was injected for 6 min, followed by continuous washing with running buffer. After 10 min of dissociation, the NTP mixture at a concentration of 2 mM (in the case of 100 nM T7 RNAP) or 0.5 mM (for 500 nM T7 RNAP) of each nucleotide triphosphate was injected over the surface for 6 Injection of 100 nM T7 RNAP (Figure 4.3a, marked with the arrow "T7 RNAP") gave increases in signals showing that RNAP interacted with all the surfaces. From differences in amplitudes of the signals it was deduced that more material bound to the region with immobilized DNA than to the bare surface (black curve). In addition, comparison of the dissociation curves allowed differentiation of specific and nonspecific interactions. As expected, more RNAP remained bound to promoter containing sequences as seen by the higher amplitude at the end of the injection phase (2.5 -3 a.u.

for specific samples and 2 a.u. for the control).

The injection of the mixture of NTP produced significant changes depending on the sample (Figure 4.3a, indicated with the arrows "NTP"). Sensorgrams of the background (black curve) and the control DNA (red curve) did not show any significant changes, except a rapid increase and decrease of the signal related to changes in refractive index of the bulk solutions. On the other hand, differences between the two geometries of specific interactions with the promoter bearing DNA fragments were distinct and very clear.

The signal registered for the DNA template having the promoter site close to the surface (Figure 4.3a, blue curve) rapidly increased just after first injection of NTP (changes in amplitude from 2 to 2.5 a.u.) and then decreased regularly during the whole injection period. The end of the NTP injection resulted in a rapid drop of the signal (differences in amplitude of 1 a.u.). However, the baselines of two dissociation curves registered for this sample (dissociation after T7 RNAP injection and after first injection of NTP) were not the same. The rapid increase of the signal after injection of NTP could A very different conclusion may be drawn from the analysis of the signal registered for the DNA template having the promoter site far from the surface (Figure 4.3a, green curve). As for the previous case, the injection of NTP resulted in a rapid increase of the signal. However, the registered amplitude was much higher (changes in amplitude from 1 to 7 a.u.) than seen for the fragments with the promoter close to the surface and continued to increase steadily until the end of injection where it reached a final value of 7 a.u. In the following dissociation phase, the signal was stable, however the amplitude remained very high (5 a.u.). These changes could be explained by the synthesis of the transcript RNA but in contradiction with what was seen for the close promoter sequences there was a significant accumulation of mass. At least two hypotheses might explain this situation. First, the nascent RNA or/and RNAP after transcription of a DNA fragment were nonspecifically retained at or close to the surface and were not released to the solution. Second, the RNAP after proceeding to the end was released from the DNA template but then recaptured by a promoter site located on an adjacent promoter site. The relatively high density of immobilized DNA and the fact that a binding site was located at the extremity of a DNA strand could favor rapid re-binding to a DNA strand immobilized in the neighborhood and initiation of transcription to generate new RNA.

The second injection of NTP at a concentration of 2 mM each ( The dissociation parts were fit to a simple exponential decay given by (!) = (!"#) !! ! ! where R(t) was the signal at time t, R(max) was the maximal signal corresponding to the amount of complex before dissociation and kd was the apparent dissociation rate constant.

It is important to notice that even when the same amount of DNA was immobilized in the "close" and "far" samples, the signals registered during injection of T7 RNAP differed. This could be explained by the different position of the promoter sequence. The flow close to the surface of the biochip is practically zero. When RNAP was bound to the promoter located close to the surface, dissociation from this region was diffusion limited. Therefore the local concentration would tend to increase and more RNAP would be retained pushing the association to form an initiating complex (Figure 4.4a).

Dissociation rates for the systems of immobilized dsDNA with a T7 promoter binding site after injection of 100 nM T7 RNAP and following injections of 4x2 mM NTP 

(!) = (!"#) !! ! !
where R(t) was the signal at time t, R(max) was the maximal signal corresponding to the amount of complex before dissociation and kd was the apparent dissociation rate constant.

In the case of the "close" geometry, during the injection of the first NTPs the signal decreased rapidly, reflecting the transcription and then removal of both RNAP and RNA from the surface in the buffer flow (Figure 4.5a). The half-life of this complex was calculated to be around 78 s. Since the injection of NTP lasted 6 minutes, likely almost all of the active RNAP would leave the surface. Indeed, values of kd after injection of the first NTPs was low, similar to that of RNAP bound non specifically to the DNA (Figure 4.5b).

This supported the idea that no more active RNAP was present.

In the case of the "far" geometry, complexes formed after injection of first and second NTPs were very stable (Figure 4.5 c and d). The exact composition of these complexes was unknown. One might assume that after the first injection of NTPs (Figure 4.5c) they contained mostly newly synthesized RNA retained on the surface and small amounts of stalled complexes composed of T7 RNAP and partially synthesized RNA.

Complexes formed after the second injection of NTP were even more stable (Figure 4.5d) and they probably contained only RNA retained on the surface.

Characterization of RNA product synthesized on immobilized DNA templates

After characterization of transcription in SPRi, the next issue concerned the analysis of synthesized RNA. The key question was about the possibility of collecting and analyzing transcription products obtained in the SPRi apparatus. To answer these questions, the following studies were carried out.

Synthesis and characterization of a short transcript

Biochips with immobilized DNA were inserted into the SPRi apparatus and rinsed extensively until the SPRi signal stabilized at 37°C. The transcription mixture (2 µM T7 RNAP, 4 x 2 mM NTPs, including 1% v/v of UTP modified with fluorescein and 1 U/µl ribolock -a nonspecific inhibitor of RNase) diluted in the running buffer was injected across the surface and the flow was stopped for ∼13 h during the injection period.

Fractions of flow-through were then collected in intervals of 0.5 min from time t = 0 s to t = 7 min, where 0 was concomitant with re-starting the flow.

In order to assure that the flow-through contained synthesized RNA, samples were incubated with DNase and RNase and compared with control reactions of a plasmid DNA incubated with DNase and RNase. An in vitro experiment, analogous to this in SPRi, but with the DNA template in solution was carried out (a detailed protocol can be found Chapter II, Section 5.1).

After denaturation, samples and controls (addition of 1 volume of deionized formamide, heating at 95°C for 5 min and rapid cooling down on ice and adding ethidium bromide) were loaded on 1.5% agarose gels and electrophoresis at 50 V for 3 hours was performed. Gels were scanned in a Typhoon scanner at two wavelengths:

λex/λem = 532/610 nm for ethidium bromide and λex/λem = 532/526 nm for fluorescein. Additional tests were conducted to prove that the detected band on the agarose gel was RNA (Figure 4.6c). The sample was incubated with DNase or RNase. The band corresponding to the transcription product disappeared exclusively after incubation with RNase, therefore confirming that RNA was produced from DNA adsorbed on the surface of the biochip. The length of the RNA product was compared with a DNA ladder presented in the first lane. The length of expected transcripts was 285 nt. The length of the products was estimated to be about 400 nt. This discrepancy was probably due to differences in migration of single stranded RNA oligomers and double stranded DNA ladder or/and due to the presence of secondary structures in RNA (hairpins). Moreover, the agarose gels were also scanned with the fluorescein filters and the bands were localized in exactly the same places thus confirming that the signal came from fluorescein molecules (Figure 4.6b). No smear was apparent, proving that the RNA transcripts were not degraded.

Synthesis and analysis of various transcription products

Two lengths of DNA oligomers of a chosen geometry (separately 'close' and 'far')

were immobilized in equal amounts on the pre-functionalized sensor surface as described previously. After extensive rinsing and SPRi signal stabilization at 37°C, the mixture (2 µM T7 RNAP, 4 x 0.5 mM NTP, including 1% v/v of UTP modified with fluorescein and 1 U/µl ribolock -a nonspecific inhibitor of RNase) in running buffer was injected across the surface and the flow was stopped overnight during the injection period. Fractions of flow-through were then collected in intervals of 1 min from time t = 0 s to t = 6 min, where 0 was identical with the moment of restarting the flow and t = 6 min corresponded to the moment when injected RNAP mixture was released from SPRi tubing system. After denaturation (addition of 1 volume of deionized formamide, heating at 95°C for 5 min and rapid cooling down on ice) samples with added ethidium bromide were loaded on a 1.5% agarose gel and after electrophoresis at 50 V for 2 hours was performed. Gels were scanned in a Typhoon scanner at two wavelengths: λex/λem = 532/610 nm for ethidium bromide and λex/λem = 532/526 nm for fluorescein. configuration. These data demonstrated that RNA transcription by T7 RNAP on the immobilized DNA template with the promoter binding site placed far from the surface produced more transcripts than in the case of the opposite geometry.

A 6-minute interaction between the DNA template and RNAP was too short a time to synthesize an amount of RNA that could be visualized in agarose gels (data not shown). The product could be still analyzed by reaction with reverse transcriptase followed by a standard PCR amplification, for example with fluorescently labeled primers. Initial experiments were performed to analyze the transcription product in this manner, however, there was insufficient time to resolve some technical issues with the approach and more development is required.

The data presented above clearly demonstrated that RNA transcription occurred in the system where the DNA template was immobilized on an SPRi biochip and T7 RNAP was passed over the surface. The amount of transcripts produced depended strongly on the direction of transcription: RNAP moving towards the surface appeared to produce more RNA than in the opposite direction. This might be explained by the hypothesis suggested above, in which RNAP released near to the surface was recaptured by an adjacent promoter. In order to verify this statement, additional measurements need be carried out. It would be expected for example that by varying the density of immobilized DNA templates one should be able to control or even eradicate recapture. Clearly, overnight non-flow situations would exacerbate recapturing (this is the reason why overnight reactions were performed) so analysis would have to be restricted to sensorgrams and not to RNA products on gels.

Proposed reaction model

These experiments showed that T7 RNAP could interact more specifically with immobilized DNA fragments containing promoter sequences than with non-promoter containing DNA fragments. Complexes formed between RNAP and DNA with the T7 promoter sequence dissociated slower than those without the specific sequence.

In the transcription experiments the change in the SPRi signal was dependent on the anticipated direction of RNAP movement. When polymerase bound far and moved towards the surface, the signal significantly increased. When polymerase bound close to the surface and moved away, the signal first increased and rapidly decreased even during the injection phase. The SPRi signal intensity is a response to changes in the refractive index that are proportional to a mass variation registered at or close to the surface. It can be thus postulated that the observed changes were directly related to the synthesis of RNA and release or rebinding of RNAP.

We suggest that RNAP bound to the promoter site close to the surface and transcribing the sequence in the direction away from the surface was released with the flow. The same regularity in the signals has been reported for transcription observed by QCM (235). On the other hand, in the case when RNAP moved towards the surface, it was concluded that after transcription termination, the enzyme was rebound to a promoter site where it reinitiated transcription. The spatial geometry of the system and relatively high density of immobilized DNA templates support this hypothesis.

Finally, the through-flow from the reaction carried out in SPRi was collected in order to characterize potentially synthesized products. Short reaction times produced insufficient amounts of material to be detectable by available methods. The increase of the incubation time (from 6 minutes to overnight) was sufficient to accumulate the product for separation and visualization by agarose gel electrophoresis. Transcription with two geometries of immobilized DNA (promoter far from and close to the surface) was effective in obtaining nascent RNA with lengths related to the template lengths.

However, when the T7 RNAP moved towards the surface, more transcripts were obtained. This difference might be explained by the higher productivity of transcription due to protein recapture.

In conclusion, based on the mass and refractive index changes registered by SPRi, certain kinetic parameters of transcription with T7 RNAP could be estimated. In the

Kinetics of DNA -E. coli RNAP complex formation

Similar procedures as described in Section 2.3 were applied to carry out transcription with E. coli RNAP from DNA templates immobilized on the SPRi chip. Two DNA fragments of different lengths (0.5 and 1 kbp) and the same spatial geometry ("close" or "far") containing a specific lacUV5 promoter sequence (Table 4.2) were deposited on the pre-functionalized gold surface at a concentration of ∼1 µM in 0. Analysis presented above proved that ApA solution was pure and theoretically it should not have a negative impact for the transcription reaction. However, the strong adsorption registered in sensorgrams did not allow the analysis and interpretation of kinetic data of real time transcription. Additional studies are required to determine the influence of ApA.

Characterization of RNA products synthesized on immobilized

DNA templates

The following experiments were carried out to determine if transcripts were however made in these conditions. After SPRi signal stabilization at 37°C, 150 µl of a transcription mixture (20 nM holoenzyme E. coli RNAP saturated with σ 70 factor, 4 x 0.5 mM NTP, 0.5 mM ApA -first dinucleotide (165) and 1 U/µl ribolock -a nonspecific inhibitor of RNase) in running buffer was injected. The mixture was passed over the surface for 6 min with a flow rate of 25 µl/min or the flow was stopped overnight from the moment when the mixture was in contact with the biochip surface. Fractions of flowthrough were collected at intervals of 1 min from time t = 0 s to t = 6 min, where 0 was identical with the moment of re-starting the flow and t = 6 min corresponded to the moment when the injected RNAP mixture was released from the SPRi tubing system.

After denaturation (addition of 1 volume of deionized formamide, heating at 95°C for 5 min and rapid cooling down on ice) samples with added ethidium bromide were loaded onto 1.5% agarose gels and electrophoresis at 50 V was performed for 2 -3 hours. Gels were scanned in a Typhoon scanner at the wavelengths of ethidium bromide: λex/λem = 532/610 nm.

A 6-minute reaction between immobilized DNA templates and free E. coli RNAP was too short to obtain detectable amounts of products (data not shown). On the other hand, the overnight reaction was effective in producing bands in the gel, probably arising from nascent RNA. were probably due to a partial degradation of the product. The DNA ladder was used to estimate lengths of obtained two main products. They were calculated to be 486 and 1180 nt, while their predicted lengths supposed to be 299 and 965 nt. These differences were due to different migration of dsDNA ladder and single stranded RNA products that additionally could possess secondary structures.

Comparison of the intensity of the bands represented by two geometries of immobilized DNA templates (promoter sequence placed close or far from the surface)

showed differences in the reaction efficiency. Similarly as for the example presented in Section 2.3 for transcription with T7 RNAP, also for transcription with E. coli RNAP transcription, the protein that was bound far and moved towards the surface produced more synthesized transcript. Since the scheme of the reaction was the same as for T7 RNAP, one could assume that an analogical reaction model could be applied for other RNAPs working in this kind of system. Briefly, it was hypothesized that RNAP after termination of transcription was released from the DNA template. When the protein was bound close to the surface and moved away, it was released from the crowded neighborhood to the solution. In contrary, when the protein proceeded towards the surface, after termination transcription and leaving the complex, it was rebound to the promoter site of a DNA strand immobilized nearby. This was effective in a higher productivity of RNA transcription in case of "close" geometry of a template. Calculations of the bands' intensity performed with Image Quant software allowed estimating that the signal intensity in the case of "far" geometry of immobilized DNA template was about 7% stronger than in the "close" geometry. Transcription efficiency was about 7% higher in the case of the "far" geometry. However, if the sigma factor is being released then how to explain rebinding? Two possibilities present themselves; either the sigma factor was in fact not released and released holo enzyme could rebind adjacent promoters, or released sigma factor could rebind to the core enzyme which in turn could be re-recruited to adjacent promoters, either case however did not represent a large proportion of events.

Signals registered as SPRi sensorgrams (Figure 4.10b) did not give a clear answer about the reaction progress. In both sensorgrams the signals rose dramatically after injection of the transcription mixture due to a different refraction index from the running buffer. In addition, curves registered for both lengths of DNA template were nearly the same for both geometries. The only noticeable difference occurred for the samples "bcg" that represented a pre-functionalized gold surface without any immobilized DNA.

In conclusion, transcription between free E. coli RNAP and immobilized DNA templates possessing a specific promoter site was confirmed in the crowded confined conditions occurring in the SPRi apparatus. The efficiency of the reaction was related to the direction of RNAP movement: the direction towards the surface was effective in higher amount of synthesized RNA. The difference in a transcript amount was about 7%

and it was remarkable in the agarose gel. RNA produced on SPRi chip was not degraded, however shorter products were identified and they were supposedly premature or aberrant transcripts.

Conclusions

Studies presented in this Chapter concerned the synthesis of RNA transcripts in the confined conditions associated with SPRi technology. Real time monitoring of interactions between immobilized DNA templates and free T7 RNA polymerase was used to determine apparent dissociation affinity of RNAP from template DNA (Section 2.1) and dissociation constants (Section 2.2). However, other kinetic rates of different transcription steps could be calculated, as has been carried out using other surface based techniques (235).

Studies performed with two polymerases: T7 RNAP and E. coli RNAP confirmed that transcription was possible in conditions where DNA with a specific promoter sequence was immobilized on the pre-functionalized SPRi biochip under specific controlled conditions Short-time (6 min) incubation was not sufficient to obtain detectable amount of product, nevertheless future developments might give access to this. In the conditions used here the amount of template was very low compared to solution conditions. One could increase the number of accessible templates. In the examples used here the area occupied by DNA was estimated to be a few µm 2 . However, it would be possible to cover the entire biochip surface with DNA and thus increase the occupied surface to several cm 2 . Another possibility used here would be to increase the incubation time. Also characterization of small amounts of product would be possible by for example using radioactively modified ribonucleotides or performing a reverse transcriptase reaction.

This latter possibility was tested during these studies. The collected flow-through was incubated with a reverse transcriptase and a primer in order to obtain cDNA fragments.

Afterwards, cDNA was amplified with a standard PCR reaction. However, technical problems arose that require some attention before this approach can be said to work.

Characterization of transcripts obtained during SPR based transcription studies has been previously reported [START_REF] Pemberton | Real time in vitro analysis of transcription by RNA polymerase on immobilized DNA fibres[END_REF], however because of the configuration of the SPR device used in these studies (BIAcore, carboxymethylated surface), questions such as those dealt with here could not be addressed, for example the effect of direction of transcription. The reaction model discussed in Sections 2.4 and 3.2 explained differences in the transcription efficiency depending on the direction of RNAP movement, either towards the surface or away from it. Nevertheless, to confirm the hypothesis that RNAP moving along DNA in the surface direction could be recaptured and could reinitialize transcription, additional studies are still required. These should involve monitoring transcription in SPRi as a function of the density of immobilized DNA in both geometries.

It is demonstrated here that SPRi could be used to follow in vitro transcription of long DNA templates (up to thousands of base pairs). This possibility could extend the real time monitoring not only to follow transcription from DNA to RNA but also to examine next steps in gene expression, such as translation of a nascent RNA into peptide chains, protein synthesis and maturation. It has been already demonstrated that protein synthesis in SPRi is reliable [START_REF] Seefeld | On-Chip Synthesis of Protein Microarrays from DNA Microarrays via Coupled In Vitro Transcription and Translation for Surface Plasmon Resonance Imaging Biosensor Applications[END_REF], however, as far as we are aware, the kinetics of these processes have not yet been followed. The end game would be to use SPRi to follow and characterize distinct steps in gene expression under very controlled in vitro conditions leading to the synthesis of proteins without the need for purification.

Chapter V

CONCLUSIONS AND PERSPECTIVES

The main goal of studies presented in this manuscript was to develop a robust biosensor that could be used to monitor in real time the process of gene expression.

Optofluidic surface based biosensors were chosen as the most relevant techniques, since they allow changes occurring in a given system to be followed with an extremely low detection limit and in very confined but controlled circumstances. Further development and application of surface biofunctionalization strategies will need to consider their extension to other supports and biological molecules. For instance, specific immobilization of proteins could serve to examine protein-protein or nucleoprotein interactions and, in the case of antibodies, to a specific immunodetection of antigens. Immobilization of proteins could be performed without any additional modifications, if the spatial orientation of a certain protein allowed specific moieties to be used directly for example primary amines or some amino acids (lysine or cysteine) that could be used for direct grafting on the sensor surface.

In the second part of this manuscript, the most robust surface functionalization strategy was used to immobilize DNA oligomers and monitor interactions with RNAPs in real time, using SPRi technique. We attempted to follow the movement of RNAP To continue the real time analysis of in vitro gene expression, many more additional experiments are required to characterize kinetic rates related to key steps in the transcription process, including enzyme binding to and from the promoter, the transition from the initial complex to the forward stall position, the polymerization rate of RNA along DNA, and the release rate from the end of the template DNA. Also studies in SPRi performed with various densities of immobilized DNA templates could confirm or negate the proposed reaction model (see Chapter IV, Section 2.4). Similar studies could be extended for various polymerases in order to determine their similarities and differences in kinetic real time analysis.

The ultimate goal of this project is to develop a whole on-chip reaction leading to protein synthesis from a DNA template immobilized on a gold biochip in the SPRi apparatus [START_REF] Seefeld | On-Chip Synthesis of Protein Microarrays from DNA Microarrays via Coupled In Vitro Transcription and Translation for Surface Plasmon Resonance Imaging Biosensor Applications[END_REF]. This would allow real time monitoring of the whole process of gene expression in confined but well characterized in vitro conditions. To perform these studies, the immobilized DNA template should contain specific sequences, including RNAP promoter binding sequences, ribosome binding sites, codon starts, desired gene sequences and codon stops. Injection of RNAP, amino acids and other components of transcription and translation (e.g. ribosomes) would be effective, firstly, in transcription of mRNA and, secondly, in its translation into a peptide sequence followed by protein maturation. This reaction is very complex and it may be challenging to obtain a native protein under these conditions. There would be several methods to determine the final product of translation reaction. The produced protein could be detected directly on the biochip after capture in a dedicated detection spot. For example, immobilization of specific antibodies would allow immunodetection of native proteins. In the case of poorly folded proteins, one could also carry out detection via His-tag and nickel-chelated complex formation (see Chapter I, Section 3.2. have successfully showed that the process may be followed and controlled, that it allows many conditions unavailable in solution to be examined and that the next steps in the project, in which the synthesis of proteins in confined in vitro conditions can now be undertaken with a very high probability of success.

APPENDIX 1.

Sequences of DNA 

Introduction

SU-8 is a negative photosensitive polymer with a low Young's modulus and excellent chemical and thermal stability, widely used in the manufacture of extremely robust microstructures [1,2]. The optical properties of SU-8, including transparency above 360 nm, coupled with its relatively low refractive index, make it an ideal material for optical waveguides and the development of label-free biosensors [3,4].

However, the surface of SU-8 is highly hydrophobic, thus incompatible with many applications in biotechnology [5][6][7]. Surface modifications of SU-8 to enhance its wettability and to allow controlled immobilization of (bio)molecules of interest have been developed [8][9][10][11]. Modifications essentially addressed the means of activating SU-8 surfaces using wet or dry pre-treatment methods. Wet pre-treatment methods use a cross-linker that reacts with hydroxyl and/or carboxyl groups generated by acid and/or alkali treatment [7][8][9]. Dry pre-treatment methods use oxygen or ammonia plasma [12] or pyrolytic dissociation of ammonia [10]. In both cases surface roughness increases significantly; this is detrimental for liquid distribution in a static fluid microdevice and results in an unsteady secondary flow in a flowing microchannel [13,14].

In addition, surface roughness induces optical loss in waveguides due to scattering on sidewalls [15] and promotes non-specific adsorption of (bio)molecules to the surface [16].

In this paper we present UV/ozone (UVO) pre-treatment as a straightforward method to activate SU-8 surfaces [17][18][19] and control chemisorption of molecules [3,4]. Because UVO leads to a milder surface oxidation than argon or oxygen plasma treatment, the SU-8 surface roughness is not affected by UVO exposition. Using water contact angle measurements (wCA), FT-IR spectroscopy and AFM, we characterized treated SU-8 films and, taking advantage of the fluorescence properties of tamracadaverine, we optimized experimental conditions to favor specific chemisorption of biomolecules on the UVO activated SU-8 surface.

To reinforce the specificity of biomolecule adsorption on the UVO activated SU-8 surface we compared one-step direct adsorption of biomolecules with a two-step adsorption process in which biomolecules were immobilized following the deposition of an anti-fouling layer composed of oligomers of ethylene glycol [20][21][22].

Finally, to illustrate biosensing applications, we followed the decrease of the fluorescence intensity upon association of antitamra with immobilized tamra-cadaverine. We demonstrate not only that the surface modification allows controlled immobilization of biomolecules but also does not impact on their functional integrity. 2. Materials and methods

Substrates and chemical reagents

Experiments were performed with double distilled water; all buffers were filtered before use with a low protein binding non-pyrogenic 0.8/0.2 m filter. Silicon wafers used as a substrate were purchased from ACM-PVD (France). SU-8 2002 was purchased from Micro-Chem (USA). N-[3-Dimethylaminopropyl]-N ′ -ethylcarbodiimide hydrochloride (EDC) and N-Hydroxysuccinimide (NHS) were purchased from Sigma-Aldrich. Carboxy-amine n-ethylene glycol reagents (CA(EG) 8 and CA(EG) 24 ) were purchased from Thermo Scientific. Tetramethylrhodamine (tamra) cadaverine and anti-tetramethylrhodamine rabbit IgG fraction (anti-tamra) were purchased from Invitrogen -Molecular Probes.

Fabrication of the SU-8 photoresist film

2-inch silicon wafers were cleaned for 10 min in the UVO-Cleaner (model 42-220, Jelight, USA). Microscope glass slides were cleaned with ethanol and acetone followed by cleaning in the UVO-Cleaner for 10 min. 2-3 m thick SU-8 films were obtained, following the method developed by Camille Delezoïde [3,4,23]. It consists in spin coating of SU-8 2002 at 500 rpm for 7 s with an acceleration of 100 rpm/s; followed by 3000 rpm for 30 s with an acceleration of 300 rpm/s using Spin-Coater RC8, Suss MicroTec. The films were softbaked on a hotplate for 1 min at 65 • C, followed by 2 min at 95 • C for a silicon wafer and at 65 • C for 6 min for a glass slide. Samples were flood-exposed in UV light for 15 s, using the UV-Aligner MJB4, Suss MicroTec. Post-exposure baking was performed on a hotplate for 1 min at 65 • C, followed by 3 min at 95 • C for a silicon wafer and 6 min at 95 • C for a glass slide. Samples were then hardbaked under three different conditions: at 90 • C for 5 h, at 120 • C for 3 h or at 180 • C for 2 h. The thickness of the films was controlled using Dektak 150 Surface Profiler, Veeco. Prepared surfaces were stored under nitrogen or used directly in the following experiments.

UV/ozone (UVO) treatment

Prepared surfaces were exposed to the UVO using the UVO-Cleaner (low pressure mercury vapor grid lamp: 28,000 W/cm 2 at 254 nm; model 42-220, Jelight, USA). Exposure of the samples to UVO lasted from 15 s till 20 min.

Fourier transform infrared spectroscopy (FTIR)

The surfaces before and after 30 s and 5 min of UVO treatment were analyzed in FT-IR spectrometer with resolution of 8.00 cm -1 , 1000 scans (apparatus Nexus -Thermo Electron Corporation, USA). A silicon wafer was used as a background. All measurements were carried out in adsorption mode.

Atomic force microscopy (AFM)

Surface topography and roughness before and after 5 min of UVO treatment were measured using microcantilever tips OMCL-AC240TS-R3 (Olympus, Japan) in Veeco nanoscope V. Measurements were performed in tapping mode with a scan rate of 1 Hz and scan sizes of 1 and 5 m. Images were taken at minimum three randomly selected areas. The software option 'Section' was used to calculate a root mean surface roughness (spectral RMS amplitude).

Water contact angle measurements (wCA)

wCA were measured on SU-8 films before and after UVO treatment. Measurements were carried out with Digidrop MCAT Analyzer (GBX, France). All measurements were taken at room temperature. 0.5 l water droplets were dispensed from a needle and the wCA was calculated on captured images, 500 ms after placing a drop on the surface. Each given wCA was the average value of five consecutive contact angle measurements.

Binding of tamra-cadaverine

The surfaces before and after 15 and 30 s, 1, 2, 5 and 15 min of UVO treatment were immersed in a diluted solution of EDC/NHS (ratio 1:1, EDC: 0.4 M N-[3-Dimethylaminopropyl]-N ′ -ethylcarbodiimide hydrochloride; NHS: 0.1 M N-Hydroxysuccinimide) [24] for 30-60 min. After rinsing with double distilled water, samples were incubated 1 h either directly with 10 M tamra-cadaverine in 10 mM NaOAc buffer pH 5.2 or with 0.1 mM CA(EG) 8 or CA(EG) 24 diluted in water. For pegylated SU-8 surfaces, samples were again immersed in EDC/NHS for 1 h and then rinsed with a buffer or sonicated twice for 2 min. Dried surfaces were analyzed in Typhoon scanner with an emission filter of 580 nm. The density of tamra-cadaverine on the SU-8 surface was deduced from a calibration curve: using a Typhoon imager, the fluorescence intensity of 1 l of an increasing concentration of tamra-cadaverine solution was measured to obtain a linear calibration curve. The concentration range used for the calibration curve was chosen according to the contrast obtained after scanning all samples with a Typhoon scanner so the calibration curves and the number of moles per unit area for each sample was within the same intensity range.

Tamra-cadaverine/anti-tamra interactions

Pretreated SU-8 thin films were used to spot 10 M tamracadaverine in 10 mM NaOAc buffer pH 5.2 with 1% v/v glycerol. Spots with the dimension of around 300 m were deposited using a Vikalex Spotter (Vikalex Technologies, France). 10 g/ml of antitamra diluted in PBS buffer was incubated on the tamra-cadaverine functionalized surface for 1 h after which the surface was rinsed with 10 mM glycine-HCl pH 2.0 to remove antibodies retained on the surface. All reactions were performed under liquid on the protected SU-8 surface; microfluidic flowcells were prepared on the glass slides using Sticky Slides VI 0.4 (ibidi, Germany). Three cycles were carried out for the reaction between immobilized tamra-cadaverine molecules and anti-tamra immobilized on the surface in a microfluidic flowcell, followed by surface regeneration with a glycine solution. Fluorescence images were recorded using an inverted epifluorescence microscope (Leica MicroSystems) equipped with a 4× objective and fluorescence filters suitable for tamra (excitation bandpass 510-560 nm, emission bandpass 590-680 nm). Average fluorescence intensity was calculated using ImageJ Software (NIH) after subtracting a background for each spot.

Results and discussion

Characterization of SU-8 surface after UV/ozone (UVO) treatment

In order to access a range of cross-linking densities on the SU-8 surface [25][26][27], we studied three hardbaking conditions following UVO exposure: 90 • C for 5 h, 120 • C for 3 h and 180 • C for 2 h. The degree of SU-8 reticulation, and thus the amount of reactive epoxy groups present on the surface, is largely conditioned by the hardbaking step [25,26,28]. The impact of UVO exposure time on SU-8 surfaces prepared under these three different conditions was followed using wCA, AFM and FT-IR spectroscopy. wCA allowed characterization of the evolution of the SU-8 surface energy for each UVO exposure time. As shown in Fig. 1, starting from a wCA of 83.5 ± 1.5, independently of the hardbaking conditions and in agreement with published data [7,9,28], the wCA decreased below 30 • after 10 min of UVO exposure and reached a plateau around 22 • after 20 min of UVO treatment.

The increase of surface energy of the SU-8 surface after UVO treatment might be explained by the creation of polar groups at the SU-8 surface upon oxidation [28]. Using a surface profiler we demonstrated that the thickness of the SU-8 layer was not affected after 20 min of UVO exposure (data not shown). In addition, it has been demonstrated that the optical properties of an SU-8 waveguide were not altered by such UVO treatment [3,4].

wCA measurements were extremely reproducible and no significant difference between the left and the right wCA (±0.3 • ) could be measured, indicating that the UVO treatment did not affect the SU-8 surface roughness.

To confirm this last point, both peak-to-valley and root-meansquare (RMS) roughness were measured by AFM on the three SU-8 samples before and after UVO treatment. Fig. 2 shows AFM images and the corresponding height profiles with the RMS roughness analysis of SU-8 thin film hardbaked at 120 • C for 3 h before and after 5 min of UVO treatment. The SU-8 surface before UVO is homogenous, with a peak-to-valley roughness of 1.7 nm and a RMS roughness of 0.121 nm. After 5 min under UVO, the surface remains homogenous with a peak-to-valley roughness of 1.9 nm and a RMS roughness of 0.144 nm. In addition, postexposure hardbaking conditions had no significant influence on the SU-8 surface roughness before and after UVO treatment time (Fig. 2c).

We analyzed SU-8 thin layers prepared using FT-IR spectroscopy (Fig. 3). The most relevant signals for the SU-8 photoresist are: 862 and 913 cm -1 corresponding to the epoxy ring [29]; between 1030 and 1295 cm -1 for C-O and C-O-C vibrations; between 1502 and 1604 cm -1 corresponding to phenyl groups and at around 1700 cm -1 a wide peak corresponding to the C O of a carbonyl group [10,[START_REF] Lieto | Ligand-receptor kinetics measured by total internal reflection with fluorescence correlation spectroscopy[END_REF][START_REF] Brown | Cross-Correlated TIRF/AFM Reveals Asymmetric Distribution of Force-Generating Heads along Self-Assembled[END_REF].

While the intensity of peaks corresponding to the long molecular chains of SU-8 polymer was not affected by UVO treatment, significant variations were observed for peaks corresponding to epoxy groups and to carboxyl groups [28]. As the UVO treatment time increased, the intensity of the signal from the epoxy groups decreased concomitantly with an increase in peak intensity corresponding to carboxyl groups.

Most of the epoxy groups within the thin SU-8 layer cross-linked during the post-exposure baking step [27,28], we thus deduced that the small peak intensities of the epoxy groups corresponded to epoxy groups present on the surface of the SU-8 film. In addition, the increase in carboxyl group peak intensity after 5 min of UVO treatment was larger than the decrease in the intensity of the epoxy groups peaks, indicating that oxidation of SU-8 was reaching the bulk of the SU-8 layer after relatively long UVO exposure time (5 min). Therefore, activation of the SU-8 surface with 30 s UVO exposure time should allow efficient (bio)molecule immobilization.

Of particular interest was that, although there was the presence of carboxyl groups and lower peak intensities corresponding to epoxy groups on the SU-8 film hardbaked at 120 • C for 3 h before UVO treatment, yet no carboxyl groups were detected on the SU-8 film prepared under the other two hardbaking conditions. The presence of carboxylic groups on the SU-8 surface could be due to oxidation of epoxy groups at the surface and/or to the presence of some residual solvent from the thin SU-8 film [25]. This observation is, in both hypotheses, coupled with a lower peak intensity of the epoxy group on the surface of SU-8 hardbaked at 120 • C for 3 h than with the other hard baking conditions.

FT-IR revealed that changes in the oxidation state of the SU-8 layer occurred both at the surface and in the bulk of the SU-8 film for long UVO exposure time (up to 5 min). While the amount of reactive epoxy groups on the SU-8 surface is defined by the degree of reticulation of the polymer upon the post exposure hardbaking, the surface density of carboxyl groups can be potentially controlled by short UVO exposure time (30 s). Consequently, the exposure time of SU-8 microstructure to UVO should allow modulation of the surface density of subsequent (bio)molecules following chemisorption.

Covalent binding of tamra-cadaverine to the surface

We used chemisorption of tamra-cadaverine to activated SU-8 surfaces through specific reactions with carboxyl groups via an EDC/NHS-mediated reaction to form amide bonds at the interface and provide a useful model to quantify the amount of material retained on the surface by measuring the intensity of tamra fluorescence when excited at 580 nm.

Following SU-8 substrate preparation [3,4], surfaces were exposed to UVO for times ranging from 0 to 15 min and sequentially incubated with a solution of EDC/NHS for 60 min, thoroughly rinsed with distilled water and incubated with 10 M solution of tamra-cadaverine for 60 min (see Section 2.7). Samples were then dipped in 10 ml of buffer (10 mM NaOAc, pH 5.2) and either agitated for 2 × 20 min or sonicated twice for 2 min in the same buffer. The influence of UVO treatment time on the density of immobilized tamra-cadaverine molecules on the SU-8 sample hardbaked at 120 • C for 3 h is shown in Fig. 4a. For the SU-8 not exposed to UVO treatment, the density of surface retained tamra-cadaverine was not negligible. In addition, the surface molecular density after sonication was significantly lower than for samples rinsed thoroughly and agitated in a large volume of buffer, indicating that remaining molecules were covalently attached to the SU-8 surface. It follows that the presence of residual reactive epoxy and carboxyl groups at the interface, highlighted by FT-IR (Fig. 3), was in itself sufficient to allow some specific binding. Second, the molecular density on the surface increased for UVO treatment lasting less than 1 min and decreased significantly with longer exposure. In all cases, sonication of samples, removing most non-covalently bound molecules strengthens the observation that the exposure of SU-8 surfaces between 30 s and 1 min of UVO treatment created the highest density of reactive carboxyl groups at the interface. Longer UVO exposure time most likely oxidizes SU-8 surfaces forming unreactive chemical groups, leading to lower densities of bound molecules. To conclude, the highest density of immobilized molecules (1.9 × 10 10 molecules/mm 2 ) was obtained after 30 s or 1 min of UVO exposure.

To demonstrate the specific adsorption of tamra-cadaverine on the UVO activated surface, we characterized the molecular density on the SU-8 surface avoiding the EDC/NHS pre-incubation step (Fig. 4b). The density of tamra-cadaverine increased significantly when EDC/NHS was applied on SU-8 thin layer both with and without UVO surface treatment, confirming the specific adsorption of tamra-cadaverine on the SU-8 surface. The tamra-cadaverine density on the surface without UVO was three times higher after pre-incubation with EDC/NHS than without EDC/NHS pre-treatment, confirming the presence of COOH groups on the surface hardbaked at 120 • C for 3 h and the low level of non-specific interactions (corresponding to 1/3 of the specifically bound tamra-cadaverine). After 30 s UVO treatment the level of non-specific binding of tamra-cadaverine increased three fold (when no EDC/NHS was applied to the surface) relative to the SU-8 surface without UVO treatment. Finally the surface density was 1.4 × 10 10 molecules/mm 2 while the non-specific interaction was 9.0 × 10 9 molecules/mm 2 when both UVO and EDC/NHS were applied to the SU-8 surface prior to the tamra-cadaverine deposition. It is important to note that the amount of non-specific interactions of tamra-cadaverine with the SU-8 surface after UVO treatment and with EDC/NHS pretreatment is expected to be significantly lower than the non-specific interactions when no EDC/NHS is employed. Indeed EDC/NHS pretreatment activates the COOH groups so the specific interaction (formation of an amide bond) is largely favored over the non-specific interactions, as demonstrated on the sample with no UVO treatment.

Although rinsing by sonication was shown to efficiently remove non-covalently bound molecules, it may pose a problem for biological applications through denaturation of bio molecules. Thus, to decrease non specific interactions of tamra-cadaverine and subsequent anti-tamra adsorption with the SU-8 surface, we studied the effect of pre-functionalization with carboxyl-amine n-ethylene glycol (CA(EG) 8 and CA(EG) 24 ) [20][21][22].

The influence of the EG chain-length and short UVO treatment on the density of tamra-cadaverine for each SU-8 hardbaking condition is presented in Fig. 4c. We confirmed that short UVO treatment significantly increased tamra-cadaverine density on the bare surface for the three-hardbaking conditions (Fig. 4c, no EG). Furthermore, we clearly observed that hardbaking conditions influenced molecular density. Thus, in agreement with data presented above and for samples with no UVO treatment and no EG, the tamra-cadaverine surface density was the highest after hardbaking at 120 • C for 3 h. Although preimmobilization of CA(EG) 8 or CA(EG) 24 did not significantly influence tamra-cadaverine surface density for SU-8 film hardbaked at 90 • C for 5 h and 180 • C for 2 h, we observed a lower tamra-cadaverine surface density for samples pre-functionalized with CA(EG) 8 or CA(EG) 24 and hardbaked at 120 • C for 3 h. When compared to the tamra-cadaverine surface density after sonication (Fig. 4a), we noticed that the amplitude of the drop in molecular density was similar, indicating that pre-treatment of the surface with CA(EG) 8 or CA(EG) 24 produced an efficient anti-fouling layer. Tamra-cadaverine surface density was lower following immobilization on pre-functionalized SU-8 surfaces than on a bare SU-8 film treated with sonication (9.5 × 10 9 compared to 1.3 × 10 10 molecules/mm 2 respectively) indicating that the final amount of reactive carboxyl groups was lower. The EG chain-length had no influence on the tamra-cadaverine surface density.

The SU-8 surface hardbaked at 120 • C for 3 h then activated by 30 s UVO treatment was adopted as a standard protocol for preparing SU-8 surfaces because it resulted in homogeneous samples with fewer disparities in the density of immobilized molecules (Fig. 4c).

To demonstrate the relevance of the surface modification method for bio-sensing applications, we analyzed fluorescence quenching following the interaction of anti-tamra with immobilized tamra-cadaverine.

Fluorescent microscope images at different times following injection of anti-tamra across the pre-treated SU-8 surface containing spots of immobilized tamra-cadaverine are shown in Fig. 5a. The relatively small variations in fluorescence intensity observed during the three cycles of interaction/regeneration may be explained by the low quenching efficiency after complex formation. Indeed, as characterized in the literature, quenching efficiency is not expected to exceed ∼57% of the initial intensity of the free tamra fluorophore diluted in a buffer solution [30]. In addition, since the average distance between tamra-cadaverine immobilized on the SU-8 surface was approximately 7 nm (deduced from Fig. 4c), not all immobilized tamra-cadaverine molecules can be involved in a complex with anti-tamra because of possible steric hindrance. Therefore, we quantified the intensity of fluorescence on each tamra-cadaverine spot and in each step of the association/regeneration cycle described in Fig. 5a. Fig. 5b summarizes the variation of fluorescence intensity (after correction for the background intensity signal) during three cycles of injection and regeneration. Considering the initial fluorescence intensity of the immobilized tamra-cadaverine spots to be 100%, we observed a drop in the intensity of fluorescence to approximately 82% after anti-tamra/tamra-cadaverine complex formation on the SU-8 surface. The fluorescence signal was recovered up to 86% after regeneration with 10 mM glycine-HCl, pH 2.0 solution. The loss of the signal from the immobilized tamra-cadaverine after regeneration might be due to desorption of tamra-cadaverine noncovalently bound to the surface but initially involved in complex formation and from undissociated complex that remains irreversibly on the surface. A second injection of anti-tamra again decreased the detected fluorescent signal to 81% and a second regeneration of the surface allowed total recovery of the signal intensity. A third cycle of association/regeneration showed similar variation of the fluorescence intensity demonstrating the specificity of the interaction on the pre-treated SU-8 surface.

Conclusions

We showed that UVO surface treatment is very promising compared to conventional wet or dry surface activation techniques known to significantly increase roughness [10]. We demonstrated that short exposure to UVO selectively oxidized SU-8 surfaces and increased hydrophilicity without damaging either thickness or surface roughness. Optimal conditions of hardbaking were established as being 120 • C for 3 h. Such UVO activated SU-8 surfaces were then used to covalent immobilization of tamra-cadaverine with high density. The binding process was specific and bound molecules were accessible for further antigen-antibody reactions. This specific and reversible reaction between molecules interacting with immobilized tamra-cadaverine molecules confirms that the SU-8 UVO activation method can be directly applied to the controlled immobilization of a range of (bio)molecules on SU-8 surfaces. The goal of this thesis was to develop a robust method that would allow real time monitoring of RNAP reaction in vitro under rigorously controlled conditions. A major axis was to develop a surface-based biosensor that would allow the characterization of the main steps of the transcription reaction.

Titre: Systemes artificiales pour l'expression des genes in vitro

Sensor surfaces (polymer coated glass and 50nm thin layer gold) were biofunctionalized and characterized in order to immobilize DNA in a controlled manner. Interactions between DNA molecules immobilized on a sensor surface and free RNAPs (monomeric bacteriophage T7 and holoenzyme of E. coli) delivered to the surface were examined using surface plasmon resonance imaging (SPRi) to obtain kinetics data. RNA transcripts produced in the biochip were collected and semi quantified. Potential future developments would take advantage of the data provided here on RNA synthesis to design biosensors that could track real time in vitro protein production
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 11 Figure 1.1. Schematic diagram of a biosensor consisting of a bioreceptor and a
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 12 Figure 1.2. Division of surface based biosensors based on their detection principles.
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 13 Figure 1.3. (a) Micro ring resonators with different cavity diameters (from 5 to 50 μm); (b) Scheme of a micro ring resonator.
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 14 Figure 1.4. Principles of micro ring resonator biosensor (a) Detection of nucleic acid hybridization; (b) shift of the resonant peak wavelengths caused by binding of the
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 15 Figure 1.5. Principles of Total Internal Reflection Fluorescence (TIRF) microscopy. A
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 16 Figure 1.6. Schematic presentation of grating, Otto and Kretschmann prism configurations. Adapted from: http://www.bionavis.com/technology/spr
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 17 Figure 1.7. Examples of SPR results: (a) plasmon curve registered by SPR; (b) angular shift of a plasmon resonance; (c) sensorgram: variation of the angle θ as a function of time.

(Figure 1 . 8 .

 18 Figure 1.8. A simple saturation plot used to estimate Kd (affinity constant) value.

Figure 1 . 9 .

 19 Figure 1.9. Sensorgram of SPR presenting different phases of a biomolecular intereaction. Adapted from (67).

  most common SPR based instruments are from BIAcore technology (Uppsala, Sweden). BIAcore technology is based on the automated label-free optical detection of biological molecules and their interactions in real time. Essentially, it measures changes in resonance angle as a function of the concentration of material at the surface (Figure 1.10).
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 110 Figure 1.10. Basic SPR instrument configuration, included SPR Kretschmann geometry and sensorgrams obtained during the measurements. Adapted from: www.biacore.com

Figure 1 . 11 .

 111 Figure 1.11. Principles of surface plasmon resonance imaging. As for the classical SPR approach light from a narrowband light source is collimated, and sent to a prism at the angle of total internal reflection. A CCD camera collects the reflected light, allowing visualization of the entire sensor surface in real time. Adapted from (71).
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 1112 Figure 1.12. Instrumental characteristics: (a) SPRi-plex GenOptics, (b) From right to left, glass prism without and with an evaporated gold layer and with spots of biomolecules on the gold surface.

Figure 1 . 13 .

 113 Figure 1.13. Data obtained from SPRi experiment: a) flow cell image with selected area on the surface; b) differential image showing variation of image contrast on a surface in real time; c) sensorgram showing the variation of the % reflected light intensity as a function of time at selected spots on the surface.

  Thiolated molecules (SH-R) react spontaneously with metallic surfaces to form a stable complex (45 kcal/mol (94), compared for example to ~83 kcal/mol for a C-C bond). According mainly to the incubation time and the thiol concentration SAMs on gold are densely packed with molecules standing proud from the surface (Figure1.14).

Figure 1 . 14 .

 114 Figure 1.14. Structure of a thiolated molecule forming a SAM on metallic surfaces.
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 15 The simple immersion of a clean metallic substrate in a solution (ethanol, hexane, acetonitrile or water) containing thiolated molecules leads to their chemisorption and form a dense self-assembled monolayer with time (Figure1.15). The saturation of the surface is reached at different adsorption times depending on the thiolated molecule concentration, solvent and temperature. In addition, the final structure of the SAM and molecular density strongly depend on the chemical nature and size of the functional head group of the thiolated molecule.

Figure 1 . 15 .

 115 Figure 1.15. Formation of a dense self-assembled monolayer on gold as a function of the incubation time. Adapted from (96).

Figure 1 . 16 .

 116 Figure 1.16. Immobilization of a biomolecule to full and mixed SAMs: (top) pure and 'short' alkenethiols where the binding of the ligand is sterically hindered; (centre) mix SAM of 'short' and 'medium' alkenethiols still showing steric hindrance upon binding of the ligand; (bottom) mixed SAM of 'short' and 'long' alkenethiols allowing binding of the ligand with no steric hindrance. Adapted from (98).
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 1117 Figure 1.17a. According to the density of adsorbed polymer, the structure of the thin layer on the surface differs: mushroom-like regimes (when the tethered chains are isolated and their structures do not differ significantly from polymers in bulk), brushlike regimes (when the chains are strongly stretched and densely grafted onto the surface) or intermediate -overlapping mushroom-like regimes, as shown in Figure 1.17b (99, 100). Polymers can fully cover the surface even when their density does not reach the surface saturation as their long chains collapse and form mushroom-like or overlapping-mushroom-like states on the surface.

Figure 1 . 18 .

 118 Figure 1.18. Schematic distribution of proteins in contact with tethered polymer layer.

Figure 1 . 19 .

 119 Figure 1.19. EDC/NHS conjugation reaction between carboxyl and amine groups leading to formation of amide bond.

(

  109). The extremely high affinity of the avidin -biotin interaction (Kd = 10 -14 M) found broad applications in different biological domains, including the development of biosensors. The main method of bioconjugation using avidin-biotin chemistry comprises 'sandwich' reactions: functionalization of a surface with biotin, following by avidin immobilization and incubation with a biotinylated molecule (108) or direct functionalization of a surface with avidin, following incubation with a biotinylated molecule (Figure1.20). Since avidin has a tetrameric structure and can bind up to 4 biotins, it is important to control the stoichiometry and characterize the density of immobilized molecules. It is worth to notice that avidin is a glycoprotein with a high isoelectric point (pIavidin ≈ 10) that in the following steps of biosensor development can promote nonspecific interactions. However, there are several analogues of avidin (streptavidin, extravidin or neutravidin) with lower pI that are not glycoproteins, for example streptavidin[START_REF] Conde | Revisiting 30 years of biofunctionalization and surface chemistry of inorganic nanoparticles for nanomedicine[END_REF].
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 120 Figure 1.20. Immobilization of protein on the biotinylated surface. Adapted from www.proteinslides.com

Figure 1 . 21 .

 121 Figure 1.21. Random orientation of antibodies immobilized on the surface. Adapted from (110).
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 122 Figure 1.22. Binding of His6-tagged protein to a functionalized surface. Adapted from (89).
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 123 Figure 1.23. Central dogma of biology. (Adapted from: www.primal-living.com.au)
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 124512 Figure 1.24. Transcription by Escherichia coli RNA polymerase. Adapted from (121).
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 125513 Figure 1.25. DNA promoter sequence interacting with the σ subunit of E. coli RNAP. Adapted from www.boundless.com
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 126 Figure 1.26. Protein movement along a DNA template in order to localize a binding site. From top to bottom: sliding, hopping and intersegmental transfer of a protein. Adapted from (129).

dependent and ρ-independent (Figure 1 Figure 1 . 27 .

 1127 Figure 1.27. Model of a) ρ-independent termination of transcription; b) ρ-dependent termination of transcription. Adapted from (121) and www.bio.miami.edu.

  consisting of four subunits (α2ββ'ω) of a molar mass 390 kDa in the core enzyme and a fifth variable subunit -σ in the holoenzyme. This holoenzyme (Figure1.28) integrates several functions into a single molecular machine: recognition and binding to the specific sequence on the promoter, separation of dsDNA during the initiation of transcription and progressive synthesis during elongation.

Figure 1 . 28 .

 128 Figure 1.28. Schematic presentation of Escherichia coli RNA polymerase. (Adapted from www.namrata.co)

  It contains mutations that allow efficient transcription in the absence of cAMP (165). Kinetic stages of interaction between the lacUV5 promoter and E. coli RNAP at 37°C are schematically presented as: where the major species at equilibrium is an open complex of RNAP and promoter (RPo) and the major transient species is a closed complex (RPc) (166). The rate-limiting step in this reaction is an isomerization corresponding to the k2 step and open complex formation (k3) is not limited by the rate at which DNA is locally melted. The overall kinetic binding constant (KB) at 37°C for RNAP on lacUV5 promoter in solution was established to be 160 µM (164). The regions of DNA template reacting directly with RNAP include the -10 and -35 sequences (132), however the whole footprint for RNAP in an open complex extends to more than 50 nt in length (165, 167).

were incubated for 1

 1 to 2 hours with 0.1 mM CA(EG)8 or CA(EG)24 (carboxy-amine nethylene glycol solutions, Thermo Scientific) diluted in water. PEGylated SU-8 surfaces were then immersed in the EDC/NHS solution for 1 h and rinsed with a buffer solution or sonicated in a buffer solution twice for 2 min before incubation with tamracadaverine or DNA-NH2 as described previously. Unreacted activated carboxyl groups on the surface were blocked by incubating the surface with 1 M ethanolamine pH 8.5 for 10 min.Functionalization of gold surfaces. Glass slides or glass prisms with a 50-nm gold layer were immersed in a solution of 0.1 mM 1-undecanethiol substituted with a hydroxyl-terminated tetra(ethylene glycol) (11-mercaptoundecyl tetra(ethylene glycol), EG-OH; Sigma-Aldrich) diluted in ethanol for exactly 30 s and rinsed thoroughly with ethanol for 30 min. The gold surfaces were then immersed in a solution of 1 mM - S(CH 2 ) 11 (OCH2CH2) 6 -COOH (EG-COOH, Prochimia, Poland) for 5 -120 min and rinsed thoroughly with ethanol for 30 min. Carboxylated pre-functionalized gold surfaces were activated with EDC/NHS as described above for the SU-8 surfaces. 10 µM tamracadaverine in 10 mM NaOAc buffer pH 5.2 or oligoDNA-NH2 of different concentrations diluted in 0.4 M phosphate buffer pH 7.0 were incubated on the surface for 0.5 to 2 h in a humid chamber in order to avoid spot drying. Unreacted activated carboxyl groups on the surface were blocked by incubation with 1 M ethanolamine pH 8.5 for 10 minutes.

SU- 8

 8 thin film and pre-functionalized gold surface were used as a support for immobilization of cholesteryl-and cholate-modified (bio) molecules based on hydrophobic interactions. Synthesis of cholate-and cholesteryl-modified (bio) molecules. (i) DNA oligomers modified with a tetraethylene glycol cholesteryl (TEG-chol) group in 5' end were purchased from Eurogentec. (ii) Tamra-cholate (tamra-chol) was synthesized by mixing 100 µM tamra-cadaverine and 100 µM Na-deoxycholate in different ratios and their coupling with 0.4 M EDC and 0.1 M NHS for 2 hours. Analytical thin layer chromatography was performed on aluminum-percolated plates of Silica Gel 60F-254 in order to verify the efficiency of synthesis tamra-chol molecule. A mixture of acetone/dichloromethane/methanol (3:1:1) was used as eluent.
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 22 Glass prisms were introduced into the Surface Plasmon Resonance imaging apparatus (SPRi-plex, GenOptics -Horiba; detailed description of SPRi-plex specification can be found in Chapter I, Section 1.1.3.1) and incubated for 2 hours with PBS as the running buffer. Different concentrations of antitamra diluted in PBS buffer were injected to the microfluidic flow with a flowrate of 25 µl/min and flowed across the immobilized tamra molecules for 6 min. Variations in mass detected on the gold surface -liquid interface were recorded as the difference in relative reflectivity signal. Obtained data were analyzed with BIAevaluation and OriginLab softwares; curves were fitted to a simple Langmuir binding model to obtain kinetic constants.

Figure 2 . 1 .

 21 Figure 2.1. Orientations of DNA oligomers immobilized on the surface through the primer modified on 5' end using one of the strategies for biomolecule immobilization (see Section 2). Blue -forward primer, yellow -reverse primer, green box -promoter sequence. Arrows show the direction of RNAP movement; 'close' and 'far' stand for the position of the promoter site with respect to the surface.

1

 1 µM of DNA oligomers were deposited and incubated on the prism. The reaction mixture was injected into the microfluidic system with a flowrate of 25 µl/min, flowed across the gold surface with immobilized DNA oligomers during 6 min or the flow was stopped for about 15 hours. Afterwards, the flow was re-started and the through-flow was collected at 0.5 or 1 min intervals. The collected fractions were mixed with one volume of deionized formamide and analyzed by agarose gel electrophoresis as described in Section 2.5.1 c. Introduction Surface-dependent biosensors belong to the largest and most diversified group of biosensing devices. This group comprises mechanical, electrochemical and optical biosensors. Typically, one or several ligands are immobilized specifically on a biochip surface and their interactions with analytes delivered to the system in solution are

2. 1 .

 1 Characteristics of SU-8 negative photoresist polymerSU-8 (Figure3.1) is a negative photosensitive polymer with a low Young's modulus and excellent chemical and thermal stability, widely used in the manufacture of extremely robust microstructures, essentially microfluidic systems and bioMEMS (178, 179). Moreover, the optical properties of SU-8, i.e. its thermal resistance and transparency in the near UV and visible light, coupled with its relatively low refractive index compared to silicon-on-insulator (SOI) technologies, make it an ideal material for optical waveguides and the development of label-free biosensors(20, 180).

Figure 3 . 1 .

 31 Figure 3.1. Chemical structure of the SU-8 polymer.

  exposed to UVO for 15 s up to 20 min. The influence of UVO exposure time on SU-8 surface properties was tested by measuring surface thickness with a profilometer, determining wettability by water contact angle (wCA) measurements, defining its roughness with atomic force microscopy (AFM) and identifying surface-exposed functional groups with Fourier Transform Infra-Red (FT-IR) spectroscopy.All methods and materials were used as described in Chapter II, Section 1. The thickness of freshly spin-coated and hard-baked SU-8 films was systematically measured prior to experiments. The preparation protocol of an SU-8 layer led to an SU-8 film thickness of 2 µm ± 15% that was taken as a standard value used in all further works.Water contact angle (wCA) technique measures wettability of smooth surfaces: the more hydrophobic the surface, the lower the value of wCA. wCA allowed characterization of the evolution of the SU-8 surface energy for each UVO exposure time.As shown in Figure3.2a, starting from a wCA of 83.5° ± 1.5°, independently from the hard-baking conditions and in agreement with published data (183, 185, 197), the wCA decreased below 30° after 10 min of UVO exposure and reached a plateau around 22° after 20 min of UVO treatment.The increase of surface energy of the SU-8 surface after UVO treatment might be explained by the creation of polar groups at the SU-8 surface upon oxidation(197). The use of a surface-profiling stylus demonstrated that the thickness of the SU-8 layer was not affected even after 20 min of UVO exposure (data not shown). In addition, it has been demonstrated that the optical properties of an SU-8 waveguide (a crucial factor in the development of micro ring resonator biosensors) were not altered by such UVO treatment(20). The wCA measurements were extremely reproducible and no significant difference between the left and the right wCA (±0.3°) could be measured (Figure3.2b), indicating that the UVO treatment did not affect the SU-8 surface roughness.

Figure 3 . 2 .

 32 Figure 3.2. (a) Variation of the wCA with increasing UVO exposure time of SU-8 thin film prepared with three different hard-baking conditions. Each data point corresponds to the average of five wCA measurements. (b) Examples of water droplet geometries deposited on the SU-8 surfaces hard-baked at 120°C for 3 h and exposed to UVO for 1, 5 and 10 min (from top to down, respectively). The images were taken 500 ms after placing the drop on the surface.

  Here, to characterize the roughness surface of the SU-8 thin layer, both peak-tovalley and RMS roughness were measured by AFM on three SU-8 samples before and after UVO treatment. Figure3.3 shows AFM images and the corresponding height profiles with the RMS roughness analysis of SU-8 thin film hard-baked at 120°C for 3 h before and after 5 min of UVO treatment. The SU-8 surface before UVO was homogeneous, with a peak-to-valley roughness of 1.7 nm and a RMS roughness of 0.121 nm (Figure3.3a). After 5 min under UVO, the surface remained homogeneous with a peak-to-valley roughness of 1.9 nm and a RMS roughness of 0.144 nm (Figure3.3b). In addition, post-exposure hard-baking conditions had no significant influence on the SU-8 surface roughness before and after UVO treatment time (Figure3.3c).

Figure 3 . 3 .

 33 Figure 3.3. AFM topography images and height profiles of SU-8 surfaces hard-baked at 120°C for 3 h: (a) before UVO treatment and (b) after 5 min of UVO treatment. Dotted lines indicate where the height profiles were taken. (c) Comparison of the root-meansquare (RMS) roughness for SU-8 films hard-baked with different conditions. Standard deviations were calculated based on three randomly selected areas; four height profiles per area were taken.
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 34 Figure 3.4. FT-IR spectra of SU-8 film prepared with three hard-baking conditions: (a) 5 h at 90°C, (b) 3 h at 120°C, (c) 2 h at 180°C; before and after 30 s and 5 min of UVO treatment. Peaks of epoxy (862 and 913 cm -1 ) and carboxyl groups (wide peak around 1700 cm -1 ) are indicated with arrows. All spectra were normalized to the peak at 1246 cm -1 .

  group and one attached to a fluorescent rhodamine moiety (Figure3.5). Tamracadaverine molecule has two distinctive features that were used here. Firstly, free amines can react with an activated carboxyl group (e.g. via EDC/NHS-mediated reactions) to form an amide bond, therefore demonstrating the ability of binding biological molecules that possess free amine groups (DNA, proteins, antibodies, peptides). Secondly, the fluorescent property of tamra-cadaverine (absorption wavelength 545 nm and emission wavelength 580 nm) allows quantification of the number of immobilized molecules. Additionally, the tamra residue has a dedicated antibody ('anti-tamra') used in quenching-based assays (200) that allowed recognition of specific antibody -antigen interactions.

Figure 3 . 5 .Figure 3 . 6 .

 3536 Figure 3.5. (a) Tetramethylrhodamine 5-carboxamide (tamra) cadaverine molecule with pointed rhodamine and cadaverine groups. An amine group used to couple carboxyl group on the SU-8 surface is marked with a green circle. (b) Spectra of tamracadaverine excitation and emission. Peak maxima occur at 544 and 571 nm for excitation and emission, respectively.

Figure 3 . 7 .

 37 Figure 3.7. Density of tamra-cadaverine molecules per mm 2 immobilized on the SU-8 surfaces: (a) depending on UVO exposure time and rinsing method; SU-8 thin film hardbaked at 120°C for 3 h, activated with EDS/NHS and rinsed twice with 10 mM sodium acetate buffer pH 5.2 or sonicated twice for 2 min; (b) depending on the EDC/NHS pre-incubation step; (c) depending on the surface pegylation method. SU-8 films were hardbaked in three different conditions, activated with EDS/NHS, activated or not by 30-s UVO treatment. Standard deviations were calculated based on six independent measurements.
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 3824 Figure 3.8. (a) Fluorescent microscope images of tamra-cadaverine and anti-tamra interaction cycle. (i) Image of spots of immobilized 10 µM tamra-cadaverine, (ii) image taken after injection of 10 µg/ml anti-tamra and rinsing with PBS buffer, (iii) image taken after regeneration of the surface with a solution of 10 mM glycine-HCl pH 2.0 (202) and (iv) image taken after an additional injection of anti-tamra and rinsing with PBS buffer. (b) Changes in fluorescence intensity during three reaction cycles. Standard deviations were calculated based on four independent measurements.

SU- 8

 8 photoresist polymer is widely used in the fabrication of micro devices for biosensing applications. UV/ozone (UVO) surface pre-treatment was presented here as an effective straightforward method to increase the hydrophilicity of SU-8 films and improve specific covalent binding of molecules in a controlled manner. UVO lead to a milder surface oxidation than argon or oxygen plasma treatment therefore the SU-8 surface roughness was not affected by UVO exposition (193) as demonstrated by water contact angle (wCA), FT-IR spectroscopy and AFM. The fluorescent properties of tamracadaverine allowed optimization of experimental conditions to favor specific chemisorption of molecules on the UVO activated SU-8 surface. Optimal conditions to obtain covalent immobilization of tamra-cadaverine with high density were established as SU-8 thin film hard-baked at 120°C for 3 h and UVO treatment for 30 s. Quantitative analysis of immobilized tamra-cadaverine demonstrated that a two-step surface modification where the surface was first protected with an ethylene glycol monolayer lead to an increase in binding specificity. To prove the controlled binding and accessibility of immobilized molecules, three cycles of reversible interactions between anti-tamra antibody and tamra-cadaverine immobilized on the surface of SU-8 were presented. Finally, the UVO functionalization method was applied to immobilize DNA oligomers modified with amine groups. Further studies demonstrated that covalent immobilization of DNA oligomers on UVO pre-treated surfaces was difficult to reproduce and the level of non-specifically adsorbed DNA was high.

of cholesteryl-modified molecules 3 . 1 .

 31 Cholesteryl-based hydrophobic couplingCholesterol is an amphiphilic steroid widely distributed in biology, mainly as a compound of membrane phospholipid bilayers. In addition, cholesterol has found various applications in science and technology, e.g. in artificial liposomes and micelles to biosensing applications and to stabilize drug delivery processes (107). Cholesterol and cholesterol-modified polymers are also broadly used in self-assembled monolayers and Langmuir-Blodgett films (204). In order to avoid a high energetic cost incurred for exposing hydrophobic moieties to the aqueous interface, hydrophobic parts of molecules approach each other and continue to self-assemble and, in critical situations, form structures such as micelles (205). Attractive forces between hydrophobic parts of the molecules lower the surface energy by promoting aggregation and clustering(206) or by adsorption to hydrophobic supports.It has been demonstrated that DNA oligomers modified with a cholesteryl group were specifically immobilized on the hard-baked SU-8 films (207, 208). These findings demonstrated a robust, fast and efficient one-step process for immobilizing (bio) molecules and thus inspired the research described here to apply hydrophobic coupling to functionalize sensor surfaces. Clear advantages of non-covalent chemisorption include fast functionalization and regeneration of surfaces. This provides high reproducibility and the possibility of re-using exactly the same surface to monitor subsequent interactions, for example in SPRi technology. Amphiphilic molecules with a planar sterol ring present in cholesteryl-and cholate-modified molecules were used to (bio) functionalize 2-dimensional surfaces based on hydrophobic coupling with surfaces such as SU-8 thin films or hydrophobically pre-functionalized gold layers. The hypothesis was that hydrophobic coupling of these molecules could be a universal functionalization method, dependent only on the surface properties (e.g. level of hydrophobicity and roughness) and conditions of incubation. To confirm this statement, studies were carried out on two distinct hydrophobic surfaces: SU-8 thin film and gold surfaces modified with a hydrophobic monolayer that showed analogous properties to SU-8. Optimal conditions for the controlled non-covalent immobilization of fluorescent tamra molecules modified with a cholate moiety and DNA oligomers modified with a cholesteryl moiety were established. Additionally, the accessibility of immobilized molecules and their potential use in further biosensing reactions was tested and confirmed.

  9a and b). It can be easily conjugated with (bio) molecules of interest, i.e. by coupling reactions with carboxyl groups present in the aliphatic tail or esterification of the polar hydroxyl group present in the cholesterol ring that leads to cholesteryl ester formation. In this work, both cholesteryl ester and the salt of cholic acid were used. Sodium deoxycholate (Figure3.9c) is an ionic nontoxic detergent widely used to disrupt and dissociate protein interactions. Similarly to cholesteryl, Nadeoxycholate is composed of a sterol skeleton and an aliphatic hydrocarbon tail. The molecule terminates with a sodium carboxylate moiety that can be conjugated with a primary amine via EDC/NHS chemistry.

Figure 3 . 9 .

 39 Figure 3.9. (a) Four domains in the cholesterol molecule: A -hydroxyl group, B -sterol ring, C -carbon C20 determining the confirmation of a side tail, D -aliphatic tail; (b) Spatial composition and dimensions of a cholesterol molecule; (c) Sodium deoxycholate molecule.Figure 3.9 a and b adapted from (209).

and 1 : 4 , 4 Figure 3 . 10 .

 144310 Figure 3.10. Analytical thin layer chromatography with spotted samples (from left to right): tamra cadaverine ('T'), Na-deoxycholate ('ch'), tamra cadaverine and Nadeoxycholate ('T+ch'), conjugated tamra cadaverine with Na-deoxycholate with molar ratios 1.1:1, 1:1, 1:2 and 1:4 ('1.1:1', '1:1', '1:2' and '1:4', respectively). Black arrow represents the end of migration of conjugated tamra cadaverine with Na-deoxycholate.

Figure 3 . 11 .

 311 Figure 3.11. Deoxyribose cholesteryl tetraethylene glycol (TEG-chol) modification of DNA oligomer at 5' end.

  to incubation time and the spotted solution concentration. Density was measured in the same way as described in Section 2.3 for immobilized tamra-cadaverine. Briefly, calculations were performed based on a calibration curve; the fluorescence signal of 1 µl of tamra-chol solution of increasing molarity was measured to obtain a linear calibration curve. The concentration range used was chosen according to the intensity of fluorescent signals from analyzing samples (using a Typhoon scanner) and therefore allowed calculation of the number of molecules per unit area with relatively good approximation.

  were immersed in tamra-chol solutions of concentrations ranging from 1 to 20 µM for times from 1 to 20 min. As could be deduced from Figure3.12, the density of immobilized molecules strongly depended on the incubation time when the tamra cadaverine concentration was 1 µM. For higher concentrations, the number of immobilized molecules was only influenced by the concentration of the tamra solution and not by the incubation time. From 2 to 4 µM the density of immobilized tamra-chol molecules increased to reach a plateau from 5 µM tamra-chol solution at a molecular density estimated between 2.5•10 10 and 3•10 10 molecules/mm 2 . These values corresponded to results obtained previously by other research groups where immobilization of 20-base DNA-chol oligomers provided a DNA density of 10 10 -10 11 molecules/mm 2 (207). Additionally, based on the data presented here, the adsorbed tamra-chol molecules were taken as having formed a monolayer, since a plateau in the number of molecules immobilized on the surface was reached, independent of the applied conditions, including incubation time and concentration of solution used.

Figure 3 . 12 .

 312 Figure 3.12. Density of tamra-chol molecules immobilized on the SU-8 surfaces depending on a concentration of the spotted solution (1 -10 µM) and incubation time (1 -20 min). Standard deviations were calculated based on six independent measurements.

Figure 3 . 13 .

 313 Figure 3.13. Influence of various solvents for efficient desorption of tamra-chol immobilized on the SU-8 surface, based on the density of remaining molecules. Samples were rinsed with various solutions for 1 and 10 min. Standard deviations were calculated based on five independent measurements.

  surface immersion in acetone and ethanol, and subsequent immobilization of 10 µM tamra-chol. As shown in Figure3.14, regeneration of the hydrophobic surface after almost complete removal of the adsorbed tamra-chol monolayer was feasible. Considering that the initial amount of immobilized tamra-chol gave 100% of a fluorescent signal, immersion of the functionalized surface for 10 min in acetone or absolute ethanol decreased this signal to 20% and 11%, respectively. Subsequent immobilization of tamra-chol on these surfaces allowed recovery of 72% of the fluorescence signal in the case of acetone (Figure3.14a) and 100% in the case of ethanol (Figure3.14b).

Figure 3 . 14 .

 314 Figure 3.14. Fluorescence intensity immobilized tamra-chol throughout a cycle of regeneration: desorption and immobilization of 10 µM tamra-chol during surface regeneration with (a) acetone and (b) absolute ethanol.

Functionalized

  prisms were used in SPRi experiments to confirm the general applicability of this technique. An additional advantage of this technique would be the high reproducibility of the surface monolayer throughout regeneration cycles. This could be applied in SPRi experiments where kinetic data can be extracted. The influence of concentration and efficiency of surface regeneration were examined. Solutions of 5 µM tamra-chol were injected in the SPRi apparatus and passed for 4 min at a flow rate of 25 µl/min over a hydrophobic monolayer adsorbed on a gold layer. After rinsing with running buffer for several minutes, the surface was regenerated by subsequent injection of 10 µl of absolute ethanol at a flow rate of 25 µl/min. Variations of the refractive index over time are shown in the sensorgram in Figure 3.15a.The characteristic phases that can be distinguished on the sensorgram were as follows: before 0 s -a stable signal from a running buffer solution passing over the surface, representing the experimental baseline; upon injection of the sample solution (5 µM tamra-chol in a running buffer) the signal increased indicating the adsorption of the molecule to the sensor surface; 240 s (marked with the arrow in Figure3.15a) -sample injection was stopped and the injected solution was replaced by the running buffer with a distinct refractive index that caused subsequent decrease of the signal. It is important to notice that the curve during the subsequent dissociation phase did not reach previous level, indicating that injected molecules altered the signal through adsorption via hydrophobic coupling to the surface. In the following part of the sensorgram (from t = 620 s), the signal increased following injection of ethanol. After injection was stopped the signal returned to the baseline level, suggesting that tamra-chol molecules that were adsorbed on the surface before the injection of ethanol were totally desorbed following ethanol injection. Subsequently, the solution of 10 µM tamra-chol was passed over the same surface for 4 min, followed by surface regeneration with ethanol and injection of 20 µM tamra-chol solution for 6 min. Superimposed sensorgrams from these experiments are shown in Figure3.15b. Differences in the maximum signal intensity were due to three injections of tamra-chol solutions at increasing concentrations(5, 10 and 20 µM, respectively) and thus having different refractive indexes. All curves, regardless of the injected concentration of tamra-chol, reached similar values at the end of the dissociation phase (about 2 % difference of relative reflectivity) that were clearly above the baseline. It was assumed that these values corresponded to a monolayer formed of tamra-chol immobilized on the hydrophobic surface. The same trend was observed for functionalization of SU-8 surfaces (Section 3.3.1) thus indicating that the adsorption stopped at a monolayer or a sub monolayer.

Figure 3 .

 3 Figure 3.15. a) SPRi sensorgram of immobilization of 5 µM tamra-chol on the hydrophobic gold surface and its subsequent removal with absolute ethanol; the beginning and end of tamra-chol injection is marked with arrows; b) Superimposed SPRi sensorgram of immobilization of 5, 10 and 20 µM tamra-chol on the hydrophobic gold surface after regeneration with ethanol on the same surface.

  -tamra were injected into the SPRi apparatus and passed over two separate surfaces functionalized with tamra-chol or tamra cadaverine (the control experiment) for 4 min. Examples of sensorgrams are shown in Figure 3.16. Three different concentrations of anti-tamra antibody: 13.5, 20 and 27 nM were injected and passed over the surfaces. Comparisons of antigen -antibody interactions registered for tamra-chol immobilized on the hydrophobic surface (Figure 3.16 a, c, e) and tamra cadaverine covalently bound to the surface (Figure 3.16 b, d, f) showed similarities in sensorgram curves. All sensorgrams had similar amplitudes and overall shapes.

Figure 3 . 16 .

 316 Figure 3.16. Kinetic analysis of antibody -antigen interactions carried out in SPRi for (a) 10 µM tamra-chol immobilized on the hydrophobic surface and interacted with 13.5 nM anti-tamra antibody, (b) 10 µM tamra cadaverine immobilized covalently on the surface via amide bond and interacted with 13.5 nM anti-tamra antibody, (c) 10 µM tamra-chol immobilized on the hydrophobic surface and interacted with 20 nM antitamra antibody, (d) 10 µM tamra cadaverine immobilized covalently on the surface via amide bond and interacted with 20 nM anti-tamra antibody, (e) 10 µM tamra-chol immobilized on the hydrophobic surface and interacted with 27 nM anti-tamra antibody, (f) 10 µM tamra cadaverine immobilized covalently on the surface via amide bond and interacted with 27 nM anti-tamra antibody. Antibody was injected in PBS buffer. Red curves represent curve fitting. Kinetic data: dissociation rate kd, association rate ka and binding affinity KD were calculated from 4 different experiments (n=4) for tamra-chol and 3 different experiments (n=3) for tamra cadaverine independent measurements.
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 41 Quantitative analysis of immobilized DNA 50 bp DNA oligomers modified with cholesteryl tetraethylene glycol moieties ('DNA-chol') were coupled to the hydrophobic surfaces in order to characterize the density of immobilized DNA-chol as a function of the stock solution concentration and immobilization time.The influence of DNA-chol concentration on the number of immobilized molecules during short incubation times was examined. During the characterization of tamra-chol densities, whole surfaces were immersed in the fluorescent solution. Since the available amount of DNA was much lower than in the case of fluorescent tamra-chol, a method of 'sliding DNA' was developed. Based on the hydrophobic properties of the surface and its low affinity for hydrophilic liquids, the surface was placed at an appropriate slope that enabled sliding of a deposited drop as schematically shown in Figure3.17b. This system was used to deposit 50-base single stranded DNA-chol. DNA labelling with32 P isotope was performed to study immobilized DNA at low concentrations, since a radioactive labelling is more sensitive than a fluorescent one. Concentrations of applied DNA-chol varied from 2 to 7 µM and the contact of a solution with the SU-8 surface lasted several seconds. The effect of this short-time incubation is presented in Figure3.17a as a digital image of an exposed storage phosphor screen with a captured latent image produced by32 P radiation. Upon laser-induced stimulation in a Typhoon scanner, light was emitted from the storage phosphor screen in proportions of the amount of radioactivity in the sample that resulted in the presented image. One can observe the traces of molecules left after a DNA-chol droplet passing. Two intensive points visible at the beginning and in the end of a sliding droplet path represented the places where the droplet was deposited and then, where it was stopped and dried. With the exception of these areas, the paths were homogenously covered with the DNA solutions. Increased trace intensity was strongly related to the applied concentration of DNA-chol, from 2 to 7 µM. This clearly demonstrated that for the short incubation time, solution concentration had a significant influence on the number of immobilized molecules, as it was proved with tamra-chol deposition on SU-8 surface (Section 3.2.1 and Figure 3.12). Calculations based on the signal intensity measured within traces demonstrated that the ssDNA surface density varied from 1•10 4 molecules/mm 2 to 1•10 5 molecules/mm 2 , depending on the stock solution concentration (Figure 3.17c).

Figure 3 . 17 .

 317 Figure 3.17. Immobilization of DNA-chol on a SU-8 surface (a) Traces left after radioactive ssDNA-chol droplet sliding on the SU-8 surface; (b) Illustration of sliding of ssDNA-chol droplet on the hydrophobic SU-8 surface placed under a specific slope. Red arrows indicated the direction of the droplet movement. (c) Density of immobilized ssDNA-chol on the SU-8 surface, deposited via a 'sliding method', measured within sliding traces. Calculations were based on a calibration curve of known increasing molarities of radioactive molecules.

Figure 3 . 18 .

 318 Figure 3.18. Density (in molecules/mm 2 ) of dsDNA with and without cholesteryl modification immobilized on the SU-8 surface. Standard deviations were calculated based on five independent measurements.

Figure 3 . 19 .

 319 Figure 3.19. Superimposed SPRi sensorgram of two successive digestions of immobilized dsDNA-chol with BamHI endonuclease.

3 . 1

 31 and 3.4.1 for the examples of tamra-chol and DNA-chol immobilization, respectively. In addition, it was demonstrated that the density of immobilized molecules reached a plateau, indicating that surface saturation was reached. Considering the theoretical maximum surface density (calculated according to the footprint of the molecules as discussed already in Section 3.3.1) one can conclude that saturation was reached at a sub monolayer density of around 1.3•10 12 -1.5•10 12 molecules/mm 2 . The amphiphilic structure of DNA molecules possessing a cholesteryl moiety allowed their adsorption to a hydrophobic surface. This opens the possibility of fabricating Langmuir-Blodgett films with DNA-chol molecules immobilized on SU-8 films. It has already been shown that DNA-based surfactants behave like detergents and were surface-active at fluid surfaces, such air-water and interfaces (217).Additionally, various Langmuir and films were with amphiphilic molecules modified with cholesterol or/and DNA (204, 218). Developing this method would allow fabrication of controlled monolayers with a higher surface density than those obtained with DNA-chol. This could be used in different applications where dense DNA monolayers are required.It is worth remarking that these studies and data published in the literature (207, 208) treated with only short DNA oligomers (20 -50 bases) and the effects of longer lengths are relatively poorly studied. It is not trivial to synthesize oligomers in excess of 50 bp. To obtain longer fragments of DNA and overcome issues with synthesis, cholesteryl-modified primers were used in standard PCR amplifications. However, amplified DNA fragments could not be purified with standard PCR purification methods, since size-exclusion columns did not allow the efficient DNA-chol elution. Finally, after several attempts concerning the purification step of DNA-chol, it was decided to perform all DNA-related studies with 50-base oligomers. In order to overcome this problem, an alternative way of getting long cholesteryl-modified oligomers must be found. One possibility could include PCR product purification by HPLC or by post-synthesis labelling of DNA-NH2 oligomers with Na-cholate after EDC/NHS activation, using the same protocol as described in Section 3.2.1. Surfaces functionalized with noncovalently bound (bio) molecules based on hydrophobic coupling can be used repeatedly since efficient regeneration was demonstrated. As shown in Section 3.2.2, immersion of samples in absolute ethanol efficiently and rapidly removed immobilized (bio) molecules. Furthermore, re-use of these surfaces was demonstrated for the example of immunodetection presented in Section 3.3.3. This feature opens up broad possibilities for potential applications. For instance, the application of hydrophobic surfaces functionalized with cholate-or cholesterol-modified ligands to SPRi-based experiments would allow rapid reproducible regeneration of surfaces obviating errors initiated by denaturation of target molecules caused by harsh regeneration conditions.

Figure 1 . 3 . 8 )

 138 Figure 1.3.8) that is thus far from the binding site and unlikely to affect the recognition event.The next crucial issue concerning (bio) molecule immobilization on a sensor surface is verification of ligand density. Depending on the biosensor application different densities are required ranging from, single-molecule studies in total internal reflection fluorescent (TIRF) microscopy to densely packed monolayer structures. It is crucial to estimate the amount of immobilized (bio) molecules on the surface area and to choose the most appropriate functionalization strategy for a given application. Too high amount of immobilized (bio) molecules may result in steric hindrance and thus limit access to the recognition site in the immobilized ligand. Also recapture of analytes after dissociation a neighbor ligand may lead to severely underestimated dissociation rates.

Figure 3 . 20 .

 320 Figure 3.20. Schematic representation of DNA samples immobilized on a prefunctionalized gold surface. From left to right: 'dsDNA 1 kbp' -1037 bp dsDNA; 'ds 0.5kbp' -495 bp dsDNA; 'ssDNA 50 nt' -50 base ssDNA; 'dsDNA-X* 50bp' -50 bp dsDNA labeled with a functional group ('X') and a radioactive isotope on the same strand; 'dsDNA* 50bp' -50 bp dsDNA labeled with a functional group ('X') and a radioactive isotope on two different strands; 'dsDNA-OH 50bp' -control 50 bp dsDNA without a functional group. Star stands for a radioactive labeling. Red square with X is for a functional group, depending on the functionalization strategy: thiol (-SH), amine (-NH2) or biotin (-biot).

Figure 3 .

 3 Figure 3.21. (a) Density of immobilized 50-base DNA-SH on pre-functionalized gold surfaces; (b) Density of immobilized dsDNA-SH on pre-functionalized gold surfaces. Standard deviations were calculated based on three independent measurements.

Figure 3 . 22 .

 322 Figure 3.22. Density of immobilized aminated DNA on the pre-functionalized gold surface: a) 50-base DNA-NH2; b) dsDNA-NH2 of different lengths. 5, 10, 60 and 120 min indicate surface immersion time in 1 mM EG-COOH solution. Standard deviations were calculated based on three independent measurements.

Figure 3 . 23 .

 323 Figure 3.23. SPRi of interactions between injected 1 µM dsDNA-biot (50 bp) with extrAvidin immobilized on pre-functionalized gold surface. The analyte was injected for 6 min.

Figure 3 . 24 .

 324 Figure 3.24. Density of biotinylated DNA immobilized on the pre-functionalized gold surface via biotin -extrAvidin sandwich reaction: (a) 50-base DNA-biot (b) dsDNA-biot of different lengths. 10, and 120 min indicate surface immersion time in 1 mM EG-biot solution. Standard deviations were calculated based on three independent measurements.

Figure 3 .

 3 24b) confirmed the statement made in Sections 4.1.1 and 4.1.2 that the longer the DNA, then the less dense the DNA monolayer formed. Spotting and immobilization of 1 µM dsDNAbiot in lengths of 50, 500 and 1000 bp gave the following densities of immobilized 2⋅10 11 , 7⋅10 10 and 3⋅10 10 molecules/cm 2 , respectively.

  Gene expression is a crucial event in the cell cycle. The process is controlled at several key points, and logically, during the initiation of RNA transcription. Numerous studies performed over several decades have attempted to describe the mechanism, the kinetics, and the link between structure and function for the role of DNA dependent RNA polymerases (RNAP) and template DNA in transcription (132, 141, 166). The approach described here attempts to address certain aspects of transcription kinetics, taking advantage of the ability to organize DNA on a surface and control parameters such as orientation and density. Two models in vitro of transcription systems involving E. coli and T7 RNAP were studied using Surface Plasmon Resonance imaging (SPRi)

  promoter sequence (TAATACGACTCACTATA (169)) and for experiments with E. coli RNAP DNA templates had a 203 bp sequence of lacUV5 promoter (132). For the T7 promoter sequences an additional sequence of an intrinsic T7 terminator (AACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTT) located 32 bp before the end of the oligomer was included. Two different lengths of DNA were used for both RNAPs: short ones: 371 bp for T7 RNAP and 495 bp for E. coli RNAP, and long ones: 1037 bp for T7 RNAP and 1161 bp for E. coli RNAP. The long DNA fragments contained a sequence coding for NiR-FP (Near InfraRed Fluorescent Protein (225)). The sequences of the fragments are listed in Appendix I.

Figure 4 . 1 .

 41 Figure 4.1. Strategies of DNA template immobilization on the sensor surface with the localization of the specific promoter site (green squares) and terminator site (red square): 'close' to and 'far' from the sensor surface. Arrows indicate the direction of the RNAP movement during the subsequent transcription downstream of the promoter site.

Table 4 . 1 .

 41 Nomenclature of oligomers used in the studies concerning RNA transcription with T7 RNAP. An additional description of oligomers can be found in Section 1.2. Name Feature of oligomers '371 close' 371 bp dsDNA with the T7 promoter site located close to the immobilization point '371 far' 371 bp dsDNA with the T7 promoter site located far from the immobilization point '1kb close' 1037 bp dsDNA with the T7 promoter site located close to the immobilization point '1kb far' 1037 bp dsDNA with the T7 promoter site located far from the immobilization point 'cont' control, 495 bp dsDNA without the T7 promoter site

Figure 4 . 2 ,

 42 T7 RNAP at increasing concentrations (from 0.05 µM to 5 µM) was flowed across the DNA containing surfaces for 6 min at a flow rate of 25 µl/min. At the end of each injection period running buffer was continuously passed across the surface. The biochip surface was not regenerated between following injections. Changes in the refractive index correlated with mass changes as described earlier produced the type of sensorgram shown in Figure 4.2a.

Figure 4 . 2 .

 42 Figure 4.2. Kinetic titration series of T7 RNAP and DNA immobilized on a gold surface measured by SPRi: (a) sensorgram of interactions between immobilized DNA oligomers and T7 RNAP injected in increased concentrations: 0.05 µM, 0.1 µM, 0.15 µM, 0.25 µM, 0.3 µM, 0.4 µM, 0.5 µM, 0.75 µM, 1 µM, 2 µM and 5 µM; (b) apparent affinity constants plotted based on the sensorgram; from top to down and left to right: plots and KD values obtained for samples: 371 bp close, 1 kbp far, 1 kbp close, background and control, respectively.

  min. A second injection of four NTP under the same conditions (respectively, concentrations 2 mM or 0.5 mM of each NTP and 6 min injection) was performed after a further 5 min of dissociation following the previous injection. Typical sensorgrams are presented in Figure 4.3.

Figure 4 . 3 .

 43 Figure 4.3. SPRi sensorgrams of three injections across immobilized DNA fragments: T7 RNAP and twice NTP (each event indicated by arrow) passed over a gold surface with immobilized DNA. Concentrations of injected solutions: (a) 100 nM T7 RNAP, 4 x 2 mM NTP; (b) 500 nM T7 RNAP, 4 x 0.5 mM NTP. 'Cont' -DNA without a T7 promoter site (red curve); '371 close' -371 bp DNA with a T7 promoter binding site located close to the surface (blue curve); '371 far' -371 bp DNA with a T7 promoter binding site located far from the surface (green curve). Black curve ('bcg') is a signal from areas of the prefunctionalized biochip surface.

  be interpreted as due to a combination of two events: a change in the refractive index caused by NTP solution injection and initiation of RNA transcription. In this case RNAP bound close to the surface initiated transcription and moved away from the surface. It was assumed that upon reaching the termination sequence on the DNA strand or the end of the DNA fragment, RNAP and nascent RNA would be released into the continuous flow solution. This hypothesis was supported by the decrease of the amplitude in signal at the end of the NTP injections (dissociation after RNAP injection: 2 a.u., dissociation after first NTP injection 1 a.u.).

Figure 4 .

 4 3a, marked with the arrow "NTP") had a different effect than the first one. Similarly as during the first injection of NTP, sensorgrams of the background (black curve) and the control DNA (red curve) did not show any significant changes, except a rapid increase and decrease of the signal related to changes in refractive index of the bulk solutions. For the promoter located close to the surface no change in signal due presumably to transcription occurred, in other words one assumed that no active RNAP remained. On the promoter locater far from the surface again an increase was observed though to a much lesser extent that seen for the first injection of NTP's. A possibility was that perhaps most of the active RNAP had in fact translocated but molecules either rebound or stalled on the DNA could reinitiate transcription upon addition of the second batch of NTP.Apparent dissociation constants were calculated for the complexes formed between injected 100 nM T7 RNAP and immobilized DNA: 371 bp oligomers in two geometries (T7 promoter located close and far from the surface) and the control DNA without the promoter sequence (Figure4.4). Comparison of the dissociation rates demonstrated that dissociation from the control sample was faster than from the samples having the promoter sequences. This confirmed the higher affinity of T7 RNAP to the promoter than to a random DNA sequence.

Figure 4 . 4 .

 44 Figure 4.4. (a) Sensorgram and (b) calculated dissociation rates for the systems of immobilized dsDNA with a T7 promoter binding site and injection of 100 nM T7 RNAP.

  were calculated for the two geometries of immobilized 371 bp DNA oligomers possessing T7 promoter sequence close or far from the surface (Figure4.5).

Figure 4 . 5 .

 45 Figure 4.5. Sensorgrams and calculated dissociation rates for the systems of immobilized dsDNA with a T7 promoter binding site after injection of 100 nM T7 RNAP: (a) during the first injection of 4x2 mM NTP across 371 bp DNA with the T7 promoter located close to the surface; (b) after the first injection of 4x2 mM NTP across 371 bp DNA with the T7 promoter located close to the surface; (c) after the first injection of 4x2 mM NTP across 371 bp DNA with the T7 promoter located far from the surface; (d) after the first injection of 4x2 mM NTP across 371 bp DNA with the T7 promoter located far from the surface. The dissociation parts were fit to a simple exponential decay given by

Figure 4 .

 4 Figure 4.6 shows results obtained from an overnight incubation of RNAP mixture with the DNA templates immobilized on the pre-functionalized biochip in the SPRi apparatus and controlled reactions.

Figure 4 . 6 .

 46 Figure 4.6. In vitro RNA synthesis. (a) Sensorgram of a ∼13 h synthesis of RNA by T7 RNAP with immobilized DNA templates '371 far'. (b) 1.5 % agarose gel after electrophoresis, scanned at the wavelengths for ethidium bromide: λex/λem = 532/610 nm (in left) and fluorescein: λex/λem = 532/526 nm (in right). Lane 1: control in a solution, lane 2: control in a solution after incubation with DNase, following lanes: flowthrough fractions collected from the SPRi apparatus after overnight reaction. (c) 1.5 %

Figure 4 .

 4 Figure 4.7 shows results obtained from the overnight incubation of RNAP mixture with the DNA templates immobilized on the pre-functionalized biochip in the SPRi apparatus.

Figure 4 . 7 .

 47 Figure 4.7. In vitro RNA synthesis on the SPRi biochip. Sensorgrams of the overnight synthesis of RNA by T7 RNAP with immobilized DNA templates: (a) '371 far' and '1 kb far'; (b) '371 close' and '1 kb close'. 1.5 % agarose gel after electrophoresis of flowthrough fractions collected after overnight: (c) '371 far' and '1 kb far'; (d) '371 close'and '1 kb close'. In the gels the first lanes contained 100 bp DNA ladder, lanes 1 to 6 contained fractions collected at 1-minute intervals. Gels were scanned at the wavelengths for ethidium bromide: λex/λem = 532/610 nm.

4 M

 4 phosphate buffer (pH 7.0). Samples were incubated overnight in a humid chamber to avoid spots' drying. After insertion into the SPRi apparatus, the biochip with immobilized DNA was extensively rinsed with running buffer (20 mM HEPES pH 8.0, 100 mM KCl, 10 mM NaCl and 0.005% v/v Tween surfactant) until a stable signal was reached. A typical experiment is shown in Figure4.8.
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 48 Figure 4.8. Sensorgrams of E. coli RNAP binding to the immobilized 0.5 kbp DNA immobilized on the gold surface in two geometries: (a) "close" -lacUV5 promoter located close to the surface and (b) "far" -lacUV5 promoter located far from the surface. Arrows indicate subsequent injections: (i) 2.5 nM E. coli RNAP; (ii) mix of four nucleotide triphosphates (NTP) at a concentration 0.5 mM each; (iii) mix of four nucleotide triphosphates (NTP) at a concentration 0.5 mM each and 0.125 mM dinucleotide ApA.
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 49 Figure 4.9. SPRi sensorgram registered for interactions between nonspecifically immobilized E. coli RNAP and 0.125 mM ApA.

Figure 4 .

 4 10 shows results obtained from an overnight incubation of RNAP mixture with the DNA templates immobilized on the prefunctionalized biochip in the SPRi apparatus and compared with in vitro controls.

Figure 4 . 10 .

 410 Figure 4.10. In vitro RNA synthesis on the SPRi biochip. (a) 1.5 % agarose gel after electrophoresis of through-flow fractions collected after overnight synthesis of RNA by E. coli RNAP with immobilized two DNA templates and in vitro controls. Following lanes (from left to right): three in vitro controls before and after DNase treatment, 100 bp DNAladder, collected fractions from SPRi: 1c -6c from "0.5 kb close" and "1 kb close" DNA templates; 1f -6f from "0.5 kb far" and "1 kb far" DNA templates. Gel was scanned for the wavelengths for ethidium bromide: λex/λem = 532/610 nm. (b) Sensorgrams from overnight synthesis of RNA by E. coli RNAP with immobilized two DNA templates: "0.5 kb close" and "1 kb close" (in left); "0.5 kb far" and "1 kb far" (in right).

  3). The general applicability of this method was confirmed by verification of several factors. (i) Different molecules possessing a sterol ring were immobilized: the data showed that a small fluorescent tetramethylrhodamine molecule modified with a cholate moiety and 50 bp DNA strand having a cholesteryl group could be specifically grafted on the surface. (ii) Depending on the conditions (bio) molecules were immobilized over a wide range of surface densities of between 10 4 and 10 10 molecules/mm 2 for DNA oligomers. (iii) Surface regeneration and re-use were easily achieved by simple rinsing with ethanol solutions. All these factors demonstrated the huge potential of using non-covalent immobilization of modified (bio) molecules on hydrophobic sensors in surface based biosensors. Several methods of gold surface biofunctionalization with DNA oligomers were compared (see Chapter III, Section 4). The strategies examined were: gold -thiol bond formation, amide bond formation and extrAvidin-biotin bond formation. The results obtained underlined the need to bear in mind the dependence of surface immobilization density on factors such as the overall binding strategy, immobilization conditions and DNA lengths.

2 . 3 )

 23 . Both strategies have advantages and disadvantages concerning further protein detection via immobilization. Placing of the His-tag in N-terminal end could be effective in the protein (or peptide) capturing regardless of the terminal synthesis. It also means that all intermediate products (oligopeptides) would possess a His-tag and therefore would be captured via nickel-chelated complexes. On the other hand, placing a His-tag on the C-terminal end would be effective in capturing only fully translated sequences which could significantly decrease a reaction yield. In both situations one has to take into account the situation where a 3dimensional structure of a nascent peptide or protein would decrease a His-tag accessibility for further immobilization. Another characterization strategy would involve simple product collection. In this situation it would be possible to stop the flow in order to increase synthesis time (as was done in the case of transcription reactions described in Chapter IV, Sections 2.3 and 3.1). If the gene coded for a fluorescent protein collected fractions should give a fluorescent response that additionally might be quantified. In other situations, following analytical characterization using standard biochemical techniques (e.g. SDS PAGE electrophoresis or chromatography) or even mass spectrometry should provide all the required information about the expected product. The thesis project proposed in this work required a multi-disciplinary approach and involved the use of a wide range of techniques and methodologies including surface science (surface fabrication in a clean room environment, surface biofunctionalization and characterization), optofluidics (use of SPRi technique), molecular biology (immunosensing reactions, preparation of DNA including cloning and PCR amplification, in vitro reactions with RNA polymerases, transcription product characterization etc.) and mathematical data analysis. Initial steps regarding characterization of surface biofunctionalization strategies and in vitro transcription studies have provided extremely promising results. Preliminary experiments on transcription in a biosensor

Fig. 1 .

 1 Fig. 1. Variation of the wCA with increasing UVO exposure time of SU-8 thin film prepared with three different hardbaking conditions. Each data point corresponds to the average of five wCA measurements.

Fig. 2 .

 2 Fig. 2. AFM topography images and height profiles of SU-8 surfaces hardbaked at 120 • C for 3 h: a) before UVO treatment and b) after 5 min of UVO treatment. Dotted lines indicate where the height profiles were taken. c) Comparison of the root-mean-square (RMS) roughness for SU-8 films hardbaked with different conditions. Standard deviations were calculated based on three randomly selected areas; four height profiles per area were taken.

Fig. 3 .

 3 Fig.3. FT-IR spectra of SU-8 film prepared with three hardbaking conditions indicated in the legend before and after 30 s and 5 min of UVO treatment. Peaks of epoxy (862 and 913 cm -1 ) and carboxyl groups (wide peak around 1700 cm -1 ) are indicated with arrows. All spectra were normalized to the peak at 1246 cm -1 .

Fig. 4 .

 4 Fig. 4. Density of tamra-cadaverine molecules per mm 2 immobilized on the SU-8 surfaces, a) depending on UVO exposure time and rinsing method; SU-8 thin film hardbaked at 120 • C for 3 h, rinsed twice with 10 mM NaOAc buffer pH 5.2 or sonicated twice for 2 min; b) dependance on the EDC/NHS pre-incubation step c) depending on the surface pegylation method; SU-8 hardbaked in three different conditions and with or without activation by 30-s UVO treatment. Standard deviations were calculated based on six independent measurements.

Fig. 5 .

 5 Fig. 5. a) Fluorescent microscope images of tamra-cadaverine and anti-tamra interaction cycle. (i) Image of spots of immobilized 10 M tamra-cadaverine, (ii) image taken after injection of 10 g/ml anti-tamra and rinsing with PBS buffer, (iii) image taken after regeneration of the surface with a solution of 10 mM glycine-HCl pH 2.0 [31] and (iv) image taken after an additional injection of anti-tamra and rinsing with PBS buffer. b) Changes in fluorescence intensity during three reaction cycles.

  Mots clés: biocapteur, fonctionnalisation de surfaces, puce ADN, expression des genes, ARN polymerase, ARN Résumé: La transcription par l'ARN polymérase ADN dépendante (ARNP) est un processus biochimique central de l'expression des gènes dont les mécanismes ne sont pas entièrement caractérisés. Notamment la dynamique de la reconnaissance du promoteur puis l'évasion et l'élongation dans le contexte cellulaire où la densité et les concentrations moléculaires ainsi que l'influence de la proximité des molécules voisines sont des facteurs importants. L'objectif de cette thèse est de développer une méthode robuste qui permette de suivre in vitro et en temps réel les différentes étapes de la transcription dans des conditions rigoureusement contrôlées. Une étape majeure de ce travail à consister à optimiser une chimie de surface permettant l'immobilisation d'ADN de différentes tailles et de contrôler leur densité et orientation sur la surface du capteur (couche mince de polymère et d'or). La dynamique des interactions entre les molécules d'ADN ainsi immobilisés et les ARNP en solution (T7 bacteriophages et holoenzyme d'E. coli) ont été suivi par imagerie de la résonance des plasmons de surface (SPRi). Les ARN transcrits sur la biopuce ont été recueillies et semi-quantifiés. Les développements futurs seraient de profiter des données fournies ici sur la synthèse d'ARN et concevoir biocapteurs permettant de suivre en temps réel la production de protéines in vitro. Title: Artificial systems for in vitro gene expression Keywords : surface based biosensor, surface functionalization, DNA microarray, gene expression, RNA polymerase, RNA Abstract : Transcription with DNA-dependent RNA polymerase (RNAP) is a central biochemical process in gene expression and is still not fully characterized, especially with respect to the dynamics of promoter recognition, escape and elongation in a cell like context where molecular density, concentrations and nearest neighbour effects are prevalent.
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			Exact	
	Name	Modification	length	Sequence (5' → 3')
			(bp)	
	50bp DNA	OH/NH2/SH/biot/ chol	55	-5T-TCC ATC AGT CAC TCG CCG GAT CCA TCT TGA GAC TCT GTC ACA CGT AGT CG
	50bp DNA-comp	OH	50	CGA CTA CGT GTG ACA GAG TCT CAA GAT GGA TCC GGC GAG TGA CTG ATG GA
	500bp DNA	OH/NH2/SH/biot	495	Sequence can be found in Appendix 1.1.
	1 kbp DNA	OH/NH2/SH/biot	1037	Sequence can be found in Appendix 1.1.
	Primer for	OH	19	TCC GGC GTA GAG GAT CGA G
	Primer rev	OH/NH2/biot	23	GGA TAT CCG GAT ATA GTT CCT CC
	Primer rev	SH	23	

1. Sequences of oligonucleotides and primers used to amplify DNA fragments that were applied for characterization of gold surface (bio) functionalization methods.

Sequences '50bp DNA' and 'Primer rev SH' were separated from a functional group by the presence of a pentathymine spacer (-5T-). -5T-GGA TAT CCG GAT ATA GTT CCT CC 4.2.

Strategies of plasmid constructions and oligonucleotides for plasmid constructions

  

	All constructed plasmids were generated from a commercially available plasmid
	pIVEX2.3d (Roche) dedicated to high level expression His6-tagged proteins in a cell-free
	Rapid Translation System (RTS) E. coli system. Restriction endonuclease and T4 DNA
	ligase (New England Biolabs) were used according to the standard protocols.
	Plasmid pIVEX 2.3d-NiRFP was generated by a double digestion of pIVEX 2.3d
	plasmid with XhoI and NdeI endonucleases and ligation of NiR-FP gene amplified by PCR
	from a plasmid pNirFP-N, kindly obtained from Dr. Feifei Liang and Dr. Michael Tovey in
	the LBPA.

Plasmid pIVEX 2.3d-UV5 was generated by PCR amplification of a sequence of pIVEX 2.3d plasmid, excluding the T7 promoter sequence. Ligation of a 203 bp lacUV5 promoter into the amplified fragment was performed with In-fusion enzyme (Clontech Laboratories) according to a standard protocol.

Plasmid pIVEX 2.3d-UV5-NiRFP was generated from pIVEX 2.3d-UV5 plasmid by a double digestion of pIVEX 2.3d-UV5 plasmid with XhoI and NdeI endonucleases, followed by ligation of NiR-FP gene amplified by PCR from a plasmid pNirFP-N.

All plasmids were transformed into XL10 gold or BL21 (DE3)pLysS competent E. coli strains according to the standard protocol and plate into LB agar plate containing 100 µg/ml ampicillin. Separate clones were inoculated in 3 ml of LB media containing 100 µg/ml ampicillin. Plasmids were purified from 3 ml overnight E. coli cultures in LB media using MiniPrep Purification kit (Qiagen). Cloned sequences and mutations were verified by DNA sequencing (Eurofins MWG Operon).

  -0.5 mM ApA (iba Lifescience) in a buffer containing 20 mM HEPES (pH 8.4 at 25°C), 10 mM MgCl2, 100 mM KCl. The reaction was then incubated with 2 U of DNase I at 37°C for 30 min in order to remove DNA template. The reaction was stopped by adding one volume of deionized formamide and heating at 95°C for 5 min.

	c) RNA characterization. Electrophoresis in agarose gel was performed to
	characterize the product of RNA synthesis. The reaction mixed with one volume of
	deionized formamide as described above was heated at 95°C for 5 min, rapidly cooled
	down on ice and directly loaded on a 1.5% agarose gel in 1x TAE buffer (40 mM Tris pH
	7.6, 20 mM glacial acetic acid, 1 mM EDTA) that was pre-run for 15 min at 50 V in 1x
	TAE buffer. Samples were mixed with a loading buffer (1 mg/ml ethidium bromide,
	U/µl nonspecific RNase inhibitor (Ribolock, Thermoscientific), 0.5 -2 mM of three
	ribonucleotides (ATP/GTP/CTP), 0.495 -1.99 mM UTP and 0.005 -0.02 mM
	fluorescein-12-UTP (Roche) in a buffer containing 40 mM Tris-HCl (pH 8 at 25°C), 6 mM
	MgCl2, 10 mM NaCl and 2 mM spermidine. The reaction mix was then incubated with 2 U
	of DNase I (Thermoscientific) at 37°C for 30 min in order to remove DNA template. The
	reaction was stopped by adding one volume of deionized formamide and heating at 95°C
	for 5 min.

a) With bacteriophage T7 RNAP. Double stranded DNA (100 ng -1 µg) was incubated at 37°C for 1 -24 hours with T7 RNAP (50 nM -2 µM; Thermoscientific), 1 b) With E. coli RNAP. Double stranded DNA (100 ng -1 µg) was incubated at 37°C for 1 -24 hours with E. coli RNAP (1 -5 nM, tebu-bio), 1 U/µl nonspecific RNase inhibitor, 0.5 -2 mM of four ribonucleotides (ATP/GTP/CTP/UTP) with or without 0.125 60% glycerol, 1 mM EDTA pH 8.0). Gels were scanned in Typhoon Imager with two filter settings: (i) excitation at 532 nm and emission at 526 nm to visualize a signal from fluorescein and (ii) excitation at 532 nm and emission at 610 nm to visualize a signal from ethidium bromide.

  8 polymer has been employed in a micro ring based resonator technique where it was used to detect interactions between immobilized antigen and antibodies in solution(20). Thanks to its unusual optical properties, especially concerning low levels of auto fluorescence (177), functionalized SU-8 thin films have also been applied as supports in total internal reflection fluorescence (TIRF) microscopy to monitor interactions between (bio) molecules at a single molecule level (Chapter I, Section 1.2.3.2). On the other hand, functionalized thin gold layers are commonly used in SPR technology for detection and monitoring of biomolecular interactions. Functionalization of both types of surfaces has been developed in parallel in order to apply them to the subject of this thesis, namely to attempt to follow in vitro gene expression. The main goal of this thesis was carry out real time monitoring and attempt kinetic analysis of various steps in protein production, especially RNA transcription. Following Sections in this Chapter will describe the characterization of various methods applied to functionalization of SU-8

Table 3 . 1 .

 31 Vibration frequencies of typical groups found in SU-8 polymer, analyzed by FT-IR spectroscopy.

	Vibration frequencies [cm -1 ]	Corresponding functional group	References
	862 -913	Epoxy ring	(199)
	1030 -1295	C-O and C-O-C	(195)
	1502 -1608	Phenyl group	(186, 199)
	∼ 1700	C=O (from carbonyl group)	(197)

Table 3 . 2 .

 32 Density of DNA immobilized on pre-functionalized gold surfaces (in molecules/cm 2 ).

	Modification			
	DNA	SH	NH2	biot
	nature			
	50 nt ssDNA	Up to 6⋅10 13	Up to 8⋅10 11	Up to 8⋅10 12
	50 bp dsDNA	Up to 5⋅10 13	Up to 4⋅10 11	Up to 5⋅10 12
	500 bp dsDNA	Up to 5⋅10 12	Up to 1⋅10 11	Up to 1⋅10 11
	1000 bp dsDNA	Up to 2⋅10 12	Up to 1⋅10 11	Up to 3⋅10 10

  Thin gold sensor surface on the other hand, have mainly been used in SPR and quartz crystal microbalance techniques (QCM, (235)).

	Functionalization of SU-8 films by covalent grafting of molecules was performed
	on surfaces pre-treated with UV/ozone radiation and activated with EDC/NHS coupling
	agent (see Chapter III, Section 2). It was used to form amide bonds between carboxyl
	groups on an SU-8 surface and primary amines in the target (bio) molecule. This
	functionalization method was successfully applied for a specific antigen-antibody test
	(176), but its general applicability to other biomolecules whilst a priori potentially
	straightforward was not systematically investigated here.
	A second functionalization strategy based on non-covalent hydrophobic coupling
	with cholesteryl-and cholate-modified molecules was used to functionalize both SU-8
	films and hydrophobically pre-functionalized thin gold layers (see Chapter III, Section
	The thesis project was
	divided into two parts. The first part dealt with the characterization of surface
	biofunctionalization. The aim was to develop and improve protocols allowing
	immobilization of desired (bio) molecules onto a surface in a controlled manner. The
	second part was focused on studying the initial steps of gene expression, namely
	interactions between linear DNA immobilized on a gold surface and DNA dependent
	RNA polymerases (RNAP). These studies were performed with a Surface Plasmon
	Resonance imaging (SPRi) technique and focused on two enzymes: T7 bacteriophage
	RNAP and bacterial Escherichia coli RNAP. Products obtained during the in vitro
	transcription reactions were characterized.
	Surface characterization studies were carried out with two distinct substances: a
	polymer film -SU-8 and a thin (~50 nm) gold layer. These studies explored various
	covalent and non-covalent methods of (bio) molecule immobilization.
	SU-8 is a photoresist polymer extensively used in optical techniques (178, 179).

Two notable biosensing applications for SU-8 may be found in micro ring based resonators

(20) 

and as a support for total internal reflection fluorescent (TIRF) microscopy.

  However in the opposite geometry, after terminating transcription RNAP was diffusing back through the monolayer and was recaptured by adjacent DNA strands containing the promoter sequence and available for another round of transcription thus explaining why more transcripts were being formed. Another optical technique that could take advantage of the SU-8 surface biofunctionalization would be total internal fluorescent (TIRF) microscopy. The low auto fluorescence level of SU-8 thin films makes them a perfect support to immobilize (bio) molecules and to monitor changes in fluorescent signals as a function of biomolecular interactions.

	Similar studies were performed with E. coli RNAP and conclusions concerning the
	dependence between DNA template geometry and the reaction efficiency were similar
	(see Chapter IV, Section 3).
	polymerase as it transcribed an immobilized DNA template and were particularly
	interested in the effects of the orientation of the DNA with respect to the surface on this These studies concerning in vitro gene expression monitoring can now be
	process. Studies were performed with two RNA polymerases (T7 and E. coli) in extended in a number of directions, to address factors such as surface chemistry,
	appropriate buffers at 37°C. Thiolated DNA with a specific promoter site (respectively, biosensing techniques, characterization of transcription kinetic, controlled protein
	T7 RNAP or E. coli RNAP) of two lengths (few hundreds bp and ~1 kbp) were production, the presence of transcription factors and DNA architectural proteins and so
	immobilized on gold surfaces pre-functionalized with short thiolated ethylene glycol forth.
	molecules.
	Interactions between DNA templates and T7 RNAP and/or T7 RNAP in the
	presence and absence of ribonucleotides (NTPs) were examined in order to determine
	certain apparent kinetic rate constants. Data from SPRi experiments allowed estimate
	several kinetic constants. In the final part of studies concerning T7 RNAP interacting
	with immobilized DNA templates, the transcription reaction in the SPRi apparatus was
	carried out for about 15 hours and the RNA content of collected through-flow was
	characterized. Biochemical analysis (gel electrophoresis and enzymatic reactions with
	DNase and RNase) confirmed that the obtained product was nascent RNA that
	corresponded with the expected transcript The biofunctionalization techniques described in this manuscript centered upon
	The whole analysis of interactions between T7 RNAP and DNA having a T7 two substrates: thin gold layer surfaces and SU-8 polymer film. Different methods of
	promoter sequence demonstrated a strong dependence on the DNA template functionalization of thin gold layer allowed successful application to SPRi based studies
	orientation. Transcription was more productive where the promoter sequence was (37, 39, 47, 72). To date, SU-8 thin films have been used in the micro ring based
	placed far from the surface and movement of RNAP during transcription elongation was resonator applied to immunosensing with a very low level of detection (20). It is
	towards the surface. The opposite geometry (where the promoter sequence was placed believed that optimization of SU-8 biofunctionalization to specifically and controlled
	close to the surface and the movement of RNAP during transcription elongation was adsorb a range of biomolecules (e.g. DNA, peptides) would extend the types of
	away from the surface) was also effective in the transcript but fewer transcripts were biosensors that could be designed simply because one could then access the optical
	formed. A reaction model was proposed based on these observations (see Chapter IV, properties of the SU-8 photoresist. This would greatly assist studies on the kinetics of

Section 2.4). Briefly, RNAP bound to the promoter site close to the surface and moving away during the transcription was released from surface and moved off into solution.

As has already been mentioned, the development of the surface chemistry and biofunctionalization strategies would involve improving the methods and protocols developed here. The main goal would be to immobilize various (bio) molecules in a controlled manner over a wide range of surface densities. Optimized immobilization should provide uninhibited access to a target molecule's active site. It should also significantly limit the interactions between the surface and analytes. It is clear that the majority of available biofunctionalization strategies are not universal, therefore separate techniques should be proposed depending on the substrate and immobilized ligand nature. biomolecular interactions simply by enlarging the dynamic range of how many molecules may be studied simultaneously, as it stands, at a surface, this extends from several hundreds to up to 10 12 .
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A precise kinetic analysis provides additional information about transcription complex formation during the RNA synthesis. It allows monitoring of changes in the gain or loss of mass that is associated with events occurring during transcription, such as release of a sigma subunit (in E. coli RNAP), synthesis of RNA transcript and release of RNAP and nascent RNA during the termination.

Chapter III

SURFACE BIOFUNCTIONALIZATION

CHARACTERIZATION STUDIES

1.

examples shown here, RNA transcripts were successfully synthesized and characterized.

Data obtained for the same DNA templates differed depending on the spatial orientation of immobilized DNA oligomers.

DNA -Escherichia coli RNAP interactions measured by SPRi

After characterizing the transcription process in the SPRi apparatus with T7 RNAP and proving that synthesis of a nascent RNA was possible under certain conditions, similar studies were carried out for Escherichia coli RNAP. Transcription was performed on two DNA templates of different lengths: 495 and 1161 bp. Both fragments possessed a 203 bp lacUV5 promoter region (132, 166) placed close to the extremity of the DNA strand. Thiol modification on 5' end of one DNA strand allowed specific immobilization of templates on a pre-functionalized gold surface via thiol -gold bond formation. Two geometries were applied (Figure 4.1): in one the promoter sequence was located close to the surface (geometry "close"). In the second situation, the promoter was located far from the surface (geometry "far"). Subsequent movement of RNAP during transcription elongation would be either away from the surface (in the case of DNA in "close" geometry) or towards the surface (for DNA with "far" geometry). A brief descriptive of the DNA templates is presented in Table 4.2 and all the sequences used can be found in Appendix I.