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Keywords: Amine Rabehi. Electromagnetic microsystem Quantifizierung biologischer Substanzen oder Strukturen ist von zunehmender Wichtigkeit zur Bekämpfung potentieller epidemischer oder sogar pandemischer Gesundheitsgefahren, zur Vermeidung von Umweltschädenund zur Bekämpfung anderer Groß-Gefährdungslagendurch Bioterrorismus, einfaches tragbares und kostengünstiges Gerät zur Detektion und Quantifizierung interdisziplinäre Kenntnisse aus den Bereichen elektromagnetischer Modellierung, Multiphysik-Simulation, empfindlicher Messtechnik, Mikrofluidik-Design, -Simulation und -Herstellung, Physik und Chemie der Magnetpartikel-Synthese, -Charakterisierung und -Funktionalisierung sowie immunologischer Validation erfordert. Im Rahmen dieses Projektes wurden die multidisziplinären Aspekte eines elektromagnetischen geeignet für die Untersuchung biologischer Proben, da sie als Marker für biochemische Reaktionen dienen können. Bislang wird der finale Detektionsschritt meistens durch etablierte immunochemische oder fluoreszenzbasierte Techniken durchgeführt. Optische Detektionsmethoden haben problematisch. Magnetische Immunoassays, die den Analyten mit magnetischen Markern detektieren, bieten eine vielversprechende Alternative. MNP mit biokompatibler Oberflächenbeschichtung können spezifisch an verschiedene Analyte, Zellen, Viren oder Bakterien gebunden werden. Außerdem können sie zur Separation und zur Aufkonzentrierung von Substanzen verwendet werden. Die neuartige Frequenzmischungs-Magnetdetektions-Technik erlaubt eine Quantifizierung magnetischer Nanopartikel mit einem sehr großen dynamischen Messbereich. Durch Beobachtung zur Integration aller drei verschiedenen Spulen zusammen mit einem adaptierten mikrofluidischen Chip entworfen und realisiert. Die Prototyp-Strukturen wurden hinsichtlich ihrer Leistungsfähigkeit selektiver Biosensor zu wirken, wurde der mikrofluidische Chip mit spezifischen Antikörpern unter Verwendung einer geeigneten Oberflächenchemie funktionalisiert Dieses erste magnetische Immundetektions-System soll zusammen mit den neuentwickelten

   

Electromagnetic microsystem for the detection of magnetic nanoparticles in a microfluidic structure for immunoassays

Amine Rabehi

General introduction

The ever increasing number of traveling people leads to faster spreading of diseases worldwide. More than 3 billion travel each year, which is equivalent to 100 passengers per second. Consequently, the detection and quantification of a biological agent or entity has become paramount to anticipate a possible health threat (epidemic or pandemic), environmental threat or to combat other contextual threats (bioterrorism, biological weapons, and drugs). In many diseases, early detection of pathogen enhances substantially the chances of recovery (e.g. food poisoning and early stage cancer…etc.). In this context, it is important to develop a rapid and sensitive low-cost system for pathogen detection.

To this end, Lab on Chip (LoC) technologies offer promising solutions. They allow miniaturizing most of the constituting components of a typical diagnostic system (sorting, amplification, mixing, incubation, detection…etc.). Also, LoC systems benefit from various advantages such as using low sample and reagent volumes as well as rapid detection.

Moreover, technological advances in fabrication push the limits of different types of devices which can be created. For all these reasons, LoC systems have been subject of extensive research in the past few years.

In this context, we propose the development of an electromagnetic microsystem for the detection of magnetic nanoparticles in a LoC structure for immunoassays. In addition to LoC benefits, the chosen approach takes advantage of magnetic nanoparticles' performance and integration possibilities as well as the specificity and sensitivity of immunoassays.

The detection of these magnetic particles is operated through the use of the frequency mixing technique. In a previous work at the Bioelectronics institute of Research Center Juelich, first macroscopic readout electronics as well as a measurement head were realized and tested [1]. This technique has demonstrated its ability for sensitive detection of various pathogens and biological entities (Francisella tularensis [2], CRP [3], Yersinia pestis [4], H1N1, H3N2 [5]).

In this report, we studied the possibilities of integration of this method for the development of the envisioned LoC system. The developed device can be used in the following applications:

• Field biological analysis by practitioners in disaster areas especially in underdeveloped countries.

• Epidemiological control at airports.

• Autonomous biological analysis (autonomous elderly people, sailors, hikers and frequent travelers ...).

• Biological analysis for the protection of the environment.

The research objectives of this project can be organized into short and long term targets. Our ultimate long term objective is the development of a completely integrated and automated LoC pathogen sensing system. For this, several challenges must be addressed:

1. LoC pathogen sensing system relying on magnetic immunoassays: By using the mixing frequency technique in order to have sensitive, specific detection of analytes.

The challenge here is to miniaturize the existing system while achieving similar or better performance.

2.

Highly biofunctionalized stable surface/volume: By choosing the right functionalization method that allows high density antibody immobilization, good functionality and low nonspecific binding.

Single step external interaction of the user:

By designing an appropriate microfluidic circuit allowing adequate automatic flow control, mixing, washing, incubation and detection.

Fast assay time:

By optimizing the microfluidic channel's shape and dimensions along with a fast enough flow velocity.

Low cost disposable chip:

because such systems are intended for Point-Of-Care POC diagnosis, the trend is to achieve low cost per assay. This can be done by choosing an appropriate design of the microfluidic chip.

Multiassays:

By designing appropriate microfluidic multi reservoir circuitry and/or improving the mixing frequency detection technique selectivity through differentiation of nonlinear behavior, a multiassay parallel scheme could be performed.

Keeping these objectives in mind, we decided to focus on the first most important objective: the miniaturization of the detection system. Short term objectives that constitute this Ph.D. thesis work allow for preliminary important contributions to the project. They can be summarized as follows:

1. State of the art review of the major aspects of LoC pathogen sensing systems:

The compilation of information about all the major studied aspects of LoC systems ranging from material choice to biofunctionalization methods allow to plan the completely integrated system with as little potential drawback as possible. All the mentioned aspects of LoC systems must be planned before subsequent optimization.

We must keep the final goal in mind.

2. Design of analytical and simulation tools: These tools will allow to design and optimize the completely integrated structure without the high cost of multiple clean room prototyping.

Conception and realization of a first magnetic sensing prototype:

In order to validate the concept of the detection structure, we have developed a first prototype structure that relies on planar coils with microfluidic chip. This will allow optimizing the developed tools accuracy, to validate the miniaturization of the detection system and to optimize the various parameters (type of nanoparticle to use, best flow rate, magnetic system optimization…etc.)

Finally, this report is structured around these contributions as follows:

Chapter 1-State of the art of pathogen sensing techniques: In this chapter, an extended state of the art of the different immunoassay methods and multiple aspects regarding LoC pathogen sensing are presented. Key concepts are described concerning both the pathogen sensing and the microfluidic aspects. They allow understanding better the multiple interdependent and complex parameters and multidisciplinary aspects of our research project.

Chapter 2-Magnetic sensing: Theoretical background about magnetic detection and magnetic nanoparticle's basic theory are presented. We then explain our chosen magnetic detection scheme based on the magnetic mixing frequency technique [1].Following that, a first prototype for the structure miniaturization will be explained.

Chapter 3-Optimization of the detection structure through analytical and multiphysics simulation: This chapter describes the first developed tools for the optimization and miniaturization of the detection structure. They consist of analytical calculations and multiphysics simulations (electromagnetic, thermal and microfluidic). The last part of this chapter presents first designed and realized prototypes for validation of the optimization procedure. They constitute primary approach toward complete miniaturization. Design and realization of all constituting excitation and detection coils as well as microfluidic reservoir are explained in this chapter.

Chapter 4-Experiments and preliminary work on biosensing:

In this chapter, preliminary results concerning magnetic sensing are given. A test bench with appropriate electronics, instrumentation and LABVIEW data acquisition software is developed. Additionally, the biosensing aspect is discussed and first preliminary work is provided. These results will serve as a ground basis for further optimization.

The work is concluded with a summary of the most important findings and results. An outlook to future work towards the final goal of a rapid and sensitive low-cost system for pathogen detection is given.

Chapter 1. State of the art of pathogen sensing techniques 1.1 Introduction

For several years, researcher's focus shifted from benchtop pathogen sensing techniques to the design of completely integrated portable systems. The design and fabrication of such systems is often challenging because it involves interdisciplinary knowledge from fluid handling to detection schemes (microfabrication, microelectronics, microfluidics, chemistry, material science and biology)

The detection part is the most important component of LoC systems. For that, the main focus of this chapter is on reviewing most common detection schemes and studying critical aspects of such methods. The detection is usually done using a biosensor; as the main building block of the pathogen detection system. As a general context, a brief description will be given followed by main applications.

Afterwards, we will describe in more detail the pathogen sensing systems. These systems will be mainly organized by type of the transducer such as optical and electrochemical methods. Theses detection methods are illustrated by a miniaturized system from recent literature. Additionally, we will present general aspects of immunoassays as it is our chosen bioreceptor type of detection scheme.

For efficient miniaturizing of existing benchtop devices, critical aspects need to be taken into account, such as, fluid handling, fabrication method and biofunctionalization techniques. Ideal composition and criteria for a LoC system will be presented with some comparison tables.

Finally, following these major aspects, a synthetic summary table about different miniaturized detection schemes will be given with some critical notes.

Biosensors and applications

Simply put, biosensors are analytical devices that convert a biological response into an electrical signal. They are used in various applications such as biomedicine, industry and defence.

The first biosensor was invented by Clark and Lyons (1962) to measure glucose in biological samples with an electrochemical detection of oxygen or hydrogen peroxide using immobilized glucose oxidase electrode [START_REF] Vigneshvar | Recent Advances in Biosensor Technology for Potential Applications--An Overview[END_REF].

Any biosensor is composed of three major parts:

Biorecognition site (bioreceptor):

It is composed of biomolecules selected due to their high specificity to the target analyte and are immobilised onto a transducer to form a functional sensor. In viral sensing, the major bioreceptors are whole cells, antibodies, peptides, nucleic acids and aptamers.

Biotransducer :

They convert the biological response into a measureable signal. Examples of transducers include electrodes, piezoelectric elements, photo-detectors or coils.

Electronic system:

The electronic circuit following the transducer is responsible for the signal conditioning and treatment.

Figure 1-1: Most common types of bioreceptors, biotransducers and signal processing circuits [START_REF] Vargas-Bernal | Evolution and expectations of enzymatic biosensors for pesticides[END_REF].

The biosensor type thus mainly depends on the type of bioreceptor and biotransducer to be used. Figure 1-1 illustrates the most common type of bioreceptors and biotransducers. Some of the biosensor techniques included in the diagram will be explained in the context of pathogen sensing applications (see section 1.3).

It has to be noted that biosensors could also be divided into two other categories: labelled and label-free biosensors. Label-free biosensors detect the physical response of bio-entities and do not need the use of labels like fluorescent markers, nanoparticles, radiolabels…etc [START_REF] Vigneshvar | Recent Advances in Biosensor Technology for Potential Applications--An Overview[END_REF]. On the other hand, label-based sensors allow indirect detection of the target through binding or interaction with the label.

The materials used in biosensors including bioreceptors and reagents used to reveal the reaction can be categorized into three groups depending on their mechanism (interaction): (i) bioaffinity group such as antibodies and nucleic acid, (ii) biocatalytic group comprising enzymes, and microbe based group (iii) that contain microorganisms. The first enzyme-based sensor was reported by Updike and Hicks in 1967 to measure the concentration of glucose in biological solutions [START_REF] Mehrotra | Biosensors and their applications--A review[END_REF].

Biosensors are very attractive because they take advantage of the sensitivity and specificity of biology in conjunction with the physiochemical transducers in order to perform complex bioanalytical measurements in a simple-to-use format. However, the fabrication of such devices requires interdisciplinary knowledge in chemistry, biology and engineering [START_REF] Mehrotra | Biosensors and their applications--A review[END_REF].

Ideally, the fabricated biosensor should be highly specific, reusable and independent of environmental physical parameters such as temperature and pH change. Due to their usage in environmental and biomedical applications, biosensors should also be simple andas sensitive as required by the application.

Biosensors can be used for various applications. The applications can be divided into clinical and nonclinical applications.

On one hand, clinical applications are concerned with the immediate observation, examination and treatment of patients. For example, potentiometric biosensors for monitoring gases and other liquids dissolved in blood. As another example, we can cite glucose sensors. Blood-glucose biosensors for home usage account for 85% of the gigantic current biosensors world market. Due to high demand, both portable and laboratory systems are widely spread.

On the other hand, non-clinical applications represent any other indirect or not related applications to medical treatment. Examples of this type of applications are environmental monitoring, plant biology, food monitoring and pharmaceutical application (drug development, manufacturing…etc.). More detail can be found in [START_REF] Mehrotra | Biosensors and their applications--A review[END_REF].

Although the technique presented hereafter can be used in other fields such as biodefense and environmental monitoring, in the context of this project we focus on the application of biosensors in pathogen sensing methods. In fact, biosensors are being used extensively in the medical field to diagnose infectious diseases. In consequence, a great amount of research is oriented toward the improvement of such systems.

Pathogen sensing methods

Substances that can initiate a disease are called pathogens. Generally, this term is used to describe an infectious agent such as a virus, a bacterium, a fungus, or another living microorganism. Pathogen sensing methods aim at detecting the presence of these agents and quantifying them. These techniques achieve their objective by: detecting/measuring the whole pathogen, its genetic material, or proteins specific to the target pathogen, or the metabolites released or consumed [START_REF] Tian | Microfluidic diagnostic systems for the rapid detection and quantification of pathogens[END_REF].

One of the oldest techniques used to detect pathogens such as bacteria is the plate culture method [START_REF] Tian | Microfluidic diagnostic systems for the rapid detection and quantification of pathogens[END_REF], [START_REF] Stanier | The Microbial World, 5th edit[END_REF]. This method is widely used and dates back to the end of the 19 th century and introduced by Robert Koch. It is a method of multiplying microbial organisms by providing them with a convenient media and adequate conditions for rapid controlled growth. After a controlled amount of time, the number of growing colonies will be counted. It is then possible to distinguish individual colonies using a range of dilutions. Thus, one can establish the initial concentration present in the original sample.

Although this method is very effective, it suffers major drawbacks: it is tedious, uses a great amount of material, labor intensive and may take weeks in order to provide results. Moreover, the process is more complicated for multibacteria detection, as it will mean using different selective media and specialized trained staff. In order to provide a more efficient system and to tackle these drawbacks, other pathogen sensing systems have been developed. As with biosensors in general, these techniques could be divided according to either the bio-receptor type or the transducer type.

Bioreceptors

In most detection systems, bioreceptors can be either bioaffinity-based or biocalatylic-based.

Other bioreceptors including microorganism are not used as widely. Bioaffinity receptors can be either nucleic acids like DNA (deoxyribonucleic acid) and RNA (Ribonucleic acid) or proteins like antibodies. On the other hands, biocatalytic receptors mainly include enzymes.

In the case of DNA biosensors, the main ability is that a single-strand nucleic acid molecule is able to recognize and bind to its complementary strand. This formation is done by stable hydrogen bonds between the two strands [START_REF] Mehrotra | Biosensors and their applications--A review[END_REF]. Nucleic acid-based sensing systems are generally more sensitive than antibody-based detection methods as they provide gene-based specificity.

Antibodies (abbreviated Ig for Immunoglobulin) constitute a good example of a widely used protein receptor. They are Y-shaped proteins (Figure 1-2) produced by plasma cells. Antibodies are naturally used by the immune system in order to neutralize pathogens. Each antibody is unique in that it contains a variable region (Fab) in the tip of the 'Y' shape. This latter holds a "paratope" that is specific to a characterized region on an antigen (virus or bacteria) called "epitope". These specific regions allow the antibody to bind exclusively to its antigen counterpart (Figure 1-2).

Systems using antibodies exhibit a high degree of precision, specificity and low false positive results. In general, peptide and protein biosensors are easily manufactured through synthetic these issues. Enzyme-related pathogen-sensing systems are still widely used. Enzymes are also used in food industry, defense and environmental monitoring.

Biotransducers

Pathogen sensing system could also be organized in terms of biotransducers. Transducers convert the physical signal generated from or because of the receptor into an understandable one. Different types of transducers exist.

Electrochemical transducers dominate the distribute diagnostics (potable systems like glucose monitors), while optical techniques have found their use primarily in R&D [START_REF] Turner | Biosensors: sense and sensibility[END_REF].

Optical methods

Optical detection methods utilize optical properties of reactions, reagents and analyte physical characteristics in order to detect the analyte. They include a light source and other optical components to generate a light beam. The light/color property change resulting from the presence of the analyte is detected using a specific sensing head. The signal is then transformed to an understandable quantity using a conditioning signal circuit.

Two types of optical methods exist: on one hand, there are direct detection methods that monitor the light properties such as fluorescence, absorbance and luminescence. On the other hand, indirect methods such as the Surface Plasmon Resonance (SPR) technique uses the modulation properties of light. The latter type also includes interferometry, evanescent waves, Raman spectrometry, fiber optics and optical waveguides [START_REF] Wu | Microfluidic sensing: state of the art fabrication and detection techniques[END_REF].

Optical detection methods are very convenient for real-time detection because they are simple, rapid, highly sensitive, and easy to be integrated with microfluidic chip. Furthermore, detection can be multiplexed and cost effective. In fact, many products are already available in the market [START_REF] Yoo | Optical biosensors for the detection of pathogenic microorganisms[END_REF], each product having its own advantage and characteristics. However, these techniques still suffer from some drawbacks like difficulty of integration, background interference and need for pretreatment (e.g blood is difficult to use with colorimetric methods directly). In the next section, we will describe the most common optical detection techniques: colorimetric, fluorescent, bio-or chemiluminescence, and Surface Plasmon Resonance (SPR).

Colorimetric sensors

Colorimetric biosensors involve the generation of colored compounds which can be measured and correlated with the concentration of analytes. These methods are very simple to implement and the result, if a sufficient concentration of analyte is present, can be assessed with the naked eye. Its simplicity and low cost aspects allow these methods to be widely preferred in the diagnostic market.

The most common colorimetric method is the Lateral Flow Assay (LFA) colorimetric method [START_REF] Yoon | Lab-on-a-chip pathogen sensors for food safety[END_REF], with which most pregnancy tests are made. This method can also be found under the name lateral flow immunochromatographic assay or dip-stick assay. In the case of the pregnancy test, a urine sample is introduced into the device using a strip or putting the sample in a sample area. Due to the membrane capillarity, the liquid flows to the reaction area. Nitrocellulose membrane is the most common one; the pore size varies between 0.05 to 12 µm. This material could be changed in the case of highly viscous fluids, or media with fat globules (milk) [START_REF] Posthuma-Trumpie | Lateral flow (immuno) assay: its strengths, weaknesses, opportunities and threats. A literature survey[END_REF].

As can be seen in Figure 1-3, two lines exist in this set up, one for the test and the other to control the antibody to antibody immobilization. The two are preloaded with different antibodies (anti-IgG and anti-antigen). Therefore, if the person is pregnant, i.e. the analyte is present in the sample, the control and test lines are both colored and can be seen by the eye (two pink lines usually). If not, only the control line is colored. If no color is present in the control line, it means that the test failed (probably due to lack of sample quantity or malfunctioning of the membrane flow).

The color comes from either gold nanoparticles (<50 nm [START_REF] Laitinen | Affinity immunosensor for milk progesterone: identification of critical parameters[END_REF]) or colored latex particles (100-900nm [START_REF] Gussenhoven | LEPTO dipstick, a dipstick assay for detection of Leptospira-specific immunoglobulin M antibodies in human sera[END_REF]). Gold nanoparticles absorb green light and an amount of blue light, consequently the test line looks pink.

Although the LFA comes mostly in a sandwich form (see section 1.3.3), the test can be performed in a competitive format in the case of the antigen having just one epitope (binding site). Also, nucleic acids could be used instead of antibodies but this is less popular due to the need of signal amplification through Polymerase Chain Reaction (PCR) [START_REF] Posthuma-Trumpie | Lateral flow (immuno) assay: its strengths, weaknesses, opportunities and threats. A literature survey[END_REF].

These techniques are very advantageous in a sense that they are inexpensive, easy to use and the test strip can be disposable. However, the main drawback is its lack of sensitivity and reproducibility, thus rendering it usable only for qualitative tests in a yes/no fashion. Efforts are made to address these weaknesses like using cellphone cameras and reflectometers to make the test quantitative and more sensitive [START_REF] Snowden | Antigen detection immunoassay using dipsticks and colloidal dyes[END_REF].

Fluorescent methods

Fluorescent biosensors are small structures onto which fluorescent probes are mounted (chemically, enzymatically and genetically) through a receptor. The role of the receptor is to identify the target analyte and consequently transduces a fluorescent signal to be detected and measured by adequate equipment. Thus, the fluorescent sensing technique is based on the measurement of fluorescence intensity which is proportional to the concentration of the target analyte.

These sensors can probe protein biomarkers and various metabolites with good sensitivity. Furthermore, it is also possible to observe the presence, status and activity of the target. They can indicate cardiovascular, inflammatory and cardiovascular diseases as well as viral infection and cancer [START_REF] Mehrotra | Biosensors and their applications--A review[END_REF].

Along with colorimetric methods, fluorescent-based methods constitute the most widely used optical pathogen sensing techniques. They most commonly involve the use of an excitation light source and a photodetector (CCD camera or photomultiplier). Fluorescent ImmunoAssays (FIA) are one of the most common pathogen detection assays. They rely on sandwich immunoassay procedures (see section 1.3.3) and use fluorochrome molecules to label secondary antibodies (receptors).

As depicted in Figure 1-4,when the fluorescent label is excited by the light source at a certain wavelength (in that case 635 nm), the label responds by emitting a longer wavelength (fluorescence at 647 nm) that is detected by a CCD camera [START_REF] Molony | Mining the Salivary Proteome with Grating-Coupled Surface Plasmon Resonance Imaging and Surface Plasmon Coupled Emission Microarrays[END_REF]. The concentration of the analyte is directly related to the intensity of the fluorescence.

Figure 1-4: Example of Fluorescent ImmunoAssay method (FIA) [START_REF] Molony | Mining the Salivary Proteome with Grating-Coupled Surface Plasmon Resonance Imaging and Surface Plasmon Coupled Emission Microarrays[END_REF].In this case the fluorescent label is Alexa Fluor 647.

Advantages of fluorescent sensors include their high sensitivity that can reach single molecule detection [START_REF] Dittrich | Single-molecule fluorescence detection in microfluidic channels-the Holy Grail in µTAS?[END_REF], high selectivity and ease of integration of the fluorescent markers.

Another major advantage of this technique is the possibility of multiplex detection using different fluorescent markers [START_REF] Riegger | Read-out concepts for multiplexed bead-based fluorescence immunoassays on centrifugal microfluidic platforms[END_REF]. However, current fluorescence sensors still require a long assay time, external lenses, and a large and complex detector. These issues limit their practical use as a POC device [START_REF] Yoo | Optical biosensors for the detection of pathogenic microorganisms[END_REF]. Also, high cost, extensive calibration and lack of appropriate fluorophores constitute additional drawbacks.

Extended research is conducted for the full integration of the fluorescent detection methods, where one solution is to use optical waveguides in order to integrate the light source and to eliminate the background noise [START_REF] Bange | Microfluidic immunosensor systems[END_REF], [START_REF] Mukundan | Planar optical waveguide-based biosensor for the quantitative detection of tumor markers[END_REF].

An example is illustrated in Figure 12345, where the researchers used a single mode planar optical waveguides comprised of thin (∼120 nm) high refractive index dielectric materials deposited on a substrate with a much lower index. Due to diffraction gratings that are etched into the substrate, a small portion of light (evanescent field) that was contained into the waveguide passes through the medium where the sample is present. The intensity of the field is big enough to excite the fluorescent molecules and small enough so that its amplitude is almost zero within half the wavelength (∼300nm), i.e. the rest of the media. This latter property allows the reduction of background noise by eliminating the excitation possibility of the non-desired fluorescent constituents present in the sample. 

Surface plasmon resonance (SPR)

When total internal reflection of the incident light occurs, an evanescent wave is set up that exerts a field outside of the prism. This can only occur when the film is very thin (50nm).The delocalised electrons within the metal cause a surface plasmon to be established at the metalambient interface [START_REF] Caygill | A review on viral biosensors to detect human pathogens[END_REF]. Consequently, a wave propagates along the surface and reduces the intensity of the reflected light (Figure 123456).The angle of incidence of this occurrence is called the SPR angle. This angle depends, among other parameters, on the refractive index, 𝜂𝜂, that is determined by the medium itself. In consequence, if an analyte immobilizes on the bioreceptor, it leads to the SPR angle change.

SPR techniques are fast, reliable and sensitive. However, in general SPR equipment is expensive. Several companies have developed instruments in the mid-range price bracket of tens of thousands of US dollars. SPR devices could also be used in the case of array-based sensing with the introduction of SPR imaging which permits multiple assay spots to be monitored simultaneously [START_REF] Turner | Biosensors: sense and sensibility[END_REF].

Figure 1-6: Surface Plasmon resonance technique illustration. left: Physical phenomenon [START_REF] Caygill | A review on viral biosensors to detect human pathogens[END_REF].Right:change of SPR angle before and after analyte(pathogen)immobilization [START_REF] Wu | Microfluidic sensing: state of the art fabrication and detection techniques[END_REF].

Luminescence

Bioluminescence Some living organisms react to the presence of some analyte or chemical compound by emitting a luminescence or change of luminescence (Figure 1234567). This property can be used for the detection of specific analytes (like microbes). In this case of living organism luminescence the detection is termed bioluminescence.

The class of enzymes that catalyse the reaction leading to the release of luminescence in cells are called "luciferease". The lux gene, encoding luciferase in microorganisms, is the most popular reporter gene in bioluminescent microbial biosensors. These bioluminescent As an example, the detection of E.coli O157:H7 can be achieved using chemiluminescence and a sandwich immunoassay [START_REF] Varshney | A microfluidic filter biochip-based chemiluminescence biosensing method for detection of Escherichia coli O157: H7[END_REF] in a microfluidic channel. The immune-complex is composed of a first magnetic bead coated antibody and secondary anti-E.coli O157:H7 peroxidase (HRP) labeled antibodies. After the sandwich formation, the user adds luminol substrate; luminol is a chemiluminescent substrate of HRP. In the presence of peroxide, HRP oxidizes luminol to an excited product called 3-aminophthalate that emits light at 425 nm.

The emission continues till 3-aminophthalate decays and enters the ground state. The emitted light can be captured by CCD camera (Figure 1-8.b).

Comparatively to fluorescence, chemiluminescence methods eliminate the need of external light sources, which leads to better integration and simplicity in the case of Lab-On-Chip systems. However, luminescence methods are restricted to certain chemiluminescent agents and to cells that produce the luminescence.

Electrochemical methods

Electrochemical biosensors rely on the fact that in aqueous solutions, the electrical charge can be carried by ions. When we put two electrodes in the solution, an electrical current from one electrode to the other can build up. The electrical properties can then be modulated by the presence of certain analytes that undergo redox reactions [START_REF] Wu | Microfluidic sensing: state of the art fabrication and detection techniques[END_REF]. Depending on the electrical property under study, electrochemical methods can be divided into four major categories: amperometric [START_REF] Zhu | Planar amperometric glucose sensor based on glucose oxidase immobilized by chitosan film on Prussian blue layer[END_REF], [START_REF] Cai | Ultra-low-volume, real-time measurements of lactate from the single heart cell using microsystems technology[END_REF], [START_REF] Ohgami | Determination of the activities of glutamic oxaloacetic transaminase and glutamic pyruvic transaminase in a microfluidic system[END_REF], potentiometric [START_REF] Liu | Self-contained, fully integrated biochip for sample preparation, polymerase chain reaction amplification, and DNA microarray detection[END_REF], conductometric [START_REF] Wu | On-column conductivity detection in capillary-chip electrophoresis[END_REF] and impedance-based measurements [START_REF] Caygill | A review on viral biosensors to detect human pathogens[END_REF]. Optical and electrochemical biosensors constitute the most used type of sensors. The adaptation of screen printing for the production of enzyme electrodes, along with the use of proprietary mediators and capillary-fill designs, machine fabrication of enzyme electrodes enabled the market dominance change from optical (reflectance photometry) to the electrochemical devices [START_REF] Turner | Biosensors: sense and sensibility[END_REF].

At first, these sensors were used to detect small analytes like urea, lactate or glucose amperometrically ( [START_REF] Adeloju | Polypyrrole-based amperometric flow injection biosensor for urea[END_REF], [START_REF] Albers | Electrical biochip technology-a tool for microarrays and continuous monitoring[END_REF], [START_REF] Caygill | A review on viral biosensors to detect human pathogens[END_REF]) and were mainly focused on the detection of electroactive species. The first electrochemical sensor was a glucose sensor [START_REF] Vigneshvar | Recent Advances in Biosensor Technology for Potential Applications--An Overview[END_REF]. In this case, an enzyme, glucose oxidase (GOx), was immobilized on an electrode. These enzyme catalyses the reaction between glucose and oxygen into gluconic acid and hydrogen peroxide. Hydrogen peroxide works as a mediator between the enzyme and the electrode. This means that following the catalytic reaction, hydrogen peroxides undergoes an oxidation at the surface of the electrode, thus releasing electrons into it (Figure 123456789). When we apply a fixed voltage, the amount of current is directly related to the concentration of glucose. The selectivity in this case comes from the use of specific glucose enzyme. These glucose sensors were later improved using other types of mediators [START_REF] Cash | Nanosensors and nanomaterials for monitoring glucose in diabetes[END_REF]to enhance selectivity (Figure 1-9.b).

Later on, electrochemical sensors were used to detect bigger analytes like pathogens and various proteins. In this case, the detection of the binding of the analyte itself to other components (bioreceptors) using electrochemical transduction has been widely used [START_REF] Billah | Development of a myoglobin impedimetric immunosensor based on mixed self-assembled monolayer onto gold[END_REF], [START_REF] Hays | Development of capacitance based immunosensors on mixed self-assembled monolayers[END_REF], [START_REF] Barton | Labeless AC impedimetric antibody-based sensors with pgml-1 sensitivities for point-of-care biomedical applications[END_REF].

In these cases, the surface of the electrode (carbon or metal) is modified in order to immobilize various biomaterials, such as enzymes, antibodies or DNA [START_REF] Vigneshvar | Recent Advances in Biosensor Technology for Potential Applications--An Overview[END_REF], [START_REF] Wang | Electrochemical biosensors based on ferroceneboronic acid and its derivatives: a review[END_REF]. Gold is one of the most frequently used metals [START_REF] Ricci | A review of experimental aspects of electrochemical immunosensors[END_REF] because it is inert and compatible with biomolecules (c) Chemical equations and cell structures. Although metals do not allow immobilization of biomolecules, many solutions exist in order to modify the surface properties. One of them is the use of selfassembled monolayers (SAMs) [START_REF] Prashar | Self assembled monolayers-a review[END_REF], [START_REF] Melo | Electrochemical immunosensors for Salmonella detection in food[END_REF].

The basic principle of electrochemical immunoassays is illustrated in Figure 1-10. In this case, the antibodies were immobilized to the SAMs surface by means of protein A. Antibodies' amine group covalently bond to the aldehyde group on protein A (see section 0for more detail). This pretreatment step is done on the working electrode. Additionally, counter and references electrodes are also needed in order to form the electrochemical system.

In this example and after these pretreatment steps, a sample solution containing salmonella is introduced, followed by secondary labeled antibodies with enzymes as markers. Finally a substrate is introduced that will react due to enzymes. As products of this reaction, electroactive species emit analytical response signals for the immunosensor. Nowadays, electrochemical biosensors are the most widely used sensors in industry. This is mainly due their many advantages; they are low-cost, robust and have a low power consumption. These devices can also be simple to operate [START_REF] Bange | Microfluidic immunosensor systems[END_REF], [START_REF] Caygill | A review on viral biosensors to detect human pathogens[END_REF], they can be used together with either electrophoresis or capillary fluid actuation methods in order to integrate the flow control [START_REF] Wu | Microfluidic sensing: state of the art fabrication and detection techniques[END_REF]. Thus, with the advance of electronics and microfabrication, electrochemical systems are more suitable than their optical counterparts for integration in a miniaturized lab-on-chip system.

Despite all this advantages, electrochemical biosensors suffer from some drawbacks. For instance, the current accompanying the aforementioned miniaturization goal requires improved electronics/shielding in order to keep good sensitivity. Also, a stable reference electrode is required [START_REF] Bange | Microfluidic immunosensor systems[END_REF]. In addition, the surface must have appropriate electrochemical characteristics and compatibility to the chosen immobilization method [START_REF] Melo | Electrochemical immunosensors for Salmonella detection in food[END_REF]. Furthermore, particles other than the target may get deposited or adhere non-specifically to the surfaces being monitored, thereby yielding false positive results. Finally, diffusion time has to be taken into account so that the performance of the system is not degraded [START_REF] Tian | Microfluidic diagnostic systems for the rapid detection and quantification of pathogens[END_REF].

In the next sections, the four major electrochemical methods: amperometric, impedance-based, potentiometric or voltammetry and conductometric measurements will be described.

Amperometric sensors

Most of these sensors are based on the use of enzyme related systems that generate electroactive products. In this case, the potential is fixed and the resulting current is the electrical parameter of interest [START_REF] Bange | Microfluidic immunosensor systems[END_REF]. The altered current flow is then measured and the magnitude of the current is proportional to the substrate concentration, thus indirectly proportional to the analyte of interest.

Amperometric techniques are the most popular electrochemical method. In fact, this detection format has several advantages, including the capacity to fabricate disposable and customised screen-printed electrodes, low fabrication costs and robustness. The selectivity can be improved by using well-chosen mediators like ferrocenedicarboxylic acid (FEDC) or iodine [START_REF] Leonard | Advances in biosensors for detection of pathogens in food and water[END_REF].

In one example, amperometric detection of Salmonella in milk was achieved using magnetic beads coated with specific antibodies for an immunomagnetic separation step. Using magnetic beads and immunoreactions, the bacteria are captured and preconcentrated from milk samples. A second antibody labeled with peroxidase (HRP) is used for the electrochemical detection [START_REF] Liebana | Rapid detection of Salmonella in milk by electrochemical magneto-immunosensing[END_REF]. Moreover, the magnetic beads allow concentrating the bacteria in the area of detection (electrode). The HRP enzyme then boosts the redox reaction and a resulting amperometric unit allows the detection (Figure 1 -11). The approach showed a limit of detection of 5 × 103 and 7.5 × 103 CFU (Colony Forming Unit) mL -1 . The main problems faced with these types of sensors are the sensitivity to pH changes and non-specific binding of molecules, leading to false positive detection [START_REF] Caygill | A review on viral biosensors to detect human pathogens[END_REF].

Impedance based sensors

Upon the binding of the bioreceptor with the antigen, there is a measurable response in conductivity across the electrode surface. This response can be translated in terms of impedance/capacitance change. The advantage in this case is that no reference electrode is needed [START_REF] Caygill | A review on viral biosensors to detect human pathogens[END_REF], thus making the detection easier and fabrication simpler.

Early issues involved low sensitivity and non-specific binding. To address these common problems, a blocking protein, such as BSA (Bovin Serum Albumin), can be used. Also, in order to amplify the signal, a secondary set of antibodies or gold nanoparticles can be added at the expense of maxing the measurement more complex and time consuming. This technique has been used to detect multiple viruses, such as influenza [START_REF] Wang | Interdigitated array microelectrode based impedance immunosensor for detection of avian influenza virus H5N1[END_REF], rabies [START_REF] Hnaien | Immobilization of specific antibody on SAM functionalized gold electrode for rabies virus detection by electrochemical impedance spectroscopy[END_REF], dengue [START_REF] Fang | A label-free immunosensor for diagnosis of dengue infection with simple electrical measurements[END_REF] and HIV viruses [START_REF] Jiang | Electrochemical impedance biosensor with electrode pixels for precise counting of CD4+ cells: A microchip for quantitative diagnosis of HIV infection status of AIDS patients[END_REF].

In the case of LoC systems, the method usually relies on an array of interdigitated microelectrodes (IME) combined with an immunoassay procedure [START_REF] Yoon | Lab-on-a-chip pathogen sensors for food safety[END_REF]. Antibodies are immobilized on the IME. The detection scheme stays the same and the change of signal signal-to-noise ratio improves when the electrodes are reduced (low micrometer range). In the case of common millimeter diameter electrodes, the diffusion of electroactive species is planar whereas in microelectrodes, the diffusion becomes nonplanar (e.g. hemispherical). This change in diffusion aspect causes an improvement of the collection efficiency of electroactive species which leads to an increased signal-to-noise ratio and thus a lower detection limit [START_REF] Bange | Microfluidic immunosensor systems[END_REF].

As an illustration, a bead-based immunoassay procedure with microelectrode detection was demonstrated [START_REF] Farrell | Bead-based immunoassays with microelectrode detection[END_REF]. Here, the analyte of interest was mouse IgG antibody labeled with alkaline phosphatase enzyme (AP) and p-aminophenyl phosphate (PAPP) as the enzyme substrate. Results showed that the microelectrodes allowed monitoring the chemical reactions in real time. A detection limit of 10 ng/mL was achieved. This system served as validation of the usability of microelectrodes for immunoassays.

Conductometric sensors

The principle of conductometric detection is that the conductivity of a zone is affected by the charged species in that zone. Different types of species have their specific conductivity response which also varies with different concentration [START_REF] Wu | Microfluidic sensing: state of the art fabrication and detection techniques[END_REF]. The detection involves measuring the conductivity at a series of frequencies. This method can, in principle, deal with all charged species of interest.

This technique is usually coupled with electrophoresis in order to allow both actuation and detection of the analyte of interest. In [START_REF] Wu | On-column conductivity detection in capillary-chip electrophoresis[END_REF], the authors experimented the use of potential gradient detection using a capacitively coupled contactless conductivity detection method. This method uses two electrodes for actuation and two electrodes for the detection of the potential change that is proportional to the conductivity change of the medium, indicating the presence of the analyte. The detection method was tested for potassium ions with a detection limit of 15 µM. This technique is also usable for the detection of pathogens, conventional techniques uses conductive polymers in order to convert the biological signal to a change in conductivity.

Examples of conductive polymers include polyacetylene, polypyrrole or polyaniline [START_REF] Byrne | Antibody-based sensors: principles, problems and potential for detection of pathogens and associated toxins[END_REF]. For instance, a conductimetric biosensor incorporating a polyclonal antibody-based sandwich assay format in which the detection antibody was labelled with polyaniline was developed [START_REF] Muhammad-Tahir | A conductometric biosensor for biosecurity[END_REF]. This sensor could detect approximately 79 CFU/mL and 83 CFU/mL of E. coli O157:H7 and Salmonella spp, respectively (Figure 1-13).

Figure 1-13: Cross-section of a capture membrane before (A) and after (C) analyte application [START_REF] Muhammad-Tahir | A conductometric biosensor for biosecurity[END_REF].

Furthermore, a modern method for E.coli detection was demonstrated using magnetic nanoparticles (MNP) coated with streptavidine and selective antibodies [START_REF] Hnaiein | A conductometric immunosensor based on functionalized magnetite nanoparticles for E. coli detection[END_REF]. The MNP were immobilized to the conductimetric electrode surface using glutaraldehyde. Biotinylated antibodies were used in order to attach to nanoparticles and allow forming an immunocomplex with E.coli. The incorporation of nanoparticles facilitated an increase in conductivity, enabling 0.5 CFU/mL to be detected. A small amount of non-specific signal was detected when S. epidermis cells were assayed in parallel. This was attributed to the use of a polyclonal capture antibody. The authors concluded that in some assay formats, monoclonal or recombinant antibodies may be more suitable.

Concerning the advantages of conductance based technique: first, they require low drive voltage and thus low power consumption. Second, there is no need to use a reference electrode, which simplifies the system.

Despite these comparative advantages, practical application and commercialization of such techniques are hindered by some difficulties, such as the need of adequate experimental conditions (e.g., buffer concentrations and dissolution of ingredients in solution) in order to avoid reduction in signal to noise ratio and low specificity [START_REF] Melo | Electrochemical immunosensors for Salmonella detection in food[END_REF].

Nanomaterial based electrochemical sensors

In recent years, nanomaterials have been used extensively in order to revolutionize biosensors in general and electrochemical biosensors in particular. Nanomaterials range from gold, silver, silicon, and copper nanoparticles, carbon-based materials, such as graphite, graphene, and carbon nanotubes [START_REF] Li | Electrochemical and optical biosensors based on nanomaterials and nanostructures: a review[END_REF], [START_REF] Vigneshvar | Recent Advances in Biosensor Technology for Potential Applications--An Overview[END_REF]. Nanoparticle-based materials are widely used because they provide great sensitivity and specificity for developing electrochemical biosensors.

In this context, carbon nanotubes (CNT) based immunoassays show the most promising results in terms of sensitivity, low drive voltage, integration in LoC device and rapid electrode kinetics. Most of CNT surface area is accessible to both electrochemistry and functionalization with biomolecules [START_REF] Yoon | Lab-on-a-chip pathogen sensors for food safety[END_REF].

In one case, a multi-wall carbon nanotube (MWCNT) based electrochemical sensor was developed in order to detect Salmonella bacteria with a detection limit of 10 3 𝐶𝐶𝐶𝐶𝐶𝐶/𝑚𝑚𝑚𝑚. Carbon nanotubes were functionalized with multiple layers of enzyme Tyrosinase and avidin [START_REF] Chumyim | Detection of Salmonella enterica serovar Typhimurium in milk sample using electrochemical immunoassay and enzyme amplified labeling[END_REF]. These CNT were then dropped on a screen-printed electrode surface. Catechol substrate was then used in order to assess the sensitivity and rapidity of the system. Typical reported response times were around 2s.

The main drawback of CNT is that these structures cannot serve as transducers; they must be fixed to an electrode. Another drawback is that these systems are not yet made for long term reliable usage [START_REF] Vigneshvar | Recent Advances in Biosensor Technology for Potential Applications--An Overview[END_REF]. A reliable LoC ELISA like CNT based immunosensor is yet to be developed by taking advantage of the advance of NEMS (nano-electro mechanical system) techniques [START_REF] Yoon | Lab-on-a-chip pathogen sensors for food safety[END_REF].

Mechanical methods

Mechanical methods can also be called mass-based methods. That is, the intrinsic property of pathogens exploited in this case is "mass". Moreover, each solid rigid object has its own resonant frequency that shifts when an additional mass is applied on it [START_REF] Lui | Nucleic acid-based detection of bacterial pathogens using integrated microfluidic platform systems[END_REF]. That additional mass could be the pathogens themselves. One can then relate the mass or resonance frequency change into a qualitative and quantitative measurement of the analyte presence. In general, mechanical detection methods have the comparative advantages of very low detection limit and label-free detection. If these sensors are intended for pathogen sensing, usually a bioreceptor should be immobilized on the transducer surface. That can be either antibody, antigen, DNA…etc. From this principle of detection, two main types of mechanical methods exist; either they are quasistatic surface-stress sensors or dynamic-mode sensors [START_REF] Arlett | Comparative advantages of mechanical biosensors[END_REF].

Surface stress sensors

Surface stress sensors are mainly fabricated using cantilevers. They are beams that are fixed at one end and free at the other. Weight and external forces causes the beam to bend. Cantilevers are typically made of silicon, crystalline or in some cases polymer materials [START_REF] Tian | Microfluidic diagnostic systems for the rapid detection and quantification of pathogens[END_REF].

In the case of immunosensors, pathogens bind to antibodies immobilized on the cantilever surface (Figure 1-14.a). If the cantilevers are used in a static way, the conventional detection method involves the use of laser light (Figure 1-14.b). The light is applied to the sensor surface and the deflection of the light changes when the pathogen is immobilized [START_REF] Arlett | Comparative advantages of mechanical biosensors[END_REF].

Another way to detect the bending is by using piezoelectric materials; in this case the mechanical stress provokes an electrical signal due to the piezoelectric properties. The latter method has the advantage of being able to be integrated on a lab on chip device and is generally less cumbersome. Reported sensitivities range from 100pM to several nM range [START_REF] Backmann | A label-free immunosensor array using single-chain antibody fragments[END_REF].

The main drawbacks are parasitic factors that follow their exposure to the sample aliquot. Indeed, changes of refraction index, temperature and fluidic disturbance result in nonspecific additional deflections [START_REF] Arlett | Comparative advantages of mechanical biosensors[END_REF]. One solution in this case is to use a differential mode measurement by using a reference cantilever.

Figure 1-14 (Left) Schematic of static-mode surface-stress sensing MEMS device. Binding of target molecules generates a surface stress, which leads to a quasistatic deflection of the cantilever (bottom) [START_REF] Wu | Bioassay of prostatespecific antigen (PSA) using microcantilevers[END_REF]. (Right)Microcantilever detection based onAFM topping mode. A laser is angled to reflect off the micro-cantilever as it passes over the sensor surface. Upon virus-antibody interaction, the microcantilever bends and causes the angle of the reflected beam to change [START_REF] Caygill | A review on viral biosensors to detect human pathogens[END_REF].

Dynamic mode sensors

These systems can be divided into two major groups: micocantilever (or microcantilever arrays) based methods and quartz crystal based methods. Usually, both of them are made using piezoelectric materials and they are operated in a dynamic manner using their resonance properties.

Cantilevers:

In this case, another property of the cantilever can be used. In fact, after the beam bends, its elasticity attempts to restore it to its original shape, thus leading the system to have a characteristic natural frequency of vibration (principal resonance frequency) [START_REF] Tian | Microfluidic diagnostic systems for the rapid detection and quantification of pathogens[END_REF]. This value depends on the effective mass and the spring constant of the beam. Consequently, the positive change in the mass results in a decrease of the resonance frequency [START_REF] Naik | Dynamic response of a cantilever in liquid near a solid wall[END_REF].

Microcantilever-based techniques are derived from Atomic Force Microscopy (AFM) [START_REF] Caygill | A review on viral biosensors to detect human pathogens[END_REF]. AFM utilizes a sharp tipped oscillating cantilever to characterize the surface of a sensor. A laser is focused onto the cantilever in a way that the position of the reflected beam is detected by a CCD chip. Tip deflection can then be followed. For this, the lever is set to oscillate at a frequency close to that of the surface [START_REF] Caygill | A review on viral biosensors to detect human pathogens[END_REF]. When characterizing an antibody immobilized surface of an immunosensor, a corresponding pathogen is attached to the tip of the cantilever. This causes the tip to bend when it encounters the antibody (Figure 1-14.b). The cantilever's movement is constant because it is mediated by a piezoactuator and the sensor can be characterized by observing the amplitude, phase and resonance frequency of the cantilever. The signal is extrapolated to give a 3D image of the surface with a spatial resolution down to 1 nm. AFM is highly sensitive and can detect atomic bonding and van der Waals forces. In medical diagnosis, AFM constitutes a useful tool in order to confirm the presence of pathogens in laboratory based studies. However, due to its extreme vibration sensitivity, AFM is not suitable for field use.

Microcantilevers fill the need to have a more portable system that is less complex. In this case, the cantilevers are not used for sensor characterization but rather for pathogen sensing.

After immobilizing specific antibodies to the cantilevers' surface, the cantilevers can detect any specific pathogen. The resonance frequency change is directly correlated to the amount of pathogen. Traditionally, a washing step is added in order to remove adherence of nonrelated particles. Also, the detection limit can be improved by using sandwich assay format or labels that allow the increase of the mass and consequently lowering the detection limit.

Apart from the previously mentioned issues, cantilever based methods suffer from 'striction' problems, which means that fluid can remain stuck underneath the cantilever due to surface tension. In this case, special techniques like critical point drying and freeze drying are used to prevent striction [START_REF] Tian | Microfluidic diagnostic systems for the rapid detection and quantification of pathogens[END_REF], thus making the procedure more complex.

Moreover, the adaptation of such system to multiple detection is complicated, since, in principle, multiple microcantilevers should be each coated with different antibodies. Because it involves multiple surface treatment steps, this procedure is very complicated, rendering the use of cantilevers for multiplex detection not yet feasible.

Quartz Crystal Microbalance (QCM):

QCM methods are also based on the use of piezoelectric materials. The quartz crystal microbalance (QCM) is an instrument that utilizes a piezoelectric quartz crystal that can vibrate at high frequencies with an electrical current to perform frequency-based measurement of pathogen mass (Figure 1-15.3) [START_REF] Lui | Nucleic acid-based detection of bacterial pathogens using integrated microfluidic platform systems[END_REF]. The quartz surface usually has a thin gold or other metal layer deposited onto it that allows bio-functionalization of the surface. After affixing bioreceptors to the surface of the sensor, the pathogen binding can be monitored by measuring the frequency decrease caused by the additional mass on the chip via the Sauerbrey equation [START_REF] Sauerbrey | Use of a quartz vibrator from weighing thin films on a microbalance[END_REF]. Like cantilevers, an additional washing step with fast flow rate is necessary in order to remove non-specific binding.

As an example, the QCM can be used for the detection of DNA by using a DNA probe and measure the subsequent hybridization to the target DNA. Hybridization is a phenomenon in which single-stranded deoxyribonucleic acid (ssDNA) or ribonucleic acid (RNA) molecules bind to complementary DNA. This will result in a mass change (Figure 1-15.1).

The mass change can be amplified by using gold nanoparticles (AuNP). This is done by first immobilizing DNA-specific strands to the nanoparticle surface. Then the detection scheme is similar to the conventional method, except that an additional step is required at the end. In fact, after DNA hybridization, functionalized AuNP should be added. The resulting mass amplification yields significant signal amplification. In this case, AuNP can also serve to reduce nonspecific detection since they work like a sandwich assay (Figure 1-15.2). In [START_REF] Chen | Using oligonucleotide-functionalized Au nanoparticles to rapidly detect foodborne pathogens on a piezoelectric biosensor[END_REF] Other mechanical methods

Other mechanical methods exist that can deal with some of the aforementioned issues. For liquid phase detection, some reported the use of higher working frequencies in order to prevent the damping caused by viscous liquids. This is achieved by reducing the dimension of the device or by operating with higher order vibration modes [START_REF] Zuniga | High frequency Piezoelectric Resonant Nanochannel for biosensing applications in liquid environment[END_REF], [START_REF] Braun | Micromechanical mass sensors for biomolecular detection in a physiological environment[END_REF]. Another technique uses Suspended Microchannel Resonators (SMR) which constrains the fluid to channels embedded in the mechanical resonator itself [START_REF] Arlett | Comparative advantages of mechanical biosensors[END_REF].

Finally, Surface Acoustic Wave (SAW) sensors constitute another major reported technique [START_REF] Jayanthi | Recent advances in biosensor development for the detection of cancer biomarkers[END_REF]. They rely on the generation of acoustic waves caused by an electric signal. This results in a consequent wave that is transformed into an electrical signal. The mass change of the device is related to the frequency shift of the output signal [START_REF] Lange | Surface Acoustic Wave (SAW) biosensors: coupling of sensing layers and measurement[END_REF]. This technique has been used for the detection of breast cancer markers like HER2 (human epidermal growth factor receptor-2) with a detection limit of 2 ng/mL [START_REF] Gruhl | Surface modification of an acoustic biosensor allowing the detection of low concentrations of cancer markers[END_REF].

In conclusion, mechanical methods have great potential for their use in medical diagnosis. An extensive research is done in order to have multiplexed and automated LoC systems that allow the detection of multiple different pathogens down to the single cell limit of detection. However, the main issues consist in the biofunctionalization of the multiple cantilevers, the electrical handling of multiplexed signals without interference and the background biological noise [START_REF] Arlett | Comparative advantages of mechanical biosensors[END_REF].

Magnetic methods

Major detection techniques were discussed in the previous sections. Electrochemical and optical based sensors are preferred to all other types of sensors. Thus, a wide body of research has been done and many commercial devices use these technologies in order to develop Point of Care (POC) pathogen sensing devices and biosensors in general. In these recent years, however, magnetic detection techniques have become increasingly popular.

Magnetic biosensors mostly detect the value or change of magnetic properties like the magnetic field. For the case of LoC systems, miniaturized magnetic detection methods usually rely on the detection of magnetic beads present in microfluidic channels [START_REF] Mehrotra | Biosensors and their applications--A review[END_REF]. The magnetic beads are used as markers and an indirect detection of the pathogen is done through affinity binding of the functionalized magnetic beads.

The increasing interest toward magnetic detection methods is mainly due to the advances in microfabrication and nanomaterial technologies. The introduction of well controlled magnetic nanoparticles (MNP) and all their advantages increased the interest of researchers on magnetic detection and actuation techniques.

The unique advantages of MNP can be summarized in the following points [START_REF] Lee | Recent developments in magnetic diagnostic systems[END_REF]:

 High affinity binding flexibility: their structure allows them to be functionalized by a variety of affinity ligands on their surface. Because many binding sites can be created on a single MNP, high binding efficiency can be achieved.  Easy and selective actuation of MNP: due to their unique magnetic properties, they can easily be manipulated inside the biological sample using a magnetic field gradient [START_REF] Giouroudi | Microfluidic biosensing systems using magnetic nanoparticles[END_REF]. This enables manipulation and sorting of biological targets.  High contrast: this is because the biological background naturally contains almost no magnetic materials; this allows having a high SNR.  Can serve as amplifier: In the case of nuclear magnetic resonance (NMR) tests, MNP influence the relaxation of surrounding water molecules and consequently amplify the NMR signal.  Low influence of sample properties: indeed, properties like pH and salinity to not perturb the magnetic properties of MNP [START_REF] Muluneh | Microchip-based detection of magnetically labeled cancer biomarkers[END_REF].

In addition to these unique benefits, MNP are physically and chemically stable, can easily be made biocompatible [START_REF] Tamanaha | Magnetic labeling, detection, and system integration[END_REF] and are available at relatively low cost. It is the multi-functionality of MNP that makes them an attractive candidate for LoC applications. Furthermore, using standard silicon integrated circuit technology, magnetic fields can be applied and tuned either externally or internally in a complete integrated solution [START_REF] Giouroudi | Recent Advances in Magnetic Microfluidic Biosensors[END_REF], [START_REF] Giouroudi | Microfluidic biosensing systems using magnetic nanoparticles[END_REF]. Consequently, both sensor and MNP can be scaled down to the micro-or nanometer scale.

All the above advantages make magnetic detection methods that use MNP quite appropriate candidates for their use in a completely integrated diagnostic system. Since MNP constitute a key component; some theoretical background about MNP properties will be given in Chapter 2.

Besides, magnetic pathogen sensing techniques can be classified by the detection format; homogeneous or heterogeneous. In the homogeneous format we find techniques such as nuclear magnetic resonance (NMR), magnetic relaxation switches (MRsws) and remanence detection techniques like AC susceptometry. On the other hand, surface-based methods include magnetoresistive sensors and Hall sensors. Moreover, magnetic sensors can also be divided by the physical parameters [START_REF] Tamanaha | Magnetic labeling, detection, and system integration[END_REF] like magnetic permeability, remanence …etc.

Next, we will present some major magnetic pathogen sensing techniques with an emphasis on recent miniaturized detection methods like magnetoresistive (MR), micro Hall based sensors and micro NMR sensors. In this project, we have chosen another effective detection method developed at Juelich [1] and called "the frequency mixing technique". This method has several advantages as linearity, simplicity and large dynamic range. It is also implementable in a miniaturized LoC. Details of this adopted technique will be given in the following chapter.

Magnetic permeability sensors

One of the most basic parameters to be measured by magnetic sensors is the change in permeability. This can be assessed either by measuring the resulting change in inductance (L) or by relating it to the change in resonant frequency [START_REF] Tamanaha | Magnetic labeling, detection, and system integration[END_REF].

In the former case, an early demonstration was done by using a typical cylindrical coil and a core made of magnetic material [START_REF] Kriz | Magnetic permeability measurements in bioanalysis and biosensors[END_REF]. When the magnetic material is introduced into the coil, the value of the relative permeability changes ( 𝜇𝜇 𝑟𝑟 ), resulting in a change of the coil inductance.

𝑚𝑚 =

µ 𝑟𝑟 µ 0 𝐴𝐴 𝑙𝑙 𝑁𝑁 where N, A and l denote the number of turns, the cross section and the length of the coil, respectively. µ 0 represents the permeability of vacuum.

The coil was put in a Maxwell-Wien bridge configuration (Figure 12345678910111213141516). Change of inductance results in an unbalance of the bridge and a detectable voltage difference appears. Reported magnetic sensitivity was 21 ± 4µ𝑉𝑉/(µ𝑔𝑔 𝐶𝐶𝐹𝐹/𝑚𝑚𝑚𝑚). Permeability can also be detected by means of resonance using an LC circuit and measuring the resonance frequency shift [START_REF] Kiely | Paramagnetic particle detection for use with an immunoassay based biosensor[END_REF]. Indeed, when the permeability changes, the inductance changes and thus the resonance frequency changes (Figure 12345678910111213141516). When a test strip is placed inside the measuring coil (connected in parallel with a capacitor), the presence of the particles causes the resonant frequency of the coil to decrease proportionally with the number of magnetic particles on the strip. This later technique was used using flat spiral coils and reported a sensitivity of Troponin 1 of about 0.5 𝑛𝑛𝑔𝑔/𝑚𝑚𝑚𝑚.

Magnetic relaxation based sensors

These techniques rely on the dynamic response of the magnetic nanoparticles relative to a certain magnetic field. In this case, it is the relaxation of the magnetic moment within the MNP that is the basis parameter for these detection methods. This relaxation is measured in two ways; by measuring the susceptibility or by measuring the decay in remanent magnetization using a superconducting quantum interference device (SQUID).

MNPs relaxation is driven by two relaxation processes: Brownian relaxation (𝜏𝜏 𝐵𝐵 ) due to the thermal rotation of MNP and Néel relaxation ( 𝜏𝜏 𝑁𝑁 ) related to the magnetic core inner magnetization decay.

AC susceptometers use the fact that when MNP bind to their target analyte, a change in the total hydrodynamic volume of the MNP occurs (complex MNP + analyte). The hydrodynamic size is positively related to the Brownian relaxation time, so that when the size is bigger the Brownian relaxation is slower. Typical relaxation times for 20 nm MNP are tens of microsecond and seconds for the Brownian and Néel relaxation respectively (Figure 1-18.a). The frequency dependent magnetic susceptibility (𝜒𝜒) of MNP is affected by the change of the Brownian relaxation. In fact, the imaginary part of the susceptibility has its peak at the frequency 𝑓𝑓 = 1/𝜏𝜏 𝐵𝐵 . The principle of the detection is then to measure the shift in this peak frequency. These measurements are usually done by inductive coils [START_REF] Issadore | Magnetic sensing technology for molecular analyses[END_REF].

Figure 1-17: Multiplexed Brownian detection of 25 nm core (red) and 50 nm core (blue) MNPs. (a) Alternating current (AC) magnetic susceptibility is measured using a quadrature detector. The signals both in-phase and 90 degree out-of phase with respect to the AC source are measured, which correspond to the real and imaginary components of magnetic susceptibility, respectively. (b) The outof-phase (imaginary) component of the susceptibility has its maximum when the excitation frequency is close to the Brownian relaxation time of the particle [START_REF] Park | Multiplexed sensing based on Brownian relaxation of magnetic nanoparticles using a compact AC susceptometer[END_REF].

AC susceptometry which has the advantages of being a volumetric test, does not need any washing step and it can be multiplexed. Figure 1-17 shows an example of the simultaneous measurement of two different types of MNP [START_REF] Park | Multiplexed sensing based on Brownian relaxation of magnetic nanoparticles using a compact AC susceptometer[END_REF]. In this experiment, the measurement setup could even discriminate a mixture of two MNP with 25 and 50 nm diameters. Despite these advantages, AC susceptometry still lacks appropriate sensitivity and discrimination of more than two types of MNP. Also, in order to apply this technique, it has to be made sure that Néel relaxation is slower than Brownian relaxation.

There are other methods that detect the Néel relaxation instead of the Brownian relaxation change [START_REF] Koh | Magnetic nanoparticle sensors[END_REF]. This method is called magnetorelaxomety. When the MNP bind to the target, the Brownian relaxation is inhibited (Figure 1-18 b, c). However, the Néel relaxation only 

=

In summary, Hall based sensors have a lower sensitivity than magnetoresistive techniques but exhibit a better linearity with respect to the amount of MNP. This linearity is maintained even at very high magnetic fields (>2T). Furthermore, since the sensor fabrication is compatible with CMOS processing, these techniques are more convenient for easy integration and mass manufacturing.

Magnetoresistance based sensors

Magnetoresistance (MR) was first reported in 1857 by William Thomson [START_REF] Thomson | On the electro-dynamic qualities of metals:--effects of magnetization on the electric conductivity of nickel and of iron[END_REF]. When a magnetic field is applied to a material, its electrical resistance changes, thus the MR effect. At first, this change did account for just 0.033% [START_REF] Thomson | On the electro-dynamic qualities of metals:--effects of magnetization on the electric conductivity of nickel and of iron[END_REF], [START_REF] Tamanaha | Magnetic labeling, detection, and system integration[END_REF]. This effect was used over a century later for designing magnetic field sensors. This is due to the progress of modern microelectronics and thin-film technology that allowed to obtain more important change in resistance. Now, it is one of the main widely used magnetic detection method.

The basic principle of operation is as follows; the application of a magnetic field to a region that contains moving electrons will cause change in their trajectories due to Lorentz force. This change yields a change in effective resistance of the medium containing the electrons [START_REF] Giouroudi | Microfluidic biosensing systems using magnetic nanoparticles[END_REF]. If the material layer is very thin, the change of resistance is considerable. The main figure of merit that allows comparison of different MR sensors is the MR ratio:

𝑀𝑀𝑅𝑅 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 % = 𝑅𝑅 𝐻𝐻=𝐻𝐻 𝑠𝑠𝑠𝑠𝑠𝑠 -𝑅𝑅 𝐻𝐻=0 𝑅𝑅 𝐻𝐻=0 • 100%
It's the change of resistance divided by the minimum resistance. It indicates directly the maximum signal that can be obtained from the sensor. This effect was used to make recording tapes and disk recordings [START_REF] Hunt | A magnetoresistive readout transducer[END_REF], [START_REF] Tamanaha | Magnetic labeling, detection, and system integration[END_REF]. MR based sensors are advantageous because they can detect very weak magnetic fields (nT) at room temperature.

MR sensors can be classified by effect into giant magnetoresistor sensors (GMR) and tunneling magnetoresistance sensors (TMR). GMR can further be divided to GMR multilayer sensors and spin valves sensors.

GMR multilayers are basically composed of a pair of ferromagnetic (FM) thin film layers separated by a non-magnetic conducting layer (Figure 1-20). In the absence of a magnetic field, the magnetic moments of the layers are antiparallel; this is done by careful design and fabrication of the nonmagnetic layer [START_REF] Giouroudi | Microfluidic biosensing systems using magnetic nanoparticles[END_REF]. When we apply a magnetic field, the alignment becomes parallel and the electrical resistance of the multilayers decreases due to the reduction in the spin dependent electron scattering within the structure. The other method that is based on GMR is the spin valve (SV) method. Here, tuning the coercivity (i.e. resistance to change of magnetization) of one of the ferromagnetic (FM) layer to a high value allows this change. The structure is composed of a pinned FM layer with a fixed alignment and a free FM layer that changes its alignment with the applied magnetic "

Immunoassays

An immunoassay is a biochemical analysis technique that aims at measuring the presence or concentration of a specific analyte by means of using the reaction of the analyte (antigen) with an antibody. When these immunoanalytical reagents are mixed and incubated, the analyte is bound to the antibody, forming an immune complex.

The detected antigen that is referred to as the "Analyte", is by definition any substance that causes an immune system to produce antibodies against it. It can be a pathogen, a toxin, a metabolite, a cancer marker or other.

In the immunocomplex, antibodies (Abs) constitute the key component. They are proteins produced in animals and human bodies by immunological responses to the presence of antigens (Ags). Each Ab has a unique structure recognized by a corresponding Ag in a lockand-key mechanism [START_REF] Lin | Microfluidic immunoassays[END_REF]. Antibodies can be generated by vaccinating animals with the analyte of interest. This process is described as immunization.

Immunoassays derive their unique specificity, sensitivity, and flexibility from three important properties of antibodies [START_REF] Wild | The immunoassay handbook[END_REF]:

1. Their ability to bind to an extremely wide range of natural and man-made chemicals, biomolecules, cells and viruses.

2. Exceptional specificity for the substance to which each antibody binds.

3. The strength of the binding between an antibody and its target.

These antibodies can be either polyclonal or monoclonal. However, for the majority of immunoassay applications, monoclonal antibodies are more advantageous than polyclonal ones. This is attributed to their higher degree of affinity and specificity towards the analyte [START_REF] Darwish | Immunoassay methods and their applications in pharmaceutical analysis: basic methodology and recent advances[END_REF] .

The principle of detection is shown in Figure 1-24. The immunocomplex is detected and quantified by adding a label to the antibody. Different types of labels can be used, we can cite radioisotopes (radioimmunoassays), enzymes (Enzyme immunoassays), fluorophores (Fluoroimmunoassay) and magnetic particles (magnetic immunoassays)...etc [START_REF] Darwish | Immunoassay methods and their applications in pharmaceutical analysis: basic methodology and recent advances[END_REF].

In order to detect the labels, the appropriate transduction mechanism should be used (see section 1.3.2).

Finally, the estimation of the analyte (antigen) concentration from the generated signal is usually done using a standard curve. This curve is obtained by measuring the signal of a series of appropriate dilutions of the measured sample analyte. The user can then estimate the unknown concentration of the analyte by referring to the curve. It has to be noted that, in commercial assay kits, dilution samples (calibrators) are given with the kit for the user to generate the calibration curvehimself [START_REF] Wild | The immunoassay handbook[END_REF].

Contrary to competitive assays, the signal level in this type of assay is increasing with the analyte concentration in the sample.

From the sandwich complex, we can deduce that for the assay to be successful, the analyte should have at least two binding regions (recognition epitopes). That is why this assay format is only possible with large enough analytes (> 1000 𝐷𝐷𝑎𝑎).

Alternatively, the fixed component could be the antigen instead of the analyte. This is used for example to detect previous exposure to a specific infectious disease [START_REF] Wild | The immunoassay handbook[END_REF]. The labeled secondary antibody that is raised in animals against the constant region of human antibodies can be used [START_REF] Wild | The immunoassay handbook[END_REF].

Immunoassays can also be divided into heterogeneous and homogeneous format assays.

In heterogeneous format, the antibody (or antigen) that plays the role of a "bait" is immobilized on a solid substrate (support). When coupled with sandwich format assay, the advantage of this technique is the good specificity obtained due to two separate recognition steps provided by the two antibodies that are generally selected to recognize two different epitopes on the antigen. This is usually the preferred assay format (heterogeneous sandwich assay) when the application demands the highest degree of sensitivity and selectivity. Also, this solid phase assay allows to easily remove unbound antibodies and antigens through washing with high enough flow rate. However, this format has some limitations; for example, the assay format depends heavily on the surface area/volume ratio and thus the test is limited by the number of binding sites. In addition, this test requires the addition of an immobilization and a washing step into the fabrication and assay procedures respectively. This immobilization step should be designed carefully in order to avoid nonspecific bindings into the solid phase.

Opposite to heterogeneous assays, there is the homogeneous format, where the conjugation takes place in the solution phase (Figure 1-25.c). In this case, the bound and unbound antibodies are discriminated based on physical [START_REF] Chiem | Microchip-based capillary electrophoresis for immunoassays: analysis of monoclonal antibodies and theophylline[END_REF], [START_REF] Hatch | A rapid diffusion immunoassay in a T-sensor[END_REF] or chemical [START_REF] Yadavalli | Biosensing in microfluidic channels using fluorescence polarization[END_REF] changes arising from the binding event [START_REF] Ng | Immunoassays in microfluidic systems[END_REF]. They are commonly used for detecting therapeutic drugs that have a relatively high concentration in blood. The advantages here are that the assay is very simple, doesn't involve any immobilization or washing step and there is no issue of nonspecific binding. These assays also take advantage of the multiplexing and very fast electrophoretic separation made possible by the microchip format [START_REF] Darwish | Immunoassay methods and their applications in pharmaceutical analysis: basic methodology and recent advances[END_REF]. However, these assays are more effective in partially purified samples, since matrices such as blood, environmental water samples and food can contain interferences that reduce the sensitivity of the assay. Thus, extensive preconcentration steps are usually required. These assays have generally poorer detection limits and selectivity than heterogeneous assays.
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Lab-On-Chip (LoC) systems

A lab on chip (LoC) system is a device that embeds several laboratory functions onto a small platform. The size of the platform does not exceed a few centimeters in general. Because of this miniaturization, the LoC system usually involves the handling of very small volumes of fluids, thus microfluidics play a key role in the design, improvement and fabrication of such systems [START_REF] Yoon | Lab-on-a-chip pathogen sensors for food safety[END_REF]. Research on microfluidic systems involves the study of the behavior, manipulation and control of small volumes of liquid in small scale channels (sub-millimeter).

LoC development and improvement is driven by two main factors: technological advances in fabrication push the limits of different types of devices which can be created and the everincreasing demand for sensitive, efficient, automated, and fast analytical systems [START_REF] Bange | Microfluidic immunosensor systems[END_REF], [START_REF] Reyes | Micro total analysis systems. 1. Introduction, theory, and technology[END_REF], [START_REF] Auroux | Micro total analysis systems. 2. Analytical standard operations and applications[END_REF].

The potential advantages and disadvantages of such devices are:

Advantages:

• Ease of use.

• Decreased analysis time due to reduced diffusion distances [START_REF] Bange | Microfluidic immunosensor systems[END_REF].

• Low sample and reagent consumption • High reproducibility due to standardization and automation.

• Portability of complete integrated device including all analytical steps.

• Possibility of simultaneous multi-analyte assays.

• Cost reduction.

• Possible disposable of the entire system.

• Possibility for extra laboratory applications (Point Of Care or self-tests) removing the need of professional manipulation.

Disadvantages:

o Non-representative sampling.

o Possible sensitivity limitation compared to laboratory performance. o Human interface prone to more errors. o Possibly higher cost per test.

The fabrication of such small devices that include all these aspects is very challenging and requires multidisciplinary technical expertise in several areas.

The next sections describe the requirements of an ideal LoC system, the constituent parts and important aspects of typical LoC devices with their corresponding challenges, as well as a comparison of some LoC pathogen sensing methods.

Ideal LoC system requirements

Typical Lab-on-Chip systems should have these fundamental functionalities:

 Sample handling and pretreatment.  Fluid actuation.  Mixing and incubation.  Detection of one or multiple analytes.

From these set of functional aspects, we can derive ideal requirements that any LoC system development should aim at providing [START_REF] Yoon | Lab-on-a-chip pathogen sensors for food safety[END_REF]:

1. Automated liquid handling (mixing, transport, and separation if necessary).

2. Minimal sample pre-treatment.

3. Fast analysis time.

4. Fully integrated miniaturized system. 5. Battery-powered. 6. No required storage (refrigerator). 7. Very sensitive. 8. High precision and reproducibility (minimal intra-and inter-assay variation). 9. Specific detection (low false positives and good discrimination between different analytes). 10. High volume -low cost manufacturing possibility. 11. Low cost per test. 12. Multiple analyte detection possibility.

To this date, no system includes all of the mentioned specifications. Each of the developed LoC systems and ongoing research work aims at improving one or more of these aspects.

Components of LoC systems and challenges

The proposed ideal Lab-on-Chip device aimed at pathogen sensing is illustrated in the following schematic figure with its main components [START_REF] Wild | The immunoassay handbook[END_REF]. All these components are necessary for the aforementioned functionalities. The most important aspects being; material choice, fabrication method, microfluidic design, bioreceptor immobilization strategy and appropriate detection method and format (homogeneous, heterogeneous…etc.). 

Materials

Along with practical considerations for fabrication, the materials used for microfluidic surfaces are of high importance due to the large surface area to volume ratio. The surface is then exploited for immobilization of various molecules.

The vast majority of systems are constructed out of glass, silica or polymers [START_REF] Bange | Microfluidic immunosensor systems[END_REF]. It has to be noted that other materials, like paper, constitute cheap alternatives.

Glass substrates have outstanding optical properties throughout the visible spectrum, and can be used to transport fluids electrokinetically. In addition, washing of the microfluidic glass with acids and other strong solutions is made possible due to its highly resistant characteristic. Also, a vast majority of clean room fabrication techniques are adapted to be used with glass, such as etching, electrodeposition and metal deposition. These properties allow the use of glass along with a variety of detection and actuation techniques, such as electrochemical, optical detection and electrophoresis. However, glass-based techniques have some important drawbacks; they are more fragile than other substrates (silicon), their fabrication and prototyping is confined to clean rooms and is thus expensive and difficult to access. They are also incompatible with CMOS technologies.

Along with glass, silicon is the most used material for microfabrication. It is mechanically stronger than glass and allows the fabrication of nanometer scale features. Moreover, as with glass, its surface has been studied extensively in order to immobilize biomolecules (e.g. antibodies). This is a key property that impacts directly the performance of the sensing method. However, silicon has conductive properties that prevent it from being used along with electrophoresis or other electrode based techniques. Additionally, silicon is not optically transparent in the wavelength range of optical detection techniques.

Regarding immobilization features, different solutions exist, such as adding a silanization step [START_REF] Kim | Protein immobilization techniques for microfluidic assays[END_REF]. Like for the glass, fabrication depends on clean room apparatus, therefore automatization and high reproducibility of silicon-based systems may become difficult.

With the increasing demand for better material solutions, researchers switched their interest from glass and silicon to biocompatible polymers. There are many possible polymers with interesting properties that include optical, surface and mechanical characteristics as well as solvent resistance [START_REF] Becker | Polymer microfluidic devices[END_REF], [START_REF] Guckenberger | Micromilling: a method for ultra-rapid prototyping of plastic microfluidic devices[END_REF]. These polymers and plastic materials are simple to fabricate, inexpensive and also can be mass produced. The main drawback (especially for PDMS) is that reagents may adsorb nonspecifically to the surface of the polymer, leading to a reduced performance of the LoC device [START_REF] Toepke | PDMS absorption of small molecules and consequences in microfluidic applications[END_REF]. Nonetheless, many techniques have been devised in order to change the surface chemistry of the polymers [START_REF] Kim | Protein immobilization techniques for microfluidic assays[END_REF].

The most commonly used polymer for prototyping is PDMS (polydimethylsiloxane). PDMS is a transparent, elastomeric polymer that can be fabricated with features of sub-µm scale. Furthermore, this fabrication process can be done under normal conditions. The subsequent PDMS structure can be sealed to other hard materials like glass by means of plasma treatment. Like other polymers, PDMS has a hydrophobic surface, thus it allows biomolecules to adsorb to its surface, and encourages the formation of bubbles due to its poor wettability. Fortunately, as can be seen later in section 0, extensive research has been done in order to change the PDMS surface chemistry in order to prevent or reduce these undesired effects.

Finally, compared to other polymers, PDMS is not very durable and cannot be mass produced. Thus, it is only convenient for prototyping. For more durable materials, polystyrene, polymethyl methacrylate (PMMA) and polycarbonate (PC) constitute better choices [START_REF] Lin | Microfluidic immunoassays[END_REF].

A summary of the three major materials properties is given in Table 1-1 [START_REF] Lin | Microfluidic immunoassays[END_REF].

Table 1-1 Comparison of the properties of main materials used for micorfluidic structures [START_REF] Lin | Microfluidic immunoassays[END_REF].

Silicon Glass Polymers

Thermal conductivity

Good Good Poor

Endurance to high temperatures Good Good Poor

Optical transparency

No Yes Yes

Electrical conductivity

Yes No No

Cost

High Medium Low

Mass production

Yes Yes Yes to some

Fabrication methods

Concerning the fabrication methods, there was a transition between conventional integrated circuits (ICs) and silicon based MEMs processes to more glass and/or polymer based processes. Conventional methods included photolithography, thin film metallization and chemical etching [START_REF] Wu | Microfluidic sensing: state of the art fabrication and detection techniques[END_REF]. This transition is driven by the fact that polymers are in sum more advantageous to glass and silicon based devices. Nevertheless, glass has remained interesting due to its biocompatibility and surface properties. A compromise is the use of a mixed microfluidic structure including glass on one side and a polymer on the other. Along with polymer-only devices, these devices yield low fabrication cost, high volume production capability, good reproducibility and versatility in design for a wide spectrum of specific applications.

Polymer-based microfluidic fabrication methods can be divided, according to the application, into two main categories: prototyping and direct fabrication methods.

Prototyping methods are cheaper and are widely used for both research and commercial production. Prototyping involves the use of a master mold made from glass, silicon, metals, photoresists, or other. This master is then used to transfer a specific pattern to the polymer (Figure 1-29). Three main prototyping techniques exist and are represented in Figure 1-29. First, soft lithography (casting) is the easiest, cheapest and mostly used technique in the academic world and involves the pouring of the polymer over the master mold, curing and peeling the replicate. The main drawback is that this technique cannot be used for mass production. Hot embossing is the second simple procedure which involves polymer heating a little above its glass transition temperature (from hard to soft rubbery material), then applying it to the master with contact pressure under vacuum conditions. Although this process is quick and inexpensive, it cannot be fully automated [START_REF] Lui | Nucleic acid-based detection of bacterial pathogens using integrated microfluidic platform systems[END_REF]. For commercial mass production, there is a third well-knowns technique called injection molding. In this technique, heated polymer small particles (pellets) are injected at high pressure into the mold for replication. This process is quick and can produce high volumes but is not convenient for academic purposes.

For more versatility and choice of customization, direct fabrication techniques are preferred (Figure 1-30). These techniques are more expensive but offer also more choice of fabrication patterns [START_REF] Lui | Nucleic acid-based detection of bacterial pathogens using integrated microfluidic platform systems[END_REF]. They can be further divided into three techniques: laser photoablation, photolithography and x-ray lithography. Photolithography and x-ray lithography work in basically the same way. The main difference is that the former uses UV light and the latter uses an x-ray exposure. This results in better resolution but higher cost for x-ray exposure.

On the other hand, laser photoablation works by using a pulsed laser to remove polymer fragments to form clean cut surface (see Figure 1-30). However, the laser may induce unwanted surface modifications [START_REF] Lui | Nucleic acid-based detection of bacterial pathogens using integrated microfluidic platform systems[END_REF].

To conclude, Table -2 reproduced partly from [START_REF] Wu | Microfluidic sensing: state of the art fabrication and detection techniques[END_REF], presents the key advantages and disadvantages of the fabrication procedures. Ultimately, the choice of the method depends on the required resolution, the choice of the polymer and on the desired application. 

Microfluidic design

A strategy must be elaborated in order to interface the macroscale laboratory procedures to the microscale world of LoC devices. In sensitive detection systems, the fluid handling must be done with appropriate care. The issues like bubbles formation must be prevented as they can negatively affect or block sample flow, resulting in poor detection properties. Since it is a key aspect of LoC devices, extensive research has been done for fluid handling.

Fluid handling can be done primarily using three main components: pumps, mixers and valves. These components can be controlled by one of the three major fluid handling forces: electric, pressure and passive forces. Other emerging techniques include piezoelectric [START_REF] Kim | Design and modeling of piezoelectric pump for microfluid devices[END_REF] and thermopneumatic [START_REF] Ha | Disposable thermo-pneumatic micropump for bio lab-on-a-chip application[END_REF] based approaches. General objectives of fluid control systems include precision, automation, ease of fabrication, low power consumption and low dead volume.

Electrical fluid handling:

Electrical fluid handling methods can be categorized in two main techniques; electrokinetic and electrowetting force techniques. In electrokinetics, the flow is generated by either electrophoretic or electroosmotic interactions due to an applied field and the presence of ionic species in the controlled fluid [START_REF] Ng | Immunoassays in microfluidic systems[END_REF]. Basically, in electrophoresis, charged molecules move by means of electrostatic forces. Electroosmosic flow, on the other hand, results from the longitudinal electrical field applied along the solution double layer [START_REF] Hayes | Effects of buffer pH on electroosmotic flow control by an applied radial voltage for capillary zone electrophoresis[END_REF]. For example with silicon, cations built along the wall of the substrate (silicon) because of the natural negatively charged surface, creat the "double layer". When applying an electrical field along the flow, the bulk positively charged double layer moves with the solution.

Electrokinetic techniques could be applied for fluid transport, separation and sample stacking [START_REF] Ng | Immunoassays in microfluidic systems[END_REF]. The advantage of such techniques is a better reaction kinetics as compared to pressurebased techniques. The main drawback is the requirement for specific buffers and reagents, thus limiting its use with fluids like blood and urine.

Electrowetting force or more generally digital microfluidics (DMF) allows the control of droplets instead of a continuous fluid [START_REF] Miller | Digital bioanalysis[END_REF]. Here, AC and DC electric potentials are applied to an array of electrodes in order to split, move, merge and dispense the droplets by means of electrostatic and dielectrophoresic forces (Figure 1-31). 

Pressure driven fluid actuation

This is the most popular fluid handling technique. It is widely used in immunoassays and other well-known pathogen detection techniques. A pressure driven flow can be created with either: (1) a vacuum pump by applying vacuum at the outlet and opening the inlet to the atmosphere or the inverse (2) that consists in a positive pressure application at the inlet and an atmospheric pressure at the outlet. Other inventive techniques include chemical reactions and thumb actuation means of flow control ( [START_REF] Moorthy | Microfluidic tectonics platform: A colorimetric, disposable botulinum toxin enzyme-linked immunosorbent assay system[END_REF], [START_REF] Qin | Self-powered microfluidic chips for multiplexed protein assays from whole blood[END_REF]). The main advantage here is the compatibility with almost all the materials and solvent compositions. However, the parabolic flow profile induces sample plug dispersion and peak broadening which leads to poor separation abilities [START_REF] Ng | Immunoassays in microfluidic systems[END_REF]. Two main categories of pressure driven flow are cited in the literature ( [START_REF] Kong | Integrated microfluidic immunoassay for the rapid determination of clenbuterol[END_REF], [START_REF] Madou | Lab on a CD[END_REF]) because of their attractivity and wide use; pneumatic valves and centrifugal based microfluidics.

Integrated pneumatic valves are very popular due to their integration and ease of automation.

A good example is shown in Figure 1-32. Here, the micro pneumatic pump is composed of a flexible PDMS membrane, a liquid flow microchannel and an air chamber. The later allows deflecting the membrane by introduction of compressed air. This resulting peristaltic effect can be driven by sequencing of several PDMS membranes that allow the fluid to be moved in

(Figure 1-33).
Centrifugal force technique is also not sensitive to pH, chemical compositions or other factors that otherwise impact electrical handling systems. 

Passive fluid actuation

This approach is privileged while seeking the benefits of low power consumption, completely integrated system and low dead volume. Passive fluid handling is mainly done through the use of capillary forces. A very interesting example was developed by Gervais et al. [START_REF] Gervais | Toward one-step point-of-care immunodiagnostics using capillarydriven microfluidics and PDMS substrates[END_REF]. Capillary forces were used to develop a one step, simple to use microfluidic immunoassay. The chip is composed of a sample collector, delay valves, flow resistors, a detection antibody deposition zone, a reaction chamber with the immobilized capture antibody and a capillary pump (Figure 1-34). The complex structure of the capillary pump, sample collector, delay valves and flow resistors influence the flow rate that is directly correlated to the total capillary pressure and flow resistance [START_REF] Zimmermann | Capillary pumps for autonomous capillary systems[END_REF]. Additionally, the blood filter membrane allows reducing the inferences from red and white blood cells and letting only plasma flow through the capillaries. The flow resistor allows having enough time for the binding of detection Abs with the antigen. It is also used to store overflow quantities of detection antibodies (dAbs) immobilized in the deposition zone and to prevent them from reaching the serum collector or the reaction chamber. As with lateral flow assays, there is a control and detection chamber that allow to validate the assay. This structure was able to detect C-reactive protein with a limit of detection of 10 ng/mL in a few minutes (3 mn). Finally, previously mentioned lateral flow devices also use capillary forces to produce qualitative or semi quantitative results (see section 0). 

Comparison of major fluid handling strategies

The choice of the fluid handling strategy depends on the desired application and the most important resulting criteria. For example, when we consider choosing a type of valve, performance criteria include: size, dead volume, channel dimensions, actuation pressure, power consumption and scalability [START_REF] Studer | Scaling properties of a low-actuation pressure microfluidic valve[END_REF]. Most of these criteria apply to pumps too. When we want to design or choose a mixing system, we should consider: degree of mixing, fluid volume, ease of fabrication, power consumption and feasibility [START_REF] Lui | Nucleic acid-based detection of bacterial pathogens using integrated microfluidic platform systems[END_REF].

To conclude, a summary of the aforementioned handling strategies is depicted in Table 1-3. Important aspects like full integration possibility, flow rate and complexity of the assay should be considered. 1.5 Comparison of LoC pathogen sensing methods

Criteria of comparison

In the last section of this chapter, we review the most common detection schemes. In this section, the aim is to have a comparative table that sums up all the advantages and challenges/disadvantages of the mentioned techniques. For this, we should first define the most important comparison criteria for LoC detection systems. They serve for comparison, reference and optimization of the developed structure.

From various reviews ( [START_REF] Wu | Microfluidic sensing: state of the art fabrication and detection techniques[END_REF], [START_REF] Yoo | Optical biosensors for the detection of pathogenic microorganisms[END_REF]), we define the following criteria:

1. Sensitivity: When assessing the detection part of a LoC system, sensitivity is the primary and most important feature. It is the main performance that all researchers seek to optimize. However, most papers only give the sensitivity without reporting the statistical data. Many conventional sensitivity variables are defined in the literature. Of them, we can cite the limit of detection (LOD),the limit of quantification (LOQ) and the functional sensitivity. a. LOD is the lowest analyte concentration likely to be reliably distinguished from the limit of blank (LOB) and at which detection is feasible. LOB is defined in [START_REF] Wild | The immunoassay handbook[END_REF] as the highest apparent analyte concentration expected to be found when replicates of a blank sample containing no analyte are tested. It is the most frequently reported value, especially by exploratory research articles. However, it is often estimated from a low number of assays and is used to assess the performance of a new system. Furthermore, the chosen assay (bioreceptor, incubation times…etc.) strongly influences the LOD and therefore direct comparison between techniques is not accurate. b. LOQ, on the other hand is often used for medical assessment and it is the lowest analyte concentration that can be quantified with a certain precision (less than 30%) and bias requirements. The test is more rigorous that for LOD determination and is thus more trusted for final validation of medical diagnostic systems. LOQ can be almost equal to the LOD if the response curve is linear. c. Functional sensitivity is similar to the LOQ. It is determined from the imprecision of very low concentration samples, either within or between assays [START_REF] Wild | The immunoassay handbook[END_REF]. The concentration that has a coefficient of variation (CV) of less than 20 % is usually defined as the functional sensitivity. 2. Specificity: It describes the ability of a bioreceptor to produce a measurable response only for the analyte of interest. Cross-reactivity is a measurement of bioreceptor response to substances other than the analyte. Measurement of specificity are often done when evaluating chosen antibodies for immunoassays. Polyclonal antibodies, for example, are known for poor specificity.

Precision: It describes the repeatability of an analytical technique. Its inverse is

imprecision; it is an estimate of the error in an analytical technique, expressed as the percent coefficient of variation (%CV) or, less often, as the standard deviation (SD) at a particular analyte level.

Accuracy:

It can be defined by the closeness of the average measured value and the true value.

The difference between these two values is called bias and represents the degree of inaccuracy [START_REF] Wild | The immunoassay handbook[END_REF].

5. Cost: Depending on the end application, the cost of the system and of each test can be the deciding factor. 6. Linearity: It is the ability of the assay to return values that are directly proportional to the concentration of the target pathogen or analyte in the sample. For some cases, the nonlinear response of the signal to the analyte concentration makes the subsequent retrieval of the accurate analyte concentration very difficult. 7. Dynamic range: It is the detectable range of concentrations of analyte between the low and high limits of quantification. Within the assay range, linearity, accuracy and precision are all within the acceptable defined values. 8. Complexity of system: The less complex the system is, the easier it usually is for mass production, to assess and to optimize. 9. Number of steps: Reducing the required steps to one initial step is the aim of LoC systems. It will allow self-testing to be possible and can even reduce potential errors that cumulate with each step due to manipulation errors. 10. Time to result: It is the time from the beginning of the measurement until the result is displayed. 11. Portability and integration: The goal here is to see if the detection method can be fully embedded in a portable LoC platform. This means that all the components for signal detection and conditioning should be miniaturized.

Comparison table

Almost all research article provide some but not all of the before mentioned criteria. It's due to the fact that doing the required experiments in order to have all these data is very time consuming and not necessary for early stage development. Full characterization of diagnostic systems is only done for commercial or near to commercialization products.

The Table 1-4 presents most of mentioned detection techniques with comments relative to these criteria. It has to be noted that the mentioned notes are only there to get an idea about the "usual" performance of the corresponding technique and are not representative of the best possible results that could be found in literature. Can be used to detect chemicals like heavy metals or for specific bacterial detection. Restricted detection to certain antigens.

[30], [START_REF] Varshney | A microfluidic filter biochip-based chemiluminescence biosensing method for detection of Escherichia coli O157: H7[END_REF] Electrochemical 1 [START_REF] Ricci | A review of experimental aspects of electrochemical immunosensors[END_REF], [START_REF] Melo | Electrochemical immunosensors for Salmonella detection in food[END_REF] [1], [2], [3] Notes:

1. General reviews that study specifically one or many aspects of optical microfluidic sensors are given whenever possible. 2. References include examples and review articles that discuss methods characteristics.

Chapter summary

In this chapter, we reviewed the state of the art of different pathogen sensing techniques and especially for LoC systems. It is only by studying the key concepts of such systems that we can plan, design and realize a completely integrated and automated pathogens sensing microsystem. The detection method is the most important aspect of a LoC system. The principles of operation as well as the advantages and disadvantages of each method were discussed.

A LoC system can be realized by choosing the adequate set of microfluidics circuit, sensing method as well as the biofunctionalization technique. All these aspects are interdependent and cannot be considered separately. Consequently, we presented common choices regarding each aspect ranging from the material choice to the fluid handling.

Finally, we discussed the criteria of an ideal LoC system. These criteria constitute a basis of comparison of the potential LoC pathogen sensing systems. A comparison table was then presented to summarize the important characteristics such as sensitivity, dynamic range, assay time, multiplexing, simplicity, cost, miniaturization possibility and portability for potential LoC realization for different pathogen sensing methods.

Due to its prospective advantages in term of simplicity of miniaturization, sensitivity, cost and rapidity of analysis, we have chosen the frequency mixing technique for our miniaturized magnetic detection system. In fact, this technique benefits also from the particular properties of magnetic nanoparticles as well as the fact that the biological samples do not present any considerable magnetic background.

Chapter 2. Magnetic sensing

In this chapter, we describe the magnetic detection method that has been chosen to miniaturize into a LoC pathogen sensing technique. As a top-down approach, we will first describe fundamentals of magnetism and then. Then we will describe the basic phenomena that affect the magnetic behavior and what leads to superparamagnetism. Since our main focus is on superparamagnetic nanoparticles (SPN), their properties, applications and general requirements are explained in more detail.

Due to SPN benefits (see section 1.3.2.4), we illustrate the use of their properties in our chosen detection method; "magnetic frequency mixing technique". In this case, theory along with previous experimental results will be presented (section 2.3).

Finally, based on this detection method and LoC systems requirements, a first prototype concept structure towards complete miniaturization is proposed (section 2.4).

Fundamentals of magnetism

Basics

The origin of magnetism is in the electron's behavior; (i) their orbital (around nucleus), (ii) their spin motion (around itself) motions and the interaction between each other (Figure 2-1.a and b) [START_REF] Moskowitz | Hitchhiker's guide to magnetism[END_REF]. These movements cause each electron to have a proper tiny magnetic moment. So, in principle, all matter is somewhat magnetic. However, in many cases these magnetic moments cancel each other and the bulk effect on a material is 'non-magnetic' (Pauli's exclusion principle).

There are two representations of basic magnetism; fictitious magnetic dipoles and current sources model. The latter is the most common representation nowadays. It states that a loop of magnetic current generates a magnetic dipole field (Figure 2-1.c). This is equivalent to the field generated by an arrangement of numerous very small two pole fictitious magnet (Figure 2-1.d). We will only use SI unit based equations.

The magnetic field generated by the current loop is termed as H.
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Magnetic materials

Different types of magnetism are usually described by the behavior of different materials in response to a magnetic field.

The magnetic behavior of materials can be classified into five major categories: Diamagnetic and paramagnetic materials are considered 'nonmagnetic' because they exhibit no collective magnetic effect among their atoms. If the material exhibits one of the three last behaviors, it is termed to be magnetic. In this case, there is a strong collective magnetic contribution. A good example is iron.Iron has unpaired electrons that are aligned in parallel, and this is the main cause of the magnetism of iron. Moreover, magnetic materials exhibit significant values of susceptibility '𝜒𝜒' while nonmagnetic materials have very low values of 𝜒𝜒.

A basic way to characterize the material's behavior is to use their magnetization curve and its dependence on temperature.

Diamagnetic materials

These are the materials that are composed of atoms that have no net magnetic moment (because all electrons are paired and the orbital shells are all filled). Also, unlike other materials, the susceptibility is negative and does not depend on the temperature (Figure 2-3).

A common example of diamagnetic material is water (𝜒𝜒 = -0.9 10 -6 ).

Paramagnetic materials

In this case, atoms do have a net magnetic moment (due to unpaired electrons) but as a whole, the individual magnetic moments do not interact magnetically. So the sum is still zero when no magnetic field is present. Contrary to diamagnetic materials, paramagnetic ones exhibit a positive higher susceptibility (around 2-3 orders higher) and when they are subjected to a magnetic field, there is partial alignment of the atomic moments (Figure 2-3). Moreover, corresponding remanence and coercivity.

Magnetic anisotropy results from three causes:

1. Crystal structure (magnetocrystalline anisotropy) 2. Grain shape (shape anisotropy)

3. Applied or residual stress (stress anisotropy)

The first two factors are the most influential; magnetocrystalline anisotropy is the energy necessary to turn the magnetic moment from its preferred direction to the hard direction. In some structures, like hexagonal crystals, it is very difficult to reach saturation magnetization because of this effect (one needs more than 2 Tesla). This effect is usually important in relatively big grains or particles (more than 100𝜇𝜇𝑚𝑚).

The other determinant factor is the shape of the unit grain; the magnetized body produces magnetic poles on the surface, this surface change causes a demagnetization field to appear that acts opposite to the applied field. The preferred direction here is the direction where the demagnetization field is lower. Shape anisotropy is very important in case of small particles.

Practically, magnetite particles smaller than 20𝜇𝜇𝑚𝑚 are much more influenced by shape anisotropy than magnetocrystalline anisotropy [START_REF] Moskowitz | Hitchhiker's guide to magnetism[END_REF].

Magnetic domains and the effect of size

Relatively big ferromagnetic and ferrimagnetic materials are actually composed of small regions which are usually magnetized to saturation but in different directions (Figure 2 However, the creation and maintaining of the walls (interface) between domains also requires energy. This is because the transition between domains means that the individual magnetization of atoms must change direction from one domain to another (Figure 2-6.e).

This requires energy. The domain width is determined by a compromise between the magnitude of the exchange forces and the magnetocrystalline anisotropy; exchange forces favor smooth transitions (wide walls) and the structure anisotropy favors abrupt transitions (thin walls). Depending on the material, the wall width is around the order of 100 𝑛𝑛𝑚𝑚.

Ultimately, the number of domains is dictated by the smallest energy demanding number.

That is the compromise between magnetostatic energy (demagnetization field) and domain wall formation energy.

From these explanations, we deduce that the formation of domains is size-dependent. Hence, depending on a size, the magnetic behavior of the same material may change. A material can either favor multidomain (MD) or single domain formation (SD). For a given material, when the particle is smaller than the domain wall itself, it will only exhibit a single domain (SD).

On the other hand, if the particle is bigger than the order of the wall size, multiple domains can exist (Figure 234567).

The change in material behavior due to size change can be followed by a change of the hysteresis loop shape.

If we take 𝑑𝑑 0 as the middle point between MD and SD states, when the particle diameter is bigger than𝑑𝑑 0 , the magnetization is changed through the process of wall translation. The walls move in order to give more area to the domains favoring the applied field direction. The more domains there are (bigger sizes), the easier the transition is, and thus, the particle exhibits a sharp hysteresis loop (small 𝐼𝐼 𝑐𝑐 ).

When 𝑑𝑑 = 𝑑𝑑 0 , there is only one domain and thus there is uniform magnetization along the easy axis. Magnetic anisotropy allows this and it can be approximated by:

∆𝐸𝐸 = 𝐾𝐾𝑉𝑉 2-7 < < = 2.

Superparamagnetic nanoparticles (SPN)

As mentioned above, if the magnetic particle is small enough (order of tens of nanometers), it will exhibit superparamagnetic behavior. It is a paramagnetic behavior of ferromagnetic or ferrimagnetic materials with a much higher susceptibility than normal paramagnetic ones. It has a paramagnetic behavior because: (i) when no magnetic field is applied, the resulting magnetization is zero and (ii) when a field is applied, there is a net statistical alignment of magnetic moments. Now the magnetization comes from entire SD particles consisting of around 10 5 atoms instead of magnetization coming from moments of single randomized atoms (thus the term "super"). However, the magnetic energy of a superparamagnetic grain is smaller than the thermal energy, therefore superparamagnets lose their magnetism when the external magnetic field is switched off. Thus, superparamagnetism is ferromagnetism at small spatial scales. Finally, the superparamagnetic threshold diameter (𝑑𝑑 𝑚𝑚 ) depends on the material properties and can be illustrated in Figure 2345678. 

Magnetic properties of SPN

There are two main properties of the SPN: the relaxation time and the magnetization curve.

SPN relaxation times

The basic relaxation time illustrates the competition between the randomizing effect of temperature and the anisotropy. The average time for the magnetic moment to flip is called "Néel relaxation" and is expressed by:

𝜏𝜏 𝑁𝑁 = 𝜏𝜏 0 𝐹𝐹𝑒𝑒𝑝𝑝( ∆𝐸𝐸 𝑘𝑘𝑇𝑇 ) 2-9
where 𝜏𝜏 0 is characteristic time depending on the material and is order of magnitude around10 -9 -10 -12 𝑑𝑑.

If the magnetization of SPN particles is measured, there can be two states: the superparamagnetic state and the blocked state. Two dependent factors influence this observation, the measurement time (𝜏𝜏 𝑚𝑚 ) and the temperature (T). If the measurement time is fixed, then:

If the temperature is so high that thermal energy is dominant, then𝜏𝜏 𝑚𝑚 ≫ 𝜏𝜏 𝑁𝑁 , average flipping time is smaller than the measurement. We observe a fluctuating state where magnetic moments randomly flip and the net magnetization over the measurement time is zero. This is termed the superparamagnetic state.

If the temperature is very small and thus𝜏𝜏 𝑚𝑚 ≪ 𝜏𝜏 𝑁𝑁 , the measurement time is much shorter than the average flip time, so the magnetic moments are still fixed in one direction. This state is termed the blocked state.

Consequently, for any given measurement time, there is a temperature that allows the transition between the blocked state and the SPM state. This temperature is called the "blocking" temperature (𝑇𝑇 𝐵𝐵 ):

𝑇𝑇 𝐵𝐵 = ∆𝐸𝐸 𝑘𝑘 𝐵𝐵 ln ( 𝜏𝜏 𝑚𝑚 𝜏𝜏 0 ) 2-10
This temperature threshold is very important because if the measurement is done under the blocked state, the particle will no longer behave as a SPN. It will behave as a SD particle and hysteresis will appear again as the temperature is lowered even more (or the frequency of measurement increased).

When the particle is in suspension in a solution, there is an additional relaxation that can happen to the nanoparticle. It is due to the Brownian motion and thus termed "Brownian relaxation" (see section Erreur ! Source du renvoi introuvable.). The cause is their collision with the fast-moving atoms or molecules in gas or liquid. For a particle with a given hydrodynamic volume𝑉𝑉 𝐻𝐻 :

𝜏𝜏 𝐵𝐵 = 3𝜂𝜂𝑉𝑉 𝐻𝐻 𝑘𝑘 𝐵𝐵 𝑇𝑇 2-11
where 𝜂𝜂 is the viscosity of the solution.

It expresses the 'physical' rotation of the particle. It is thus a function of the hydrodynamic size (not magnetic content only), temperature and viscosity of the medium.

The sum effect of Brownian and Néel relaxations is calculated using the following equation:

𝜏𝜏 𝑅𝑅 = 𝜏𝜏 𝑁𝑁 𝜏𝜏 𝐵𝐵 𝜏𝜏 𝑁𝑁 + 𝜏𝜏 𝐵𝐵 2-12
Depending on the size of the particle (Figure 23456789), one of the relaxations is dominant and the other is negligible. For small particles, it is the Brownian motion that is of significance whereas for large particle, the Néel relaxation dominates. 

Magnetization curve:

A typical magnetization curve of SPN is shown in Figure 2-9.b. The magnetization curve has three main properties:

1. No hysteresis.

2. Nonlinear.

3. Saturation effect.

When thermal energy is superior to anisotropy (usually the case), the magnetization curve follows a Langevin function:

𝑀𝑀(𝜇𝜇 0 𝐼𝐼) = 𝑀𝑀 𝑚𝑚 𝑚𝑚( 𝜇𝜇 0 𝐻𝐻𝑚𝑚 𝑘𝑘 𝐵𝐵 𝑇𝑇
) with 𝑀𝑀 𝑚𝑚 = 𝑛𝑛𝑚𝑚
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where:

• L: Langevin function 𝑚𝑚(𝑒𝑒) = 1 tanh(𝑒𝑒) - 1 𝑒𝑒
• 𝑀𝑀 𝑚𝑚 : Saturation magnetization.

• 𝑛𝑛 : Density of particles in the sample.

• 𝑚𝑚: Individual magnetic moment of each particle.

Chemical properties

Magnetic particles are usually composed of a magnetic core and an external surface coating.

The surface coating allows primarily to make the functionalization of SPN with biological molecules possible. It also allows the particle to be biocompatible.

In the literature, four main types of nanoparticles based on the composition of the core are distinguished [START_REF] Muluneh | Microchip-based detection of magnetically labeled cancer biomarkers[END_REF], [START_REF] Issadore | Magnetic sensing technology for molecular analyses[END_REF]:

a. Iron oxide core nanoparticles:

They are mainly composed of magnetite (𝐶𝐶𝐹𝐹 2 𝑂𝑂 3 ) or maghemite (𝐶𝐶𝐹𝐹 3 𝑂𝑂 4 ) cores. The most common example is the cross-linked iron oxide particles (CLIO) with magnetite core.

They constitute one of the first widely used NP. They are biocompatible, stable and allow functionalization through binding with amine groups, but their magnetic properties were quickly considered inefficient. This is because they have a magnetic core of about 5 nm with a coating of about 10nm in thickness. In consequence, there is a big dead volume.

b. Core/shell NP:

They have iron (only) core nanoparticles with thin shells to prevent oxidation of the core.

Because of higher iron content, they allows improvement of magnetization. However, some strategies use thick nonmagnetic protective shells that also constitute a magnetic dead volume.

c. Doped metal oxide NP:

The iron oxide core is doped with magnetic compounds like Manganese Mn (example:

𝑀𝑀𝑛𝑛𝐶𝐶𝐹𝐹 2 𝑂𝑂 4 ) or Co. In this way, the saturation magnetization is improved. However, biocompatibility may be compromised because the heavy metals are usually toxic.

d. Multicore large MP:

Composed of multiple small SPN attached to each other by means of using polymer or other compounds (silica). This alternative approach allows to increase the individual magnetization of nanoparticles when the core size cannot be increased further (SPM size limitation). Furthermore, these particles allow functionalization with more binding sites and are thus very suitable for biomedical applications.

Applications of magnetic particles and general requirements

Magnetic particles are used in a variety of applications:

1. Magnetic separation of cells: used for selectively removing tumor cells, for cell counting and as an amplification of the target when used with optical detection methods.

2. Drug delivery: they may allow the drug to be delivered directly to the area of the body in need. This may help reduce drastically the undesired side effects of the drug.

3. Hyperthermia: after the magnetic particles are directed to tumor cells, they can be heated under certain conditions (selected frequency and magnitude of the ambient magnetic field). When this procedure is well controlled, the tumor cells can be selectively destroyed by local heating while leaving neighboring healthy cells unharmed [START_REF] Pankhurst | Applications of magnetic nanoparticles in biomedicine[END_REF].

4. As an MRI contract agent: they amplify the relaxation time of water molecules (see section Erreur ! Source du renvoi introuvable.).

For the aforementioned biomedical applications, magnetic nanoparticles should be optimized regarding the following preferred criteria: a. Zero remanence: This is a prime requirement for magnetic nanoparticles that are used as labels. The remanence can lead to natural clustering caused by the residual magnetic remanence [START_REF] Tamanaha | Magnetic labeling, detection, and system integration[END_REF]. Consequently, it will deteriorate the efficiency of the labeling, raising the nonspecific signals. It also makes the actuation of magnetic particles more difficult. The ability of the NP to remain not clustered in the fluid when no magnetic field is applied is also termed (colloidal stability) b. High magnetic moment: The larger the magnetic response of magnetic particle (MP) the better it is for any given application. For example, when used as detection labels, the larger the magnetic moment, the better the signal and the more sensitive the measurements. The magnetization depends on: core material content, magnetic volume, percentage of dead volume because of functionalizing layer (dextran…etc.)

and the shape of the particle (cubic nanoparticles have proven better magnetization [START_REF] S.-H. Noh | Nanoscale magnetism control via surface and exchange anisotropy for optimized ferrimagnetic hysteresis[END_REF])

c. Monodisperse: Nanoparticles with too much dispersity in size are difficult to control and to operate with some detection techniques that rely on the relaxation times (susceptometry).

When optimized, SPN offer the best compromise for all major applications. From our literature review, we think that the best compromise seems to be a large bead composed of multiple SPN embedded inside it. However, for sizes larger than 100 nm, some issues may arise like optimal binding and stability.

Additionally, each embedded SPN should not be too small in order to prevent surface effects.

In fact, the surface layer of SPN has a different magnetization that the SPN core and thus the total magnetization depends on an "effective radius" expressed as 𝑇𝑇 𝑒𝑒𝑒𝑒 = 𝑇𝑇 -𝑑𝑑, where r is the actual radius of the SPN and d the thickness of the magnetically frustrated layer (surface layer with different magnetization property). 𝑑𝑑 is usually constant for a given material (~0.9 𝑛𝑛𝑚𝑚 for magnetite), so the solution is to reduce the surface/volume ratio by just increasing the size of the SPN core (Erreur ! Source du renvoi introuvable.).

Finally, a compromise between these different criteria should be found in order to choose the The Figure 2-11 shows the principle of the technique. SPN are exposed to an external magnetic field composed of two frequencies: 𝑓𝑓 1 (high frequency) and 𝑓𝑓 2 (low frequency).

Both signals can be generated using normal coils (Figure 2-11a). The low frequency signal helps the SPN reach the nonlinear magnetization area (drive signal) whereas the high frequency signal probes this nonlinearity and contributes to a resulting induction signal. The resulting magnetization of nanoparticles is then nonlinear (Figure 2-11c). A coil used for detection can then detect the resulting total magnetic flux density: 𝐵𝐵 = 𝜇𝜇(𝐼𝐼 + 𝑀𝑀).

If we examine the spectral composition of the detected signal, we notice that additionally to the two initial frequencies ( 𝑓𝑓 1 and 𝑓𝑓 2 ), the nonlinear response results in other emerging frequency peaks (Figure 2-11d). They can be expressed as:

𝑓𝑓 𝑅𝑅 = 𝑚𝑚 • 𝑓𝑓 1 + 𝑛𝑛 • 𝑓𝑓 2 . If no offset
field is used, the symmetry of the magnetization curve is shown in Figure 2-11b (uneven function) results in uneven additional terms. For example, we get

3𝑓𝑓 1 , 3𝑓𝑓 2 , 𝑓𝑓 1 + 2𝑓𝑓 2 , 𝑓𝑓 1 - 4𝑓𝑓 2 , 2𝑓𝑓 1 + 𝑓𝑓 2 . ..etc.
If we use the same technique and there is no SPN in the sample being tested, the magnetic response is just composed of the initial two frequencies and there are 'no mixed terms' (Figure 2-11d). Thus, this makes the detection of these mixing terms highly specific to the presence of magnetic particles with this nonlinear response. Quantification of the amount of SPN can be achieved by measuring the amplitude of any significant mixed term (usually the one with the highest amplitude, such as 𝑓𝑓 1 + 2𝑓𝑓 2 ).

The mathematical derivation behind these responses is as follow:

For general purpose study, we suppose that the exciting magnetic field is composed of an offset magnetic field and two distinct frequencies 𝑓𝑓 1 and𝑓𝑓 2 (𝑓𝑓1 > 𝑓𝑓2), 𝐼𝐼 can be expressed by:

𝜇𝜇 0 𝐼𝐼(𝑡𝑡) = 𝐵𝐵 0 [𝐴𝐴 0 + 𝐴𝐴 1 𝑑𝑑𝑖𝑖𝑛𝑛(2𝜋𝜋𝑓𝑓 1 𝑡𝑡) + 𝐴𝐴 2 𝑑𝑑𝑖𝑖𝑛𝑛(2𝜋𝜋𝑓𝑓 2 𝑡𝑡)] 2- 14 
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term𝑓𝑓1 + 2𝑓𝑓2. If 𝐴𝐴0 = 0 (representing static field) the second derivative is at zero and the third derivative of the Langevin function is at its maximum (Figure 2-12), thus making the uneven term dominant. Because the derivative of an even function is uneven and the derivative of an uneven function is even, the reasoning holds for all even and uneven mixed terms. The presence or absence of the static field favors the even or uneven terms, respectively.

When 𝐴𝐴0 = 0, the magnetization mixed term𝑓𝑓1 + 2𝑓𝑓2 is at its maximum, which can be expressed by:

𝑀𝑀 3 = 𝑀𝑀 𝑚𝑚 𝐴𝐴 1 𝐴𝐴 2 2 2 • 𝑚𝑚 ′′′ (𝑒𝑒) • cos [2𝜋𝜋(𝑓𝑓 1 + 𝑓𝑓 2 )𝑡𝑡]
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It has to be noted that the magnitude of the mixing frequency (𝑓𝑓1 + 2𝑓𝑓2) scales quadratically with the low frequency magnitude (𝐴𝐴2) and linearly with the magnitude of the high frequency field ( 𝐴𝐴 1 ).This makes the amplitude of the low frequency very important for efficient magnetization.

Similarly, when 𝑒𝑒 = 𝐴𝐴 0 = 1.372, the even term 𝑓𝑓 1 + 𝑓𝑓 2 is at its maximum:

𝑀𝑀 3 = 𝑀𝑀 𝑚𝑚 𝐴𝐴 1 𝐴𝐴 2 2 8 • 𝑚𝑚 ′′ (𝑒𝑒) • cos [2𝜋𝜋(𝑓𝑓 1 + 2𝑓𝑓 2 )𝑡𝑡] 2-21
These are the most two dominant terms. These approximations in the calculations hold only if the excitation fields are considered small (𝐴𝐴 1 and𝐴𝐴 2 ≪ 1). Other mixed terms can be used for qualitative detection but provide lower sensitivity for quantitative measurements. However, these terms may help discriminate different types of nanoparticles.

These approximations were validated in [1], using numerical calculations and experimental measurements (Figure 2-13). There is a little shift between real and approximated values. This shift does not affect the optimization of the uneven term amplitude but affects the optimum point for the even term amplitude.

The detection method can be very sensitive but there is a key consideration with this method.

There must be no ferromagnetic or ferrimagnetic material in close vicinity of the sample of the detection coil. For example, iron-cored coils could not be used in order to enhance the magnetic field amplitude. This is the main restriction of this detection technique.

Experimental setup and previous work

The mixing frequency technique was used to detect various antigens such as Francisella tularensis [2],CRP [3] and Yersinia pestis [4].

An illustration of one of the first developed magnetic reader (bioelectronics laboratory, Juelich research center) and a schematic representation are shown in Figure 2-14.

The system is composed of a measurement head and readout electronics with a display.

Concerning the measurement head, it is composed of excitation coils and pick-up coils. The excitation coils are composed of two coaxial solenoid coils (red and blue) that generate the Reported detection time is about 30 mins including all washing steps and the volume of sample holder was about 0.4 mL [START_REF] Rettcher | Simple and Portable Magnetic Immunoassay for Rapid Detection and Sensitive Quantification of Plant Viruses[END_REF]. 

Toward miniaturization, prototype concept

The magnetic immunoassays using this frequency mixing technique proved to be very sensitive and robust. That is why it is our method of interest for developing a completely integrated Lab-On-Chip (LoC) pathogen sensing device.

Our main objective in this project is miniaturizing this detection technique because of these comparative advantages:

1. Faster analysis: this stems from the shorter reaction time due to microfluidic properties (shorter diffusion distances). This results in minutes of total analysis time (compared to dozens of minutes for the macroscopic system).

Low reagent consumption: because of very small volumes, LoC systems

theoretically consume smaller amounts of reagents, leading to a cost decrease per assay.

Better potential sensitivity:

Because the excitation and detection coils will be put much closer to the sample, better excitation and detection performances are expected.

Better portability

Possibility for parallel testing (multipathogens):

Because each reservoir will be 2.4 Toward miniaturization, prototype concept 87 miniaturized, the same quantity of analyte in a macrosystem can be divided into multiple micro reservoirs for parallel testing of multiple antigens. The state-of-the-art is well advanced in electronic and microfluidic channels multiplexing, so this multiplexing could theoretically be done without major difficulties.

All these advantages added to the initial advantages of the magnetic detection technique makes the envisioned system a good potential competitor to other major detection techniques (optical and electrochemical). However, as we have seen earlier, miniaturizing a whole system is challenging and requires optimization of each aspect (actuation, detection, flow control, biofunctionalization…etc.).

Therefore, in this early stage of the project, we focus on the miniaturization of the detection system only. It is indeed the main important aspect of a pathogen sensing LoC system. For magnetic frequency mixing detection of magnetic nanoparticles in a microfluidic structure, the detection coils should be adapted to and integrated with the microfluidic chip.

Figure 2-17 shows a possible layout for a first integrated detection system prototype. It comprises embedded excitation and detection coils. We chose flat spiral coils as a first test prototype because flat structures are much easier to miniaturize and fabricate using MEMS and clean room techniques. In order to provide balancing, the system is doubled with a reference side.

Additionally, the sample reservoir is between the coil systems. It must be pre-coated with primary antibodies before using it for immunoassays.
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. ²/ 4 10 . ²/ agreement with these results. The detection limit was found to be about threefold higher than the minimum quantity of 12 ng of nanoparticles determined with the previous coaxial measurement head [1].

These novel magnetic nanoparticles with 20 nm diameter allow the magnetic immunoquantification to be more precise.

This structure also allowed us to evaluate the accuracy of our analytical calculations about the magnetic excitation field in the case of "pancake" multilayer spiral coil. Using both the state-of-the-art and these first validation tests. We identified the following major aspects to be considered for the miniaturization of the magnetic detection system: b. Efficient biofunctionalization: This is the second most important aspect, even if the magnetic detection system is sensitive. If the biofunctionalization method of the reservoir with antibodies is not chosen wisely, that could lead to false positive results, low sensitivity, and high assay variability. This aspect will be further discussed in the results chapter (chapter 4).

c. Heat consideration:

Because of relatively high excitation currents and due to the close vicinity of the coils to the reservoir, heat dissipation must be considered. If the reservoir warms too much, that could destroy either the antibodies or the reagent itself; making the quantification much less sensitive.

d. Homogeneous sample diffusion:

If the sample reservoir is not designed properly, optimal diffusion cannot occur and dead spaces can emerge where no antigen could 2.5 Chapter summary 91 possibly reach antibodies within the analysis time. That may be due to big gradient between inlet/outlet and the diameter of the reservoir.

Chapter summary

In this chapter we described basic concepts of magnetic sensing and explained the theory behind our chosen method of frequency mixing detection. We showed that SPN derive their properties mainly from their size. The blood contains mainly paramagnetic or diamagnetic materials, consequently making the SPN the only 'magnetic' material usable inside the blood sample which makes the background noise very low.

Afterwards, we covered theoretical concepts and experimental aspects of the mixing frequency technique. Its main advantage is that it detects the specific nonlinearity of SPN magnetization response, thus making the technique very specific.

Consequently, the combination of SPN, the mixing frequency technique and the immunoassay advantages provides a very sensitive, easy to use and versatile detection technique.

These performances can be further improved by developing a completely integrated LoC system (analysis time, sensitivity…etc). If all the corresponding aspects are optimized, that could lead to an extremely efficient miniaturized detection system. However, realizing such LoC systems requires multidisciplinary work and there are many challenges to overcome.

In order to tackle these first considerations, we decided to perform both analytical and multiphysics simulations which will be presented in the following chapter. They will allow to optimize and to miniaturize the detection system. The analytical and multiphysics simulations will then be validated using a first realized prototype.

Chapter 3. Optimization of the detection structure through analytical and multiphysics simulations

This chapter discusses the optimization, design and realization of the first prototype of the LoC. In order to design this prototype, we developed a set of tools that allow us to optimize the structure dimensions. The structure is composed of two main parts, the electromagnetic parts with excitation and detection coils and the microfluidic part with microchannels.

In the first part of this chapter, we focus on the magnetic detection part. As stated in chapter 2, two magnetic excitation signals with distinct frequencies are used and the amplitude of the mixing frequency terms (𝑓𝑓 1 + 2𝑓𝑓 2 ) is measured to detect and quantify the amount of SPN [1].

For sensitive magnetic field detection, the detection system is optimized by taking into account the pick-up (detection) and excitation coils optimization for sensitive detection and efficient magnetization. Furthermore, practical aspects like heating effects have been considered as they can cause substantial damage to the biological samples and endanger the detection. Heating can also cause both a decrease and fluctuation in the detected signal since the magnetization of the SPN is dependent on the temperature. Consequently, compromises have to be made in order to get a sensitive miniaturized detection system.

Here, we propose to use simple planar coils for precise detection of magnetic nanoparticles in a miniaturized system. We lay out a magnetic sensing miniaturization scheme comprised of analytical calculations and simulations.

In the second part of this chapter, we validate the analytical calculations with a realized prototype based on planar multilayer excitation and detection coils in a Printed Circuit Board (PCB) on both sides of a PDMS microfluidic structure. We describe the details about the design and realization of the structure and our chosen dimensions for both the electromagnetic and microfluidic parts. . Additionally, we will present the characterization results and the comparison between calculated and measured properties.

are represented by the presence of a resistance (losses) and a parasitic capacitance.

Resistance:

The resistance, 𝑅𝑅 𝑐𝑐 , represents the total loss. It can be divided into two parts: the direct current (DC) and alternating current (AC) resistances:

𝑅𝑅 𝐶𝐶 = 𝑅𝑅 𝐷𝐷𝐶𝐶 + 𝑅𝑅 𝑆𝑆𝑘𝑘𝑅𝑅𝑆𝑆 + 𝑅𝑅 𝑝𝑝𝑟𝑟𝑅𝑅𝑒𝑒𝑅𝑅𝑚𝑚𝑅𝑅𝑅𝑅𝑥𝑥 ≅ 𝑅𝑅 𝐷𝐷𝐶𝐶 3-1
The skin and proximity effects represent the causes of the AC resistance. Skin effect represents the tendency of the current density to be larger near the surface of the conductor and decreases inside the conductor (more depth). So the current flows mainly in the skin depth of the conductor. Skin depth increases with the frequency and can be calculated by:

𝛿𝛿 = � 𝜌𝜌 𝜋𝜋𝑓𝑓𝜇𝜇
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In this project, our maximum operating frequency is around 200 kHz; the skin depth is then approximately 150 µm in case of copper. In the case of a miniaturized coil, the wire cross sectional diameter is smaller than 100 µm so the skin effect is negligible. Proximity effects represent the tendency of a current to flow in other directions. When a current flows into one wire it generates a proximity magnetic field that disturbs the current flowing in adjacent wires by causing circulating currents. The result is that the current is more located in areas far from nearby conductors carrying same direction currents. Hence, the resistance is increased.

Proximity resistance increases with the frequency and is related to the skin depth.

Literature shows that proximity effects are negligible if the radius of the conductor is smaller or of the same order of the skin depth [START_REF] Riba | Calculation of the ac to dc resistance ratio of conductive nonmagnetic straight conductors by applying FEM simulations[END_REF]. After measurement in the laboratory on PCB coils it was found that AC effects account for less than 20% of the resistance for frequencies below 100 kHz.

Only the DC resistance is taken into account for the next calculations. However, if accuracy is needed, the AC effects have to be taken into account, especially for operating frequencies above 100 kHz (see [START_REF] Reatti | Comparison of various methods for calculating the AC resistance of inductors[END_REF] for more complete formula).

𝑅𝑅 𝐷𝐷𝐶𝐶 can be approximated by the following common formula:

𝑅𝑅 𝐷𝐷𝐶𝐶 = 𝜌𝜌𝑚𝑚 𝐴𝐴 3-3
where 𝜌𝜌 is the material resistivity, 𝑚𝑚 𝑎𝑎𝑛𝑛𝑑𝑑 𝐴𝐴 are the length and cross section area of the wire, respectively. The geometry of a spiral coil can be approximated by a sum of multiple semi circles of increasing radii following an arithmetical sequence. The total length of a one layer spiral coil with equal wire width and inter-turn spacing is:

𝑚𝑚 = 2𝜋𝜋𝑁𝑁(𝑅𝑅 𝑅𝑅𝑆𝑆 + 𝑊𝑊(𝑁𝑁 -1)) 3-4
where 𝑅𝑅 𝑅𝑅𝑆𝑆 is the inner diameter, 𝑊𝑊 𝑖𝑖𝑑𝑑 the wire width and inter wire spacing and 𝑁𝑁 is the number of turns per layer.

Inductance:

In order to approximate the value of inductance, we used the methodology given in [START_REF] Zhao | A new calculation for designing multilayer planar spiral inductors[END_REF]. The inductance of a multilayer spiral coil can be approximated by first calculating first the single layer inductance:

𝑚𝑚 𝑚𝑚 = 𝜇𝜇 0 𝑁𝑁 2 𝐷𝐷 𝐴𝐴𝐴𝐴𝐴𝐴 𝐶𝐶 1 2 (ln � 𝐶𝐶 2 𝐶𝐶 𝑟𝑟 � + 𝐶𝐶 3 𝐶𝐶 𝑟𝑟 + 𝐶𝐶 4 𝐶𝐶 𝑟𝑟 2 ) 3-5
with 𝐶𝐶 𝑟𝑟 is the filling factor, 𝐶𝐶 1 , 𝐶𝐶 2 , 𝐶𝐶 3 are factors depending on the layout and 𝐷𝐷 𝐴𝐴𝐴𝐴𝐴𝐴 is the average diameter:

𝐷𝐷 𝐴𝐴𝐴𝐴𝐴𝐴 = 𝐷𝐷 𝑅𝑅𝑜𝑜𝑅𝑅 + 𝐷𝐷 𝑅𝑅𝑆𝑆 2 3-6
In the case of a spiral layout, the coefficients are:

𝐶𝐶 1 = 1, 𝐶𝐶 2 = 2.46, 𝐶𝐶 3 = 0, 𝐶𝐶 4 = 0.2
Next, we have to calculate the coupling factor between each two layers:

𝐾𝐾 𝐶𝐶 𝑖𝑖 = 𝑁𝑁 2 (𝐴𝐴𝑋𝑋 3 + 𝐵𝐵𝑋𝑋 2 + 𝐶𝐶𝑋𝑋 + 𝐷𝐷) * (1.67𝑁𝑁 2 -5.84𝑁𝑁 + 65) * 0.64 3-7
where 𝑋𝑋 𝑅𝑅 is the distance between the corresponding layers in millimiter. The distance between Since the layers are all the same and the distance between layers is equal,the total inductance is then approximated using this formula (here for an 8-layer coil):

𝑚𝑚 𝑇𝑇𝑅𝑅𝑅𝑅 = 8𝑚𝑚 𝑚𝑚 + 2(7𝐾𝐾 𝑐𝑐1 + 6𝐾𝐾 𝑐𝑐2 + 5𝐾𝐾 𝑐𝑐3 + 4𝐾𝐾 𝑐𝑐4 + 3𝐾𝐾 𝑐𝑐5 + 2𝐾𝐾 𝑐𝑐6 + 𝐾𝐾 𝑐𝑐7 ) 3-8
Practical measurements of an existing 8-layer spiral coil (depicted in Figure 2-18) were made to test the accuracy of the formula. We can see that the difference between the calculated and the measured values does not exceed 6 %, which is an acceptable value for our optimization measurements.

Capacitance:

The lumped capacitance represents the capacitance between adjacent turns and between layers.

It stems from the gradient potential between these areas. The capacitance causes an unwanted self-resonance of the coil and is directly related to the dielectric losses. The goal is then to minimize this capacitance. Calculating the value of the capacitance is very complex. However there are a few techniques that could help to have an expected reduction in the capacitance. In our case of multilayer spiral coils, we could use two suggested strategies from [START_REF] Dehmel | Magnetic field sensors: induction coil (search coil) sensors[END_REF]; first we can reduce the capacitance by increasing the number of layers which is similar to having a serial connection of capacitances. Second, we can shift the wires between each two adjacent layers so that the wire on the upper layer is not directly parallel to the one in the lower layer.

This latter method reduces the interlayer capacitance. In this work, we tried to implement both methods in order to reduce the overall capacitance. Comparison for the implementation of the second method is presented in the last section (see section 3.3.1).

Magnetic detection coils

The two main parameters of a pick-up coil are: sensitivity and noise. From these parameters, the physical limits in terms of minimum detectable magnetic moment and magnetic moment sensitivity will be deduced.

Sensitivity

The sensitivity of a coil with respect to detecting nanoparticles is defined here as the ratio of the induced voltage to the magnetic moment that causes it:

𝑆𝑆 𝑚𝑚𝑒𝑒𝑆𝑆𝑚𝑚𝑅𝑅𝑟𝑟 = 𝐶𝐶 𝑅𝑅𝑆𝑆𝑖𝑖 (𝑍𝑍) 𝑚𝑚 𝑧𝑧 [ 𝑉𝑉 𝐴𝐴𝑚𝑚 2 ]
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where 𝑚𝑚 𝑧𝑧 = 𝑚𝑚 0 × sin (2𝜋𝜋𝑓𝑓𝑡𝑡) is the total magnetic moment of all SPN. This approximation is valid because each SPN is a single domain particle and all the nanoparticles exhibit the same magnetization response in both amplitude and direction when subjected to the same magnetic excitation field.

The induced voltage caused by 𝑚𝑚 𝑧𝑧 , that is from a distance 𝑍𝑍 to a single loop of radius 𝑅𝑅, can be expressed as:

𝐶𝐶 (𝑧𝑧,𝑅𝑅) = - 𝑑𝑑Φ 𝑑𝑑𝑡𝑡 = 1 2𝑅𝑅 𝜇𝜇 0 (𝑇𝑇 2 + 𝐻𝐻 2 ) 3 2 × 𝑑𝑑𝑚𝑚 𝑧𝑧 𝑑𝑑𝑡𝑡 (𝑉𝑉)
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where

𝑇𝑇 = 𝑅𝑅 𝑅𝑅 1 , 𝐻𝐻 = 𝑍𝑍 𝑅𝑅 1
are the dimensionless parameters relative to the internal radius of the spiral coil.

Integrating over the width of the spiral coil gives the result in the form of:

𝐶𝐶 ind = 𝑁𝑁 𝑤𝑤 � 𝐶𝐶(𝐻𝐻, 𝑡𝑡)𝑑𝑑𝑤𝑤 1+𝑤𝑤 1 = 𝑚𝑚 𝑧𝑧 𝜇𝜇 0 2𝜋𝜋𝑓𝑓 𝑁𝑁 2𝑅𝑅 1 × 𝐺𝐺(𝐻𝐻, 𝑤𝑤) (𝑉𝑉)
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with 𝐺𝐺(𝐻𝐻, 𝑤𝑤), the geometrical function representing the effect of the pick-up coil dimensions:

𝐺𝐺(𝐻𝐻, 𝑤𝑤) = 1 𝑤𝑤 [ 1 √1 + 𝐻𝐻 2 - 1 + 𝑤𝑤 �(1 + 𝑤𝑤) 2 + 𝐻𝐻 2 + ln ( 1 + 𝑤𝑤 + �(1 + 𝑤𝑤) 2 + 𝐻𝐻 2 1 + √1 + 𝐻𝐻 2 )] 3-12
From this, we can easily deduce the total sensitivity for𝑁𝑁 𝑙𝑙 layers as:

𝑆𝑆 𝑚𝑚𝑒𝑒𝑆𝑆𝑚𝑚𝑅𝑅𝑟𝑟 = 𝜇𝜇 0 2𝜋𝜋𝑓𝑓 𝑁𝑁 2𝑅𝑅 1 × � 𝐺𝐺(𝐻𝐻 𝑅𝑅 , 𝑤𝑤) 𝑁𝑁 𝑙𝑙 𝑅𝑅=1 � 𝑉𝑉 𝐴𝐴𝑚𝑚 2 �
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Here, 𝐻𝐻 𝑅𝑅 denotes the distance of each spiral layer to the magnetic moment (sample location).

Finally,we deduce that the sensitivity is greater when the frequency is bigger. In fact, the maximum excitation frequency that we can use is limited by two factors: the relaxation time of the SPN and the complexity of generating relatively high currents for the resulting high frequency impedance.

Noise considerations

With regard to noise, the aim is to approach the minimum detectable magnetic moment that is defined by the moment that can be detected when noise and signal become equal (𝑆𝑆𝑁𝑁𝑅𝑅 = 1).

Since it takes into account the first preamplifier stage, this measurable value is used to compare the efficiency of various sensors with respect to detecting magnetic beads.

Generally, a detection system includes a preamplification stage, a damping resistance (𝑅𝑅 𝑝𝑝 ) and a parallel capacitance ( 𝐶𝐶 𝑝𝑝 ). A coil can be represented electrically by its lumped parameters: Inductance𝑚𝑚 𝑚𝑚 , an AC resistance 𝑅𝑅 𝑚𝑚 and a parallel capacitance𝐶𝐶 𝑆𝑆 . As stated in [1], the total noise voltage can be estimated:

𝐶𝐶 𝑁𝑁 = �𝐶𝐶 𝑅𝑅ℎ𝑒𝑒𝑟𝑟𝑚𝑚𝑁𝑁 2 + 𝐶𝐶 𝑉𝑉𝑁𝑁𝑅𝑅𝑅𝑅𝑚𝑚𝑒𝑒 2 + 𝐶𝐶 𝐶𝐶𝑜𝑜𝑟𝑟𝑁𝑁 2 3-14
The noise voltage is thus composed of three different terms:

1. Thermal noise: 𝐶𝐶 𝑅𝑅ℎ𝑒𝑒𝑟𝑟𝑚𝑚𝑁𝑁 = �4𝑘𝑘 𝑏𝑏 𝑇𝑇𝑅𝑅 𝑚𝑚 . posed very big so its contribution can be neglected, see [1] for more detail)

𝐶𝐶 𝑅𝑅 and 𝐼𝐼 𝑅𝑅 are the voltage and current noise of the preamplifier, respectively. 𝑇𝑇𝐶𝐶(𝑓𝑓) is the transfer function of the detection circuit.

We can express this noise magnetically by the corresponding magnetic flux noise density𝐵𝐵 𝑁𝑁 .

It can be deduced by multiplying the total noise voltage by the overall coil sensitivity:

𝐵𝐵 𝑁𝑁 ≅ 2 𝜋𝜋 2 𝑁𝑁 𝑙𝑙 𝑁𝑁×(2𝑅𝑅 1 +𝐻𝐻) 2 𝑒𝑒 𝐶𝐶 𝑁𝑁 [𝑇𝑇] 3-15
Magnetic noise is then proportional to the voltage noise. As an example and in order to visualize and assess the contribution effects of thermal, current and voltage noise components, we plotted these contributions in the case of our PCB coils with respect to frequency in We can see that the total magnetic field noise (𝐵𝐵 𝑇𝑇 )exhibits a dependence that follows the voltage noise (for a given outer radius value). However, the minimum noise value is limited by the thermal noise, which is relative to the resistance of the coil.

All the electrical parameters should be optimized so that the Johnson noise (thermal) is dominant, so that only the sensor noise is left. Consequently, the sensor coil should be optimized to have maximum sensitivity with minimum resistance and inductance values. A high inductance value will result in a high current noise contribution. Also, since the resistance and frequency values are quite low, the choice of the preamplifier should be more on a device that has a very low voltage noise. The importance given on the voltage noise value is illustrated in the given example where the current noise is rather negligible comparing to other sources.

Two values of interest can be deduced from this; the signal to noise ratio (𝑆𝑆𝑁𝑁𝑅𝑅) and the minimum detectable magnetic moment.

SNR and minimum detectable moment

In the case where the choice of readout electronics is correctly done, we can suppose that the SNR is the ratio of the detected signal versus the thermal noise: 𝐶𝐶 𝑁𝑁 = �4𝑘𝑘 𝐵𝐵 𝑇𝑇𝑅𝑅 𝑆𝑆 .

Consequently:

𝐶𝐶 𝑁𝑁 = 4� 𝜌𝜌𝜋𝜋𝑘𝑘 𝐵𝐵 𝑇𝑇 𝐻𝐻 𝑤𝑤𝑖𝑖𝑟𝑟𝑤𝑤 × �1+ 𝑤𝑤 2 √𝑤𝑤 [ 𝑉𝑉 √𝐻𝐻𝑧𝑧 ] 3-16
with 𝜌𝜌, 𝑘𝑘 𝐵𝐵 , 𝑇𝑇, 𝐼𝐼 𝑤𝑤𝑅𝑅𝑟𝑟𝑒𝑒 denoting the resistivity, Boltzmann constant, absolute temperature and height of wire section, respectively. The SNR is then:

𝑆𝑆𝑁𝑁𝑅𝑅 = 𝐶𝐶 𝑅𝑅𝑆𝑆𝑖𝑖 √2𝐶𝐶 𝑁𝑁 = 𝑚𝑚 𝑧𝑧 µ 0 √𝜋𝜋 4�𝜌𝜌𝑘𝑘 𝐵𝐵 𝑇𝑇 𝑓𝑓 × ⎣ ⎢ ⎢ ⎡ �𝐼𝐼 𝑤𝑤𝑅𝑅𝑟𝑟𝑒𝑒 𝑅𝑅 1 × ∑ 𝐺𝐺(𝐻𝐻 𝑅𝑅 , 𝑤𝑤) 𝑁𝑁 𝑙𝑙 𝑅𝑅=1 𝑁𝑁 𝑙𝑙 √𝑤𝑤�1 + 𝑤𝑤 2 ⎦ ⎥ ⎥ ⎤ 3-17
Whereas SNR is directly observed and is related to the geometry of the coil, to the frequency and to the physical parameters, the minimum detectable moment gives a physical limit that can be linked to the amount and concentration of a given amount of nanoparticles. A chosen indicative absolute limit of this value is when the SNR is equal to 1 (or 0 dB).

𝑚𝑚 𝑧𝑧 �∆𝑓𝑓 = 4�𝜌𝜌𝑘𝑘 𝐵𝐵 𝑇𝑇 0 µ 0 √𝜋𝜋 1 𝑓𝑓 ⎣ ⎢ ⎢ ⎡ 𝑅𝑅 1 �𝐼𝐼 𝑤𝑤𝑅𝑅𝑟𝑟𝑒𝑒 × 𝑁𝑁 𝑙𝑙 √𝑤𝑤�1 + 𝑤𝑤 2 ∑ 𝐺𝐺(𝐻𝐻 𝑅𝑅 , 𝑤𝑤) 𝑁𝑁 𝑙𝑙 𝑅𝑅=1 ⎦ ⎥ ⎥ ⎤ ( 𝐴𝐴𝑚𝑚 2
√𝐼𝐼𝐻𝐻 )
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Consequently, smaller magnetic moments can be detected if higher frequencies and a smaller internal radius are used. Also, the coil should be put as close as possible to the sample reservoir in order to increase the sensitivity to smaller magnetic moments.

Optimization of detection coil dimensions: PCB coils design

The dimension of the pick-up coil is optimized by finding a compromise between sensitivity and minimum noise. For this optimization, the different limitations imposed by each fabrication procedure have to be taken into account. If we take as an example the printed circuit board technology, each manufacturer has a set of limitations concerning the cross section of the wire, the isolation between two adjacent wires and the total thickness of the board.

Next, we provide an example of one early realized prototype and how the choice was made between two manufacturers. Induced sensitivity and minimum detectable magnetic moments can be used jointly to assess the performance of any given coil. Figure 3-3shows the best sensing characteristics that we can get by applying PCB restrictions on copper section, interlayer distances and minimal practical internal radius. For this particular chosen manufacturer, copper section is equal to 35𝜇𝜇𝑚𝑚 × 100𝜇𝜇𝑚𝑚 and inner radius is at a minimum of 0.8 𝑚𝑚𝑚𝑚. The calculation was done for a four-layer PCB coil. As we can see, for an outer radius (𝑅𝑅 𝑅𝑅𝑜𝑜𝑅𝑅 > 4 𝑚𝑚𝑚𝑚) there is an area where the added noise due to increasing number of turns becomes predominant with regard to the improvement of sensitivity.

In the following, we show an example of two possible detection coils fabricated using printed circuit board (PCB) technology. Each example is from a different PCB manufacturer.

Comparing the two graphs in Figure 3-4, we see that M1 yields the better compromise because it presents much less noise than M2 with similar results in sensitivity. For example, we can see that the best sensitivity in this case is about 10 4 𝑉𝑉/𝐴𝐴𝑚𝑚 2 , which is close to the aimed sensitivity of the previous macroscopic mixing frequency detection system.

(2.36 10 4 𝑉𝑉/𝐴𝐴𝑚𝑚 2 ). M1 and M2 are also compared with respect to outer radius (Figure 3456). We see that for this given frequency of 50 kHz, the voltage noise is negligible and thus the main contributing factor is the resistance noise. In this case, M1 technology specifications give better results and the curve of total noise field follows almost exactly the curve of the thermal noise field.

Finally, a compromise is made between the performance of detection coil and excitation coil along with the simulation aspect in order to select a good choice of dimensions. These tools can be used to optimize the dimensions of pick up coils in the case of micro structure. Only the technological restrictions of the microfabrication technology in clean room must be taken into account before optimization. The choice of a fabrication method also leads to different limitations regarding the distance from the sample to the detection coil.

Magnetic excitation coils

Pick up coil optimization should be done in conjunction with excitation coils. Magnetic excitation of SPN is of high interest. In fact, the actual limit of detection in terms of number of SPN can be smaller than expected if the SPN are not properly magnetized.

Since the magnetic frequency mixing technique relies on the detection of the nonlinear response of SPN, the magnetic field amplitude should be adapted in consequence. As can be seen in Figure 3-7, a minimum magnetization point has to be reached so that the nonlinearity (represented in red) is sufficiently apparent, hence making the nonlinear response more significant. If the excitation field is too low, the response (in green) may just resemble a paramagnetic (linear) response and the mixed term amplitude would be too small.

As explained in [1], the low frequency field (𝑓𝑓 2 ) is used as a drive field and the high

( ) = 2 × ( , ) [ ]
where 𝐼𝐼 𝑒𝑒𝑒𝑒𝑐𝑐 is the excitation current, N is the number of turns , R 1 is the internal radius, G is the geometrical function and 𝑁𝑁 𝑙𝑙 is the number of layers. The formula is then used to find the minimum excitation current. The distribution of magnetic field should be rather homogeneous along the radial dimension of the reservoir in order to achieve a homogeneous sensitivity distribution. This assumption was confirmed by electrical simulations of the magnetic field generated by a spiral coil using COMSOL Multiphysics (see section 3.2.1). The homogeneity of the field depends on the inside and outside radius and on the distance of the reservoir from the center of the spiral coil. In order to get a proper magnetization of SPN for a fixed distance 𝑍𝑍 , we obtain the appropriate distance that a reservoir should be at and we deduce the maximum area that it can occupy.

The number of turns, N, helps to reduce the minimum required current, however, the added value of the external turns becomes negative after a certain threshold, where the number of turns increase the resistance and inductance in a linear and quadratic manner, respectively.

This leads to a decrease in the resulting current because of their low contribution to the generated magnetic field.

In order to validate the analytical formula, 8-layer PCB coils of 16 and 20mm outer diameters were realized and their axial calculated and measured magnetic fields were compared. The measurements were done using a Gaussmeter (GM08) and a DC current and the comparion with calculated results is shown in The measured magnetic field corresponds to the analytical calculations and thus the calculations are validated and can be used for the optimization of the excitation coils.

Optimization methodology of excitation coils dimensions

Excitation coils should be optimized in order to get the required magnetic field intensity in the sample area. For this optimization, the different limitations imposed by each fabrication procedure have to be taken into account. If we take as an example printed circuit board technology, each manufacturer has a set of limitations concerning the thickness and cross section of the trace, isolation between two adjacent traces and total thickness of the board.

As with detection coils, we will provide an example of one early realized prototype and how the choice was made between two manufacturers.

While considering the technical limitation of each manufacturer (Table 3-2), the final choice is based on the calculations of the magnetic field, the total resistance and the heating power consumption.

Next, we plot the axial magnetic field intensity with respect to the vertical distance from the excitation coil center (Figure 345678). This distance represents the prospective sample location. As can be shown, the magnetic field drops quickly with the distance from the coil to the sample which is an important parameter for having a good detection structure. For example, if the sample is put at 1𝑚𝑚𝑚𝑚 instead of direct contact, a different excitation magnetic field of about 0.9𝑚𝑚𝑇𝑇is obtained which is a huge difference because a magnetic field of about 3𝑚𝑚𝑇𝑇 for a good non-linear response of the nanoparticles is required. This constitutes one of the main drawbacks of M2 manufacturer since it already puts the outer coil layers 0.6 mm away from the sample, as compared to M1.

After analyzing the behavior of the magnetic field, its intensity, the total impedance and the generated heating power in the case of the two coils are compared in Figure 3-9 by considering the technological limitations. The desired magnetic field as well as a minimum threshold of the heating power are also indicated in this figure.

As we can see, the second manufacturer M2 gives a bigger magnetic excitation field for smaller values of external radiuses. This is because for manufacturer M2 the Isolation/copper width is 50𝜇𝜇𝑚𝑚, two times less than that for M1.

However, the total impedance of the coil is 10 times bigger for M2 than for M1, which leads to a rapid increase in the heating effect and a more difficult electronic excitation circuit, because the impedance values of M2 are not adapted to common amplifier circuits. Since the low frequency magnetic field amplitude is very important for the magnetization response of the nanoparticles, the magnetic field in the case of using two low frequency excitation coils is calculated and shown in Figure 3-10.

Analytical calculations 111

Using two coils, the minimum required outer radius and the applied current in the sensor could be reduced, leading to lower power consumption, lower heating power and thus no heating problem in the reservoir. Finally, after using the same methodology for the high frequency excitation and comparing the different performances of each manufacturer, the first manufacturer is chosen with the dimensions in 

Multiphysics simulations

In order to conceive and realize a Lab on Chip (LoC) microstructure we have developed a set of multiphysics simulation using COMSOL software. These simulations allow us to optimize the microstructure and take into account proper magnetization of the nanoparticles, detection sensitivity, diffusion in the microfluidic channel and heat transfer effects and thus the viability of the biological samples. Multiphysics simulations allow reaching a good compromise between the various important parameters without the cost and the time of real fabrication. This is especially important for prospective clean room fabricated structures where the first prototype can take up from several weeks to few months to be realized.

In the next sections, we give information on the various simulation tools:

1) Electromagnetic simulations: This tool was used to study proper magnetization and detection of the ferrofluid response by modeling the excitation and detection coils as well as the sample reservoir.

2) Heat transfer simulations: We consider here the influence of the excitation current on theheating of the sample.

3) Microfluidic simulations: These simulations help to optimize the microfluidic channel.

We try to validate each simulation with realized structures (PCB coils, microfluidic channels).

The primary goal here is to have a set of simulations that can be used later on for a completely miniaturized structure.

In all the COMSOL simulations, the workflow is:

1. Choice of Space representation: a complete simulation uses a 3D model but for many cases a 2D axisymmetric or a 2D model are sufficient for the purpose and are much less time and resource consuming. 7. Setting the mesh:a compromise should be found for the mesh sizes. Indeed, a highresolution meshing produces a good precision while it makes the simulation more time consuming and in some cases, the elements are too small for the simulation to converge.

8. Setting up the study parameters: This node allows to define appropriate solvers and their corresponding parameters as well as setting the time steps, frequencies of operation...etc.

Visualizing the results:

In this section we can visualize results in 1D, 2D or 3D format. It also allows to calculate variables by applying mathematical operators to the resulting variables.

Since we gave the basic workflow here, in each simulation, we will give directly the chosen space representation, physics interface and important chosen models.

Electromagnetic simulation of the system

Because the operating frequency is between 100 kHz and few Hz, the chosen physics interface is the 'AC/DC module'. It can model electric, magnetic, and electromagnetic fields in statics and low-frequency applications. The latter means that it covers the modeling of devices that are up to about 0.1 electromagnetic wavelengths in size, which constitute our case. Since our models do not exceed 20 cm in size, we can model up to frequencies around 100 MHz.

Regarding the space representations, we chose to develop two models: one 2D axisymmetric that allows rapid prototyping of the excitation coils and one complete 3D model representing the different coils and sample reservoir filled with a ferrofluid. The former allows to rapidly reduce the number of parameters to optimize in the 3D structure.

Simplified model of excitation coils (2D axisymmetric)

A 2D axisymmetric electromagnetic simulation was conducted in order to determine the coil dimensions that have to be used to obtain a homogeneous excitation magnetic field all over the reservoir and to eventually simulate the nanoparticles reaction. This approximate model allows to better optimize the excitation coil dimensions in a rapid manner. In fact, simulating a spiral coil in 3D is very difficult and the computational time outweighs the benefits in term of precision of the excitation fields amplitudes. Consequently, for finding the best parameters for excitation coils, 2D axisymmetric configuration can be used as a first step. In order to model the magnetic field distribution of the spiral coil, we approximated the spiral coil by a set of circular coils with the same section and position. This given example (Figure 3 -11) shows the simulated PCB coil. The air was modeled by a cylinder of a radius and height equal to 20mm and is sufficiently big to get a good approximation of the distribution of the magnetic field.

For the current distribution, the assumption was that the current had a homogeneous distribution over the coil section:

𝐽𝐽 𝑐𝑐𝑅𝑅𝑅𝑅𝑙𝑙 = 𝐼𝐼 𝑐𝑐𝑅𝑅𝑅𝑅𝑙𝑙 𝑆𝑆𝐹𝐹𝑆𝑆𝑡𝑡𝑖𝑖𝑑𝑑𝑛𝑛 𝑐𝑐𝑅𝑅𝑅𝑅𝑙𝑙 = 𝐼𝐼 𝑐𝑐𝑅𝑅𝑅𝑅𝑙𝑙 𝑤𝑤 * ℎ 3-20
We compared the simulation and the analytical calculation (Matlab) to evaluate the approximated simulation error (Figure 3 -12). We plotted the change of the magnetic field in the symmetry axe of the coil, from 1mm distance to 5 mm distance that is supposed to represent the probable position of the sample reservoir (PCB design).For this comparison we used a 4 layer spiral coil of 59 turns/layer with 0.8mm as the inside radius and a current of 0.12A. From the figure 3-12, we can see that there is a small difference between the simulation and the analytical calculation. This could be because of the approximation of the geometry as well as in the calculations.

Following this evaluation, we plotted the magnetic field with respect to the number of turns.

In this case, the number of turns were added by increasing the external radius. Thus, the added turns have increasing radii. This way of adding the turns is motivated by the practical limitation of fabrication techniques (here PCB). The magnetic field has a linear dependency to the applied current, which concords with theory.

Regarding the effect of the number of turns, we see that the magnetic field approaches a limit and saturates. This is because the more external turns we add, the less contribution they have on the magnetic field.

Another concern for the magnetic field is its homogeneous distribution over the sample area.

As an example, we draw the surface distribution of the magnetic field amplitude in the area of 1mm above the sensor (𝑍𝑍 = 1 𝑚𝑚𝑚𝑚).

From these two figures, we observe a fast decrease of the magnitude of the magnetic field of the spiral coil with respect to the distance from the center position of the coil on the coil axis.

From various simulations of these cylindrically shaped coils, we also observe that this homogeneity is maintained especially at positions below the inner radius (𝑒𝑒 < 𝑅𝑅 𝑅𝑅𝑆𝑆 ).This means that the sample reservoir diameter should not exceed a certain value, of which the nanoparticles near the outer radius will not be sufficiently driven by the magnetic excitation field. We conclude that we should think more about reducing the isolation thickness and increasing the filling factor so that we can get as many spiral windings as possible close to the sample reservoir. Also, the fast decrease in the magnetic field relatively to the vertical distance from sample suggests that this distance is very important for the detection system.

The simplicity of implementation constitutes the main advantage of this axisymmetrical model. One of the main drawbacks is that COMSOL does not recognize this coil model as a 'coil'. Thus, we cannot calculate the electrical parameters and the induced voltage (in the case of a pick-up coil).

Complete model of the structure (3D)

For complete simulation of the electromagnetic aspects of excitation and detection coils as well as the sample magnetic response, we simulate the whole structure in a 3D model. The simulations are in good agreement with measurements, with an acceptable error.

Next, the 3D simulations can be decomposed into frequency domain and time domain simulations.

Frequency domain simulation

Frequency domain simulations are used to compute the response of a linear or linearized model subjected to harmonic excitation. Here, the goal is to find the optimum frequency of excitation coils with maximizing magnetic flux at the sample area as well as theoutput voltage of the sensor coil. As a result, higher sensitivity can be obtained. The next figure shows the magnetic field distribution over the different coils and the effect of the frequency on the sensor coil output. The dimensions of the modeled coil represent the dimension of one of the chosen PCB prototypes (dimensions can be found in Table 3456789). We can clearly see that in the case of the presence of a nonlinear magnetic component, the sensor's response is composed of mixing frequencies' signals as well as original frequency signals.

Multiphysics simulations

Study of the effect of the shape of the reservoir

In order to study the effect of the shape of the microfluidic reservoir on the magnetic response, we simulated a serpentine-like (meander) and a cylindrical reservoir of the same height. Their corresponding volumes were 7.8 and 6.6 10 -8 m 3 , respectively. We conclude from the figure 3-21 that the difference between the response of the serpentine and the cylinder is insignificant. This allows us to use the simpler representation form of the reservoir with an equivalent volume for further study of optimum dimensions and electrical parameters.

Heat transfer simulations

Because the structure is intended for immunoassays with biological samples, the electrical simulation is coupled with a heat transfer simulation (COMSOL Multiphysics). The coupled physics allow to take into account both electromagnetic and heat aspects. We can therefore predict the period of test time that we can allow ourselves, according to the maximum allowed temperature in the reservoir (37°C).

Since the tested sample will be biological samples, the temperature in the reservoir volume should not exceed a critical value. In order to model all the microstructures, we used the 2D axisymmetric model in COMSOL because of the symmetry of the phenomenon. Similarly to the magnetic simulations of excitation coils (section 3.2.1.1), each coil is represented by 4 layers of spiral copper, see Figure 3-22. Moreover, the materials modeled in this simulation are copper (coil windings), FR4 (PCB substrate), water (microfluidic reservoir) and SU8 or PDMS for the substrate of the microfluidic layer. In this simulation, for simplicity and for representing the worst case, we only consider heating through conduction. In this case, there is no reduction of heating through convection. The heat source is deduced from the equivalent current of the excitation coils.

𝑃𝑃 = 𝑅𝑅 • 𝐼𝐼 excitation 2 3-21
To simplify the simulation, the heat source is supposed to be continuous and the power corresponds to the RMS value of the current.

The resulting change in temperature in the border of the reservoir can be seen in Figure 3-23. If we suppose an initial value of 20°, we see that the temperature increases rapidly and goes above 40° after an experimental time of about 180 seconds. However, since the measurement can be done within a few seconds, this should not be a problem. We should nonetheless consider this factor when reducing the size of structures and thus the distances between coils and sample reservoir. This constitutes the second main reason to optimize the excitation coils so that we do not use a high current.

Microfluidic simulations

Following the initial phase of testing disc shape reservoirs, we noticed a heterogeneous dispersion of the fluid in the reservoir (Figure 3-24), which leads to have some reservoir area that are not correctly filled with sample. We then performed a set of COMSOL simulations of the distribution of the fluid in our microfluidic reservoir to ensure a better filling of channels and thus greater measurement accuracy. For this microfluidic simulation, we used the laminar flow physics node included in the microfluidic module. This node is suitable because we are in the case of low Reynolds numbers (in our case Re< 100).

The microfluidic reservoir can be either simulated in 2D or 3D. Figure 3-25 shows an example of 2D simulation results. The shape is composed of an ellipse representing the reservoir and two 100 𝜇𝜇𝑚𝑚 width channels that work as Inlet/Outlet. We use an average velocity of 0.1 mm/s and we change the shape of the ellipse (small and big radius).

Figure 3-25 shows the velocity field distribution for each case. We see that if we use a circular disc shape reservoir, there are some areas which the fluid will not reach; these are on the extreme left and right sides. This is because there is a significant width change between the inlet/outlet microchannel and the reservoir. We first deduce that we must use a more oval shape with input / output and less abrupt changes in dimensions.

We chose to reduce this gradient by using an elliptic shape along with a smooth fillet in the Inlet/reservoir and reservoir/outlet areas. The resulting velocity distribution is shown in considering the air bubbles effects on the microfluidic system and process. Finally, it can serve as a basis to find microfluidic reservoirs with higher surface to volume ratios in order to accommodate a higher density of functionalized primary antibodies.

Design and realization of PCB coils associated with microfluidic reservoir

Following the first experiments, simulations and calculations, we chose to embed all the coils at once. In this work, two fabrication methods are explored: (i) using PCB technology with a separate microfluidic reservoir or (ii) using clean room technology for both the coils and microfluidic reservoir. Table 3-8 depicts the advantages and drawbacks of these two methods.

Design technology Advantages Drawbacks

Printed circuit board+ Microfluidic structure

Fast realization process (within days after dimension optimization)

Lower limit of isolation not sufficient (100𝜇𝜇𝑚𝑚) No bonding possible between microfluidic structure and PCB: sample to coil distance is limited.

Robust realization (external manufacturer)

Clean room technology

High resolution, control of dimensions and possibility of microcoil realization and very low sample to coil distance Higher probability of failure due to multiple realization steps that involve various parameters Fully embedded structure possible (coils + sample reservoir) Difficult multilayer coil fabrication For the validation of the optimization tools and for a rapid prototyping, the PCB solution has been chosen. This choice will allow to rapidly design and optimize separately the microfluidic and coil parts for a relatively low price per prototype.

PCB coils

Design and realization

In order to assess the PCB technological choice, we designed and realized three prototypes from which two were retained for further testing. We also chose M1 PCB manufacturer for the fact that the company allows multilayer manufacturing of up to 32 layers with thick copper sections (35 µm thickness). This latter property helps to have less resistance noise in pick-up coil and a smaller total thickness of the board, hence, a better proximity of external layers to the sample. We ultimately chose to use 8-layer PCB with a total thickness of 1.55 mm for all three prototypes. Table 3-9 summarizes the dimensions of the designed and realized PCB coils for each prototype. The copper width/isolation is the same for all prototypes and is equal to 100 µm (minimum limitation of the M1 manufacturer).

Prototype Coil function

Inside radius

𝑹𝑹 The first two prototypes were made in an "asymmetrical" configuration. Prototype 1 presents excitation coils in one PCB and detection coils with optional second low frequency excitation coil in the second PCB. In prototype 2, the low frequency coil (LF) is fabricated in one separate PCB, the high frequency coil (HF) and the sensor coils are fabricated in another PCB part (Figure 3-27, prototypes 1 and 2). Concerning the third prototype, two identical PCB parts were fabricated and are arranged in a "symmetrical" configuration above and below the microfluidic part (Figure 3-27, prototype 3).

( ) = (1 ) + ( )

From these curves, we can clearly see that the asymmetrical configuration coils exhibits only one resonance whereas the symmetrical coils are affected by the fact that the 3 coils are all embedded in one PCB and therefore couple strongly. Consequently, in terms of resonance frequency and impedance stability, the asymmetrical configuration is better.

Concerning the symmetrical configuration (P3), the LF coil exhibits three resonance frequencies. These resonance peaks are likely attributed to the mutual inductance effect of the other two coils (HF and sensor coils). Also, the LF coil exhibits the biggest capacitance value of 68 pF because it has more layers per coil that the other (4 rather than 2). However, this is not an issue since the LF coil is only used with signals that have low operating frequencies (less than 200 Hz). Since the sensor coil is, by design, the farthest away from the LF coil, the sensor coil has lower impedance peaks due to mutual effects. Because it has two layers, it has lower inductance and higher capacitance (more interlayer potential gradient). Lastly, the HF coil is between the LF and sensor coils and thus suffers the effect of both coils. However, the effect of the LF coil is more important. We deduce that the HF excitation frequency should not exceed 120 kHz (𝑓𝑓 𝑅𝑅𝑒𝑒𝑚𝑚𝑅𝑅𝑆𝑆𝑅𝑅𝑆𝑆𝑐𝑐𝑒𝑒 /5) so that the capacitance effects does not interfere with the performance.

Concerning the asymmetrical configuration, the LF coil has the lowest resonance frequency since it is composed of 8 layers. Consequently, it has a higher inductance value, but it is not an issue since it is operated at low frequencies. The HF and sensor coils have higher resonance frequencies and less inductance. Also, the mutual effects are insignificant.

Finally, we sum up the electrical characteristics of P2 and P3 in Table 3 

Microfluidic reservoir

Choice of fabrication procedure

The microfluidic reservoir is fabricated using the molding technique that consists in fabricating a master mold and then replicating the mold in a polymer. In this work, the PDMS was chosen because of its biocompatibility. Moreover, its use is well documented and it allows rapid prototyping and testing of the detection system.

The whole fabrication procedure is shown in Figure 3-34. The master mold can be fabricated either by photolithography with SU-8 as a photosensitive material deposited on a glass wafer by spin coating or by using a 3D printer.

The photolithography approach allows to have very precise channels that can be as small as micrometers or less. However, the master molds only lasts for a few replications due to the adherence between the resist and the substrate (especially for SU-8) and all the processing must be done in cleanroom., On the other hand, 3D printing constitutes a cheaper and faster alternative with the drawback of having less resolution in terms of channel dimensions.

Following the master fabrication, the PDMS along with its curing agent (ratio 10:1) are poured into the master mold to replicate the microfluidic channel. The result is an open PDMS microchannel that can be closed either by another flat PDMS layer or by glass using Oxygen (0 2 ) plasma bonding procedure.

Various prototypes were designed to assess the two approaches. Due to the mentioned benefits, we mainly focused our dimensioning on the 3D printing approach. The Table 3 

Design and fabrication

The design of the chosen microfluidic structure is done either by using Clewin (photolithography) or Openscad (3D printing). Clewin allows to draw 2D shapes onto a wafer so that it can be used to fabricate the master mold using SU-8 photoresist. On the other hand, Openscad allows to draw 3D shapes representing the mold that will be directly printed using laser based high resolution printer (Formlabs II). Figure 3-35 shows the two designs. In designing both structures, we took care of providing a way so that the reservoir area is as thin as possible, thus bringing the reservoir closer to the excitation and detection coils and making the detection more sensitive.

clearly see, using a profile projector (Nikon profile projector v-12), that in the case of small separation between channels, there is an overlap and thus the fluid thus flows directly without reaching the end of each meander segment. More than 100 µm spacing is needed in order to have a good printed channel (Figure 3-37). The 3D printer also has some limitations on the minimum height of the channel (must be >50µm) that should be taken into consideration.

Figure 3-37: Photos of successful (left) and unsuccessful (right) printing strategies. The spacing between channels is 500 µm (left) and 100 µm (right). We can clearly see that there is some residues left during in the spacing between channels.

Finally, after different testing of the serpentine and cylindrically shaped reservoirs, we settled on the use of the serpentine-like (meander) reservoir. This choice is driven by the better fluid diffusion and better mixing possibilities. The constant channel section in this case allows to monitor the fluid velocity more accurately and to later find the best conditions for washing and incubation steps. A high enough fluid velocity allows to remove the unspecific bindings and a low enough velocity allows to have better incubation by increasing the allowed diffusion time.

Sandwich structure

The resulting whole prototype structure can be found in the given illustration (Figure 3 -38). It is composed of two PCB coils and the microfluidic channel between them. In order to adjust the balancing, mechanical fixations are added. Similar as in case of the coils, we add a reference microfluidic reservoir in order to have also a reference fluid.

development of microfluidic channels on the use of soft lithography of PDMS with 3D printed molds.

These developed prototypes have allowed to validate the various optimization tools. These tools can later be used for the development of a completely integrated and miniaturized LoC device.

In the next chapter, we evaluate the performance of these prototypes regarding the magnetic detection.

Chapter 4. Experiments and preliminary work on biosensing

In this chapter, the experimental set up and preliminary results are given. At first, we will describe the test setup with its various electronic components. The test bench is controlled by means of a LABVIEW developed software that allows studying the effect of various parameters on the magnetic response. Then, we present the tests of the performance of the realized prototypes. The PCB coils will be assessed in terms of gradiometric efficiency and sensitivity. After that, preliminary magnetic characterizations of various nanoparticles are performed. Finally, we will talk about the biosensing and corresponding important aspects.

These results serve as a ground basis for further optimization of a fully integrated portable LoC.

Experimental setup

Test bench

A block diagram as well as representative pictures representing the test bench are given in Electronically, the test bench can be divided into the excitation and detection parts.

In the excitation part, the aim is to provide the excitation coils with sinusoidal signals. These When we first compare both P1 and P2 prototypes, we can clearly observe that for these sets of dimensions, the asymmetrical configuration yields better performance overall. The sensitivity is better by a factor of almost 2. This is mainly due to the fact that the 2 PCBs are not very close to each other in the symmetrical configuration. Indeed, the symmetrical configuration is configured so that the PCBs are as close as possible then the upper sensor has the same sensitivity as the lower one. Unfortunately, that is not currently the case but this can be improved through the use of microfluidic reservoir with less overall height (more than 2mm currently).

Second, if we compare the effect of the reservoir dimensions we notice two things. First, the high of the channel is linearly related to the detected signal (for 100 and 200 µm). This confirms both the linearity of the measurements as well as the negligible effect of the heights of this order (100 µm) on the magnetic excitation fields. Second, when we reduce the total big dimensions of the reservoirs from 12*12 mm to 6*6 mm corresponding to a volume reduction of 1/4; we notice that the detected signal ratio for the two PCBs is about 1.8 and 1.7 for the P2 and P3 prototypes respectively. This should have been a ratio of about 4 in a linear case. That could be explained by the decreasing excitation field magnitude corresponding to the nanoparticles that are far from the center of the coil. That is confirmed by simulations where we found that the best homogeneity is about the zone of the order of the internal radius of the excitation coils (about a few mms).

Third, if we consider the effect of the gap distance between PCBs, we see that the bigger this distance is, the worse is the sensitivity in both prototypes. This is more important in the asymmetrical configuration where the sensitivity ratio is about 1.5 between the distances 2.4 and 3.2 mm. This is explained by the weaker low frequency driving field which amplitude is quadratically related to the mixing term signal (𝐴𝐴(𝑓𝑓 1 + 2𝑓𝑓 2 ) ∝ 𝐴𝐴(𝑓𝑓 2 ) 2 ).

Balancing efficiency, sensitivity and detection range

As the balancing is very important for noise reduction, we tried to approximate the balancing ratio of the two prototypes. For this, we tested put the PCBs in both aligned and orthogonal positioning for the same separating distance. In the aligned case, we get the remaining HF and LF peak signals relative to the error in balancing, while in the orthogonal case, we get the approximate detection of HF and LF peaks in the detection coil alone (without reference balancing).

Reported balancing ratios were about between 500 and 1000 for both symmetrical and unsymmetrical prototypes. This good balancing ratio allows the system to be more sensitive to the mixing term signals. The balancing ratio could be further improved by more mechanical balancing of one of the PCB (upper one) horizontal angle with respect to the other constituting PCB (lower one).

Moreover, if we study the effect of the frequency change in the case of fixed input voltage (case of a well-designed amplifier), we see that the increase in frequency contributes to the improvement of the detected signal only to a certain degree. The increased signal at higher frequency is partially or fully compensated by the decrease of the excitation current (due to inductance effect on impedance). Finally, we test the detection range and typical limit of detection of the PCB system with the 20nm core size iron oxide particles fabricated in the partner PHENIX laboratory (S540). Their flower-like structure offers stability at such large diameters, thus a higher magnetic moment response [START_REF] Hugounenq | Iron oxide monocrystalline nanoflowers for highly efficient magnetic hyperthermia[END_REF]. 

Detected mixed signal (mV)

High frequency (kHz)

We obtained a curve of the magnetic response for different concentrations of iron nanoparticles in the microfluidic channel. We clearly observe a very good linearity with a coefficient of determination of 𝑅𝑅 2 = 0.999 for a linear range of 3 orders of magnitude.Furthermore, the test were repeated at day's intervals and proved to be very reproducible. With an accepted error of less than 20 %, our limit of detection is at about 15 ng/µL. If we consider the limit of detection in terms of iron quantity, it is roughly equivalent to 0.2 µg for a volume of 14 µL. This limit can be theoretically reduced to about 0.1 µg for a volume of 3.5 µL using the 6mm×6 mm microfluidic reservoir.

These preliminary results are very promising and validate the magnetic detection of nanoparticles in the conditions presented above. We expect further improvement with respect to decreasing of the limit of detection, especially with the miniaturized device.

Additional noise sources, both internal and external, increase the difference between theoretical and experimental LOD. The internal noise sources include: electrical noise from excitation circuit that results in crosstalk, white magnetic field noise, and small but contributing temperature gradient that changes slightly the magnetization. Diffusion heterogeneity of ferrofluids is also a contributing factor for the error bars shown in the above mentioned performance curve (Figure 4567). External interfering signal can be in the form of magnetic field disturbance from adjacent power sources and electronic instruments.

Magnetic detection of SPN using the frequency mixing technique

After evaluation of the system performance, we assessed the applicability of laboratory and commercial nanoparticles in magnetic sensing applications. In fact, the optimization of the magnetic sensing system is also performed by a wise compromise of NP characteristics. As has been discussed in Chapter 2 (section 2.2.3), many factors influence the performance of magnetic nanoparticles with respect to magnetic detection. From these factors we can cite the chemical composition, composing matrix (for multicore big NP above 50 nm), and hydrodynamic as well as magnetic core sizes of the particles.

Our partnership with PHENIX laboratory allowed us to test the detection of 4 types of nanoparticles that are different in size, chemical composition, or synthesis method. In addition to these nanoparticles, we tested the performance of commercial streptavidin-coated superparamagnetic nanoparticles. Saturation magnetization of these different nanoparticles is also given in the table. In order to compare the saturation magnetization, we normalized the magnetization by factoring all the concentrations to a reference concentration of 10 mg/ml. This allows a more proper comparison of this parameter. We can see that the commercial streptavidin coated magnetic nanoparticles have less saturation magnetization compared to the other brut magnetic nanoparticles (not coated). We assume that it is due to the dead volume caused by both the matrix that binds the various magnetic cores and to the streptavidin coating.

We tested the performances of these nanoparticles with our second asymmetrical P2 prototype.

The next figure gives the sensitivity of these nanoparticles with respect to magnetic content, molar quantity and mass of the whole compound.

( + 2 ) The use of bioaffinity techniques is usually in conjunction with other techniques of immobilization like covalent bonding. This allows the efficient use of these affinity molecules only on the binding sites. In the case of common magnetic sandwich immunoassays, biotinstreptavidin interaction is used to bind biotinylated antibodies to streptavidin coated magnetic beads.

Covalent bond

This constitutes the most frequently used and most often reported technique used for microfluidic immunoassays. Active reagents are used to activate the surface. This activated surface reacts with amino-acid residues on the protein exterior (bonding sites). This latter step allows the antibodies to bind covalently to the surface (Figure 4-13). Finally, the remaining activation sites are blocked using common blocking agents like lysine, BSA …etc. The blocking agents should not interact with the bioentities of interest.

As a next step, the addition of organosilanes must be validated through the use of XPS or AFM characterizations. In this thesis scope, such advanced equipments were not available.

Direct detection of CRP protein as a validating substance could be performed but the measurements cannot be assessed due to the lack of this biofunctionalization validation step.

Finally, in the appendix A, we propose a protocol for the biofunctionalization of the PDMS surface based on these last results. If better performance is needed, we can combine this method and test the addition of a spacer (cross-linker) like Glutaldehyde (GA) in order to improve the SNR as it is reported in [START_REF] Yakovleva | Microfluidic enzyme immunoassay using silicon microchip with immobilized antibodies and chemiluminescence detection[END_REF], [START_REF] Belder | Cross-linked poly (vinyl alcohol) as permanent hydrophilic column coating for capillary electrophoresis[END_REF] and [START_REF] Thomsen | Development of a microfluidic immobilised enzyme reactor[END_REF] where GA improved substantially the immunoassays results.

Chapter summary

In this chapter, we presented the different experimental and preliminary work toward biosensing. A test bench was developed for the detection of magnetic nanoparticles through the use of frequency mixing technique. In this respect, an instrumentation and also LABVIEW acquisition and control program have been realized for the study and optimization of the magnetic sensing structure. The magnetic and microfluidic test bench has allowed optimizing the electrical parameters before the complete integration of the system. It has also allowed finding the best biosensing protocol by optimizing the flow rate so that proper binding can take place while unspecifically bound particles are removed by the drag force of the flow.

After that, experimental characterization of both the detection system as well as the magnetic nanoparticles was performed. Both symmetrical and unsymmetrical configurations of planar multilayer PCB coils were tested in terms of sensitivity and balancing efficiency. We concluded that the distance between the two PCBs above and under the microfluidic structure is of prime interest for enhancing the sensitivity. We also found that with the available developed prototypes, the size of the detection microfluidic reservoir could be reduced to 3.5 µl without compromising the sensitivity. Apart from the system, the magnetic nanoparticles were also tested for their prospective use in magnetic biosensing. We confirmed the assumptions of size effects and found that an intermediate size between small poor magnetic nanoparticles and large particles comprising some hysteresis must be found. The 168 20 nm maghemite particles constitute a best fit for magnetic testing. They should therefore be tested for biosening by coating them with affinity surface (like streptavidin).

Finally, we presented the biosensing aspects. Preliminary work for the biofunctionalization of the PDMS surface with primary antibodies has been described. A state of the art review followed by a choice of appropriate protocol was given andvalidations of the first phases of biofunctionalization were presented.

Future work consists of the complete validation of the protocol through the use of more advanced methodologies such as AFM and XPS that could not be made within the scope of this thesis. After that, the performances of the fabricated prototypes will be tested with respect to the detection of C-reactive protein (CRP) and Procalcitonin (PCT) to acheivea more complete biosensing validation of the system

Conclusions

In this thesis, an electromagnetic microsystem for the detection of magnetic nanoparticles in a microfluidic structure for immunoassays is presented. Since the final aim is to develop a completely miniaturized LoC pathogen sensing system, we started by a rather comprehensive review on the major critical aspects of such systems. Pathogen sensing, LoC technology as well as the immunoassay concepts and characteristics were presented. Understanding the various factors that influence the conception of a miniaturized system is of prime importance.

All mentioned LoC biosensing aspects must be planned accordingly. This includes the fluid handling, the composing materials, the biofunctionalization process as well as the detection scheme. An ideal prototype would be one that included sensitive detection of pathogens with only few steps of operation and with as little as possible amount of reagents. Finally, since the system is intended for public use, a compromise between these parameters must be found in accordance with the society and market needs. In fact, to ensure a successful invention, we must align research objectives and market trends. Ease of use, cost, portability, rapidity of the tests as well as multiassay capacity constitute the main priorities.

For the development of such a system, we use a magnetic sensing approach based on the mixing frequency technique. Consequently, we covered magnetic sensing in general and the mixing frequency technique in particular. Magnetic sensing is advantageous in that it is as it is contactless, sensitive and can be integrated with actuation methods without being affected by the biological noise. The superparamagntisque nanoparticles (SPN) have a high binding affinity and specificity and due to these advantages, they constitute the main component for many magnetic and nonmagnetic detection methods. Thus, we presented a set of general requirements that help choosing the appropriate SPN in the case of magnetic sensing.

Afterwards, we covered theoretical concepts and previous experimental work on the mixing frequency technique that allows to detect the specific nonlinearity of SPN magnetization response. The collective advantages of this technique and immunoassays in general have been considered for the development of the envisioned LoC system.

Realizing such LoC systems requires multidisciplinary work. Thus, we decided to develop first a set of analytical and multiphysics simulations. They have allowed us to optimize and to miniaturize the detection system by taking into account as much parameters as possible. The system is composed of both an electromagnetic detection system and a microfluidic structure for sample handling. The electromagnetic system is comprised of planar coils intended for both generation and detection of changes in magnetic field. The analytical and simulation tools have thus ensured proper description of the magnetization and of sensitive detection of the SPN. In addition, the heating effects of excitation currents in the final LoC must be reduced to a minimum in order not to affect the viability of the biological medium. Regarding the microfluidic part, critical aspects are proper filling, diffusion and mixing properties. All these criteria can be assessed through the use of the developed microfluidic simulations.

These tools allow to reduce both time and cost of the clean room prototyping of the coils and microfluidic structures.

In order to validate these tools, a first design and realization scheme has been developed. The prototype systems included a set of PCB printed coils and a PDMS microfluidic channel with the use of 3D printed molds. This approach allows cost effective and rapid prototyping that may allow the design and testing of many prototypes. The different prototypes were then characterized electromagnetically. Developed tools were assessed by comparing the theoretical and simulated results with the prototypes characteristics.

We assessed the performance of the prototype systems with respect to magnetic detection.

Sensitivity, balancing efficiency as well as the effect of various electrical and dimensional parameters have been analyzed by developing a test bench with accompanying instrumentation and LABVIEW programs. The results can serve as a basis for further improvement of the optimization tools. Moreover, the prototype systems allowed us to test various magnetic particles in the framework of their usage with the frequency mixing technique. We concluded that strong nonlinearity of SPN is very important for the technique.

Finally, we presented the preliminary work on biofunctionalization that has been done during the scope of this thesis. In fact, the choice and development of an efficient biofunctionalization technique is as important as the development of a good transduction method. If the biofunctionalization is not thoroughly validated, the whole system may not yield any acceptable pathogen sensing results. Biofunctionalization affects the repeatability, stability, cross-reactivity and sensitivity of the prospective system. Towards the choice of the biofunctionalization protocol, a state of the art along with proposed protocols have been described. The aim is to find a compromise between cost effective and robust biofunctionalization procedure. For this, we propose the use of a covalent binding technique combined with either robust modification of the PDMS surface or plasma treatment.

In the next section, we will present an outlook to future work with important comments concerning each aspect of the LoC system.

Outlook

The developed tools and the first experimental results are very promising and prove that a good LoC magnetic pathogen sensing system based on the mixing frequency technique could be achieved with the proposed dimensioning procedure. However, several aspects need to be considered for both final validations of the prototypes as well as the design of a completely integrated LoC pathogen sensing system.

Through the various experiments and multidisciplinary literature review, we identified key aspects to be considered. This include both the realized tools as well as the prospective completely miniaturized system. These aspects can be divided into four major categories: optimization tools, magnetic detection, microfluidics and biofunctionalization.

Improvement of the optimization tools can be done by:

• Optimizing the accuracy and ability of the analytical tools: In fact, the analytical calculations allow finding the best compromise for the characteristics of the multilayer spiral coils for both excitation and detection. However, the calculations can be improved by considering the mutual relation between the dimensions of the constituting coils as well as the homogeneity of the field. In fact, the positioning of one coil affects the possible position of the other (superposed). Optimization algorithms can be used in order to find the best set of dimensions. Furthermore, a more complete calculation considering the sensitivity of the system with direct relation to the mixing terms might be a more direct approach. In this respect, an optimal ratio between HF and LF magnetic field as well as minimal magnetic excitation fields for proper mixing frequency detection is expected. When applied with chosen SPN, a substantial improvement in sensitivity is expected.

• Improving the versatility of multiphysics simulation tools: the first version of the simulation tools allows to validate some critical aspects of the system such as heating, magnetic nonlinear sensing and proper liquid diffusion. Nonetheless, these tools must be further developed by including more practical cases like the study of thermal cooling methods (like Peltier effect) and the convection effects on the sample temperature. Also, we can assess the detection of SPN with any concentration by testing its voltage or magnetic response in the simulations and comparing it to calculated and measured limit of detections. We can also find the best distance between the reference and detection coils. Finally, we could improve the microfluidic simulation by studying the mixing, fluid handling aspects and practical issues.

The magnetic detection can be optimized by:

• Studying the multiassay capability through the difference in mixing signal response (amplitude and phase) by using the test bench along with its developed software.

• Reducing the number of coils by adding a DC magnetization field in the form of a well-studied permanent magnet. That may allow to combine both excitation signals, DC and AC in this case, using one coil.

• Conceiving a shielding environment for the miniaturized detection structure.

• Proper noise reduction by means of better balancing of the reference and detection sides and good filtering of the excitation signals.

Concerning the biofunctionalization of the reservoir:

• Validation of the chosen procedure : The thoroughly validation can be done by evaluating the density of functionalized antibodies on the surface. It can also be done by assessing the unspecific adsorption or binding to the surface of either non-targeted biological compounds or SPN. Finally, a test of cross-reactivity with two target entities should be done.

• The functionalization can be improved by enhancing the surface to volume ratio. We can provide two possible solutions; the use of relatively big (several µm) silica beads in the microfluidic reservoir or the conception of reservoirs filled with functionalized Outlook 173 pillars.

As for the microfluidics, next work should include:

• Choice of the microfluidic circuit taking into account fluid handling and mixing possibilities: Both capillary and pressure driven actuation seem to be a good choice.

The final goal is a one-step detection procedure. For this design, the complete biosensing protocol with washing and binding steps must be studied and designed.

• Choice of prototyping and industrialization of constituting material : As discussed in chapter 1, PDMS constitutes a very good choice for prototyping. However, it is not suited for mass production. Consequently, we must choose beforehand the well adapted material, as it will impact the biofunctionalization protocol and fluid handling design processes.

This PhD research work has constituted a ground basis for the long term goals. As it can be seen, many aspects need to be considered before having an efficient completely integrated pathogen sensing LoC system.

To conclude, this project has currently received the unanimous approval of the scientific and administration committees of the Technology Transfer Acceleration Company, "SATT Lutech" as a partner of UPMC for a prospective maturation program and a funding for 18 months from January 2018. The maturation program will allow the design and realization of a completely integrated and portable automated system relying on embedded electronics and microfluidic handling systems (Figure 4.20). This program allows also the biological validation of the system with detection of C-reactive protein and Procalcitonin (PCT). 

Abs

Résumé :

La détection et quantification d'agent biologique occupe une place prépondérante dans la prévention et la détection des dangers possibles pour la santé publique (épidémie ou pandémie), l'environnement ainsi que d'autres risques contextuelles (bioterrorisme, armes biologique ou chimiques…etc.). Par conséquent, le développement d'un système portable et à moindre coût permettant de détecter ces dangers constitue l'axe de recherche pluridisciplinaire de la collaboration entre différents laboratoires de l'UPMC (Paris 6) et « RWTH university » à Aachen en Allemagne.

Dans ce projet, nous avons étudié les aspects pluridisciplinaires d'un microsystème (LoC) électromagnétique de détection immunologique basé sur l'utilisation de nanoparticules magnétiques (MNP). En raison de leur extractibilité et de leur triabilité, les MNP sont adaptées à l'examen d'échantillons biologiques, servant de marqueurs pour des réactions biochimiques. La plupart des techniques classiques de détection existantes sont basées sur des méthodes colorimétrique, fluorescence ou électrochimique qui souffrent en majorité de problème de temps d'analyse et de sensibilité. A cet égard, Les méthodes d'immunodétection magnétiques constituent une alternative prometteuse. Cette détection est effectuée à l'aide des MNP qui sont spécifiquement bio-fonctionnalisés en surface afin d'être liée à la cible (virus, anticorps…etc).

La nouvelle méthode magnétique de mélange de fréquence permet la détection et la quantification de ces MNP avec une grande dynamique. Dans cette thèse, l'effort est dirigé vers la miniaturisation de ce système. Pour ce faire, nous avons développé un ensemble d'outils analytiques et de simulations multiphuysqies afin d'optimiser les dimensions des parties électromagnétique (bobines planaires) et microfluidiques. Par la suite, des prototypes de cette structure de détection à partir de bobines en circuits imprimés et de réservoirs microfluidiques en PDMS sont dimensionnés et réalisés. Les performances de ces prototypes ont été évaluées en termes de limite de détection de MNP, linéarité et plage dynamique. En outre, ces prototypes ont permis de valider les outils de dimensionnement réalisés. Une limite de détection de nanoparticles magnetiques de 15ng/mL a été mesurée avec un volume d'échantillon de 14 µL correspondant à une goutte de sang. Finalement, la validation du système quant à l'immuno-détection est abordée avec un état de l'art et le développement d'une procédure de fonctionnalisation biochimique de surface ainsi que des premiers tests pour sa validation. Mots-Clé : detéction de pathogènes, Lab-on-Chip, détection magnétique, technique de mélange de fréquences.

Abstract:

The detection and quantification of a biological agent or entity has become paramount to anticipate a possible health threat (epidemic or pandemic), environmental threat or to combat other contextual threats (bioterrorism, chemical and biological weapons, drugs). Consequently, developing a portable cost effective device that could detect and quantify such threats is the research focus of the joint multidisciplinary project between UPMC (Paris 6) laboratories and RWTH university in Aachen, Germany.

In the framework of this project, we have studied the multidisciplinary aspects of an electromagnetic microsystem for immunologic detection based on magnetic nanoparticles (MNP) in a microfluidic lab-onchip (LoC). Because of their extractability and sortability, magnetic nanoparticles are adapted for examination of biological samples, serving as markers for biochemical reactions. So far, the final detection step is mostly achieved by well-known immunochemical or fluorescence-based techniques which are time consuming and have limited sensitivity. Therefore, magnetic immunoassays detecting the analyte by means of magnetic markers constitute a promising alternative. MNP covered with biocompatible surface coating can be specifically bound to analytes, cells, viruses or bacteria. They can also be used for separation and concentration enhancement.

The novel frequency mixing magnetic detection method allows quantifying magnetic nanoparticles with a very large dynamic measurement range. In this thesis, emphasis is put on the miniaturized implementation of this detection scheme. Following the development of analytical and multiphysics simulations tools for optimization of both excitation frequencies and detection planar coils, first multilayered printed circuit board prototypes integrating all three different coils along with an adapted microfluidic chip has been designed and realized. These prototypes have been tested and characterized with respect to their performance for limit of detection (LOD) of MNP, linear response and validation of theoretical concepts. Using the frequency mixing magnetic detection technique, a LOD of 15ng/mL for 20 nm core sized MNP has been achieved with a sample volume of 14 µL corresponding to a drop of blood. Preliminary works for biosensing have also been achieved with a state of the art of surface functionalization and a developed proposed biochemical immobilization procedure and preliminary tests of its validation. Keywords: pathogen sensing, Lab-on-Chip, magnetic detection, frequency mixing technique.
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 13 Figure 1-3: Schematic representation of the LFA method ( [20]).
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 15 Figure 1-5: A schematic representation of the sandwich immunoassay on the waveguide-based biosensor [12], [28].
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 18 Figure 1-8: (a) Chemiluminescence detection principle of protein on membrane [31]. (b) Detection of E.coli O157:H7 using immunomagnetic beads and generation of chemiluminescence signal inside microfluidic chamber [32].
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 19 Figure 1-9: Electrochemical glucose sensor. (a) and (b): Schematic description of the first and second generation glucose sensors. (c) Redox reaction of glucose due to Glucose Oxidase (GOx) and accompanying half equation of hydrogen peroxide oxidation [40].
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 110 Figure 1-10: Schematic diagram of the electrochemical immunosensor and the analyte response [47].
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 111 Figure 1-11: Schematic representation of the 'IMS/m-GEC electrochemical immunosensing' approach: (A) immunomagnetic separation (IMS) from milk samples; (B) immunological reaction with the anti-Salmonella-HRP antibody; (C) electrochemical detection [49].
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 116 Figure 1-16: Measurement of permeability using: (left) Maxwell bridge. (right) resonance LC circuit [78].
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 1 20.b is an illustration of the change of resistance according to the applied external magnetic field (𝐼𝐼 𝑒𝑒𝑒𝑒𝑅𝑅 ).
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 1 Figure 1-27: Lab-On-Chip ELISA with fluorescent detection [20].
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 128 Figure1-28: Schematic components of an idea LoC diagnostic system[START_REF] Wild | The immunoassay handbook[END_REF] 
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 129 Figure 1-29: Typical fabrication procedures for the prototyping techniques [18].
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 130 Figure 1-30: Main direct fabrication techniques: (a) laser photoablation, (b) photolitography and (c) xray lithography [18].
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 131 Figure 1-31: Digital microfluidic devices. (a) single-plate format: Both ground and actuation electrodes are in the same plate (droplets move in the plane of the page). (b) Two-plate format, the top plate is used as a ground plate. It allows two-dimensional, reconfigurable movement of the droplet [120].
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 133 Figure 1-33: Schematic description of ELISA in a lab-on-a-CD. (a) CD-ELISA design with 4 arrays. (b) Description of a single assay. Washing buffers are loaded in 2, 4, 6 and 8, whereas chambers W, D, 1, 3, 5, 7, 9 are used for waste, detection, first antibody, blocking solution, sample, second antibody and substrate respectively. The rotation of the CD allows the solutions in all 9 chambers to flow out in sequential manner to accomplish the ELISA procedure. This sequential flow is due to the decreasing centrifugal force [96].
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 134 Figure 1-34: Concept of a capillary-driven microfluidic chip for one step immunoassays. (a) The ship is composed of various functional microfluidic elements for performing immunoassays. (b) The position and interaction between the analyte, dAbs and cAbs are illustrated along different parts of the chip. The PDMS is patterned with control lines including cAbs and antigens [128].

  -6.a).Magnetic domains simply exist because they are energy efficient. They allow to reduce the magnetostatic energy associated to the shape anisotropy mentioned earlier. Because the preferred direction of magnetization of each domain is somewhat random, the net total magnetization is near zero. Domain sizes are small on a macroscopic scale (1 -100𝜇𝜇𝑚𝑚).
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 2 Figure 2-6illustrates this phenomenon. The magnetization of single domain material will produce a north pole and a south pole. These poles produce in turn a magnetic field opposite to the initial magnetization (demagnetization field, blue line), this demagnetization field depends on the specimen. When the material is composed of two anti-symetric domains (Figure 2-6.c), the magnetostatic energy is reduced by half (blue line). Each time we divide into more subdomains, the magnetostatic energy becomes less and less. A closure domain
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 28 Figure 2-8: Variation in nanoparticle's single domain and SPM behavior diameters depending on the material. D sp : superparamagnetic diameter, D sd : single domain diameter [144].
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 29 Figure 2-9: (Left) The Néel (𝜏𝜏 𝑁𝑁 ) and the Brownian (𝜏𝜏 𝐵𝐵 ) relaxation times calculated for 𝐶𝐶𝐹𝐹 3 𝑂𝑂 4 MNPs with 5 nm surface coating (nonmagnetic). The effective relaxation time (τ) is shown in a black line [75]. (Right) magnetization curve of superparamagnetic particles.

Figure 2 - 13 :

 213 Figure 2-13: Measured and calculated mixed terms. Thin dashed lines represent the Taylor approximation. The thick solid lines represent the numerical calculation. Measurements are represented by discreet point (circles and squares). Parameters of the experiment are: 𝐵𝐵 0 = 1.9 𝑚𝑚𝑇𝑇, 𝐴𝐴 1 = 0.8 • 𝐵𝐵 0 𝑎𝑎𝑛𝑛𝑑𝑑 𝐴𝐴 2 = 2.4 • 𝐵𝐵 0 . Figure reported from [1].
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 216 Figure 2-16: Comparison between the ELISA (a) and the frequency mixing method (b) [148].
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 218 Figure 2-18: Left: cross-sectional scheme of the measurement head for planar samples; right: planar detection coil [149]. We used 20 nm nanoparticles because they yielded stronger signals. These MNPs were manufactured in the PHENIX Lab at UPMC. First measurement results are shown in Figure 2-19.The detection limit was found to be about threefold higher than the minimum

Figure 2 - 19 :

 219 Figure 2-19: Measured frequency mixing signal as a function of the nanoparticle (NP) concentration.

a.

  Optimization of dimensions and positions of the coils: Excitation and detection coils could be optimized separately, but the positioning of the coils can only be done through a compromise. The most important coils are the low frequency and the detection coils. Low frequency coils ensure good magnetic response of the SPN and the vicinity of the detection coils ensures good detection sensitivity.

3. 1

 1 Analytical calculations 97 two adjacent layers is called ∆ℎ. Consequently 𝑋𝑋 𝑅𝑅 = 𝑖𝑖 * ∆ℎ A, B, C, D are geometry dependent coefficients, for the case of spiral coils their value is :A=0.184, B=-0.525, C=1.038, D=1.001.
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 233 Voltage noise: 𝐶𝐶 𝑉𝑉𝑁𝑁𝑅𝑅𝑅𝑅𝑚𝑚𝑒𝑒 = 𝑈𝑈 𝑠𝑠 |𝑇𝑇𝑇𝑇(𝑒𝑒)| with 𝑇𝑇𝐶𝐶(𝑓𝑓) the transfer function of the circuit a. 𝑇𝑇𝐶𝐶(𝑓𝑓) Optimization of the detection structure through analytical and multiphysics simulations 100 Current noise:𝐶𝐶 𝐶𝐶𝑜𝑜𝑟𝑟𝑁𝑁 = |𝑅𝑅 𝑚𝑚 + 𝑖𝑖2𝜋𝜋𝑓𝑓𝑚𝑚 𝑚𝑚 | • �� 4𝑘𝑘 𝐵𝐵 𝑇𝑇 𝑅𝑅 𝑃𝑃 + 𝐼𝐼 𝑎𝑎 2 � ≅ 𝐼𝐼 𝑅𝑅 |𝑅𝑅 𝑚𝑚 + 𝑖𝑖2𝜋𝜋𝑓𝑓𝑚𝑚 𝑚𝑚 | (𝑅𝑅 𝑝𝑝 is sup-
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 3 Figure 3-2.
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 32 Figure 3-2: Magnetic field noise components effect with respect to frequency. Inner radius is fixed to 0.8 mm. BT: Total noise, BV: voltage noise, BR: resistance noise, BCur: current noise These values were plotted by supposing a typical low noise preamplifier (AD745) and an approximated capacitance noise. Because of this latter approximation, the resonance effect
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 33 Figure 3-3:Pick-up coil optimization with sensitivity and minimum detectable moment versus coil outer radius. Internal radius fixed at 0.8 mm.
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 35 Figure 3-5: Smallest detectable magnetic moment versus frequency [155].
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 36 Figure 3-6: Magnetic noise with respect to outer radius for two manufacturers for a frequency of 50 kHz. Inner radius is fixed to 0.8 mm. BT: Total noise, BV: voltage noise, BR: resistance noise, BCur: current noise.
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 38 Figure 3-8: Axial excitation magnetic field with respect to the distance from the coil.
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 39 Figure 3-9: Excitation coil properties for two different manufacturers M1 and M2.
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 310 Figure 3-10: Effect of using two excitation coils for the two manufacturer.
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 23456 Choice of Physics interface: This choice depends on the physics and on the size of the structure to be simulated. It is very important to choose the right physics interface, because each one relies on a set of assumptions and can only be used for a set of applications. Definitions: Defining component parameters and variables.3.2 Multiphysics simulations 113 Define the geometry: Drawing or importing the component geometry. Choosing the materials: Assigning material properties to the geometry. Parametrization of the physics interface: Setting up the model equations and boundary conditions.
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 3 Figure 3-11 shows the 2D axisymmetric model of a spiral coil.
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 311 Figure 3-11: Example of magnetic simulation using AC/DC COMSOL Module. The figure represents results in term of total magnetic field amplitude of a 2D axisymmetrical magnetic simulation with a frequency of 70 Hz and an excitation current of 0.15 A. The color gradient is from shades of red (6mT) to shades of blue (0mT)
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 312  Comparison between 2D axisymmetric simulation and analytical calculations of the magnetic field.
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 313 Figure 3-13: Effect of the number of turns on the magnetic field for a PCB modeled coil.
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 314 Figure 3-14: Total magnetic field distribution: a) over the whole cross section surface. Here, the blacklines represent the cross section of the coil traces. b) Function of radial distance from center position.
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 320 Figure 3-20: Frequency components of the sensor current in the presence (a) and absence (b) of the iron.
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 321 Figure 3-21: Magnetic response of serpentine and cylindrical microfluidic reservoirs.
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 322 Figure 3-22: 2D axisymmetric model for PCB integrated structure. (Top) geometry and materials.(Bottom) example of heating effects.
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 323 Figure 3-23: Temperature of the reservoir relative to the experimental time.
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 324 Figure 3-24: Geometrical model of the disc shape microfluidic reservoir (left). Nonhomogeneous filling due to high gradient between inlet and reservoir shape.

Figure 3 -

 3 Figure 3-25.c. The flow is thus more homogeneous.
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 3139334 Figure 3-34: Illustration of the molding technique process using PDMS polymer.

Figure 4 - 1 and Figure 4 - 2 .

 4142 Figure 4-1 and Figure 4-2. The experimental setup allows finding the best compromise of structure dimensions and electrical parameters before miniaturization of the electronics.

  signals are provided using two frequency generators for both LF and HF signals. The LF signal frequency range from few Hz to hundreds of Hz while the HF frequencies are between 10 kHz and 100 kHz. The high frequency is limited by the demodulating capacity of the Lock-in amplifiers and the response time of the nanoparticles. Furthermore, in the case of the low frequency signal, an amplifier must be added in order to have high enough driving magnetic fields.Concerning the detection part, the detection coils transduce the change in magnetic field to a change in electrical signal. This signal must then be demodulated to the aimed mixing term ( 𝑓𝑓 = 𝑓𝑓 1 + 𝑛𝑛𝑓𝑓 2 ). In order to do that, two Lock-in amplifiers are used for the sequential demodulation in 𝑓𝑓 1 and 𝑛𝑛 • 𝑓𝑓 2 respectively. The synchronization of the demodulation side of the upper PCB coil (the one without sensor coil). After this first demodulation, the spectrum of the original detected signal is shifted by f 1 (Figure4-4.b). We are left with a DC component relative to the high frequency and other AC components.Among the later there is the amplified mixing term.For the second stage demodulation (Figure4-4.c), the signal is demodulated at the frequency '𝑛𝑛 • 𝑓𝑓 2 '. It is further amplified by a factor 𝐺𝐺 2 and filtered. Here, we can assess the phase and amplitude change of each harmonic signal through the X and Y components of the first demodulated signal. This second lock-in thus scans the mixing terms and helps evaluate the nonlinear behavior of the magnetic response of each nanoparticle.4.1.3 Developed LABVIEW control programAll the parameterization of the electronic devices is performed through a homemade instrumentation software based on LABVIEW programming software. This includes the function generators and the lock-in amplifiers. The basic functioning algorithm is depicted in the following algorithm of operation (Figure4-5). The software performs a frequency sweep over the high frequency signal and a harmonic sweep to get the spectral information of each mixing term. This information is in the form of amplitude and phase responses. kHz with 28Vpp and LF signal of 65 Hz with an amplitude of 48Vpp. The output was amplified 200 times.
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 46 Figure 4-6: Frequency effect on the sensitivity of the detected signal for P2 with a fixed concentration of S540 NP.

  During our experiments to test the magnetic detection we chose a low frequency excitation of 80 Hz with a coil voltage of 14 Vpp and a high frequency of 40 kHz with a voltage of 30 Vpp. The response electronic signal which comes out of the detection coil is amplified by a factor of 500 using the lock-in amplifier. We put this SPN in the microfluidic channel composed of PDMS/glass structure of dimension 12 mm×12 mm and stopped the flow before performing the measurements.
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 47 Figure 4-7:Magnetic response in function of the mass concentration of iron nanoparticles. The red dotted line indicate the limit of detection.
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 412 Figure 4-12: Common surface immobilization methods for heterogeneous assays. (a) Representation of an antibody. Schematic of immobilization mechanisms: (b) physisorption, (c) covalent bond and (d)bioaffinity interaction[START_REF] Sharma | Antibodies and antibody-derived analytical biosensors[END_REF].PhysisorptionPhysical adsorption is the easiest and simplest approach to attach proteins on a surface (Figure4-12.b). In this case, proteins bind to the surface using intermolecular forces (hydrophobic, Van der Waals, electrostatic…etc.). These intermolecular forces are highly dependent on environmental parameters like temperature, surface condition and pH value.
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Table 1 -

 1 2: Microfluidic fabrication techniques with information partially extracted from[START_REF] Wu | Microfluidic sensing: state of the art fabrication and detection techniques[END_REF].

	Fabrication technique	Advantages	Disadvantages	Ref.
	Soft lithography	Cost effective, 3D geometries possible, high resolution	Pattern deformation, vulnerable to defect, cannot be mass produced	[111]
	Hot embossing	Cost effective, precise, fast, semi-automated mass production	Restricted to thermoplastics, not suited for production 3D structures, not fully automated for mass	[112]
	Injection molding	Easy to use, 3D structures possible, mass production, fully automated	Thermoplastics only, high cost mold, issues with large geometries	[113]
	Photolithography	High wafer throughput, well controlled technique for microscale structures	Requires flat surface, needs chemical post treatment	[114]
	X-ray lithography	Very high resolution (nm), produces straight smooth walls	Difficult for master fabrication, time consuming, high cost	[115]
	Laser photoablation	Rapid, large format production	Multiple treatment sessions, limited range modifications of possible materials, unwanted surface	[116]

Table 1 -

 1 3: Comparison of different characteristics of microfluidic propulsion techniques[START_REF] Lin | Microfluidic immunoassays[END_REF],[START_REF] Madou | Lab on a CD[END_REF].

	Mechanism	Electroosmosis	Electrowetting	Micropumps	Centrifugal	Capillary
					force	
	/Criteria					
	Materials	Glass, Polymers	Glass, Polymers	Polymers	Polymers	Polymers,
						paper.
	Flow rate	nL/s to µL/s	0.01 to 0.1 m/s	10 nL/s to 10 µL/s nL/s to 10 µL/s	nL/s
	/velocity					
	External	Electrical voltage	Electrical voltage	Air pump or battery Rotary motor	Not necessary
	power source					
	Valve	Yes	No, liquid stopped by	Yes	Yes	Yes
	integration		removing applied voltage			
	Influence on	pH, ionic strength	pH, ionic strength	Nothing particular	Viscosity,	Capillary
	flow				density	pressure, flow
						resistance
	Additional	Cannot use blood or	Droplets, not continuous	Preferred for	Allow	Adequate for
	remarks	urine. Can handle	fluid handling. Better for	sequential procedure.	multiplexing,	simple
		complex procedures	separation. Complex	Not good for	easy but not	sequential
			procedure.	separation.	fully embedded.	procedures
						only.
	Ref.	[119], [131]	[132]	[133]	[124]	[134]

Table 1 -

 1 4: Comparison of important characteristics for different pathogen sensing methods.

	Method	Sensitivity	Dynamic Range	Assay time Portability Simplicity	Cost	Comments	Refs 2
		Colorimetric (e.g LFA)	*	*	Rapid (minutes)	****	Very simple	$	Difficult for multiplexing. Must use preconcentration step for quantitative measurements	[23], [21], [24]
	Optical ( [18], [19]) 1	Fluorescence Plasmonic (SPR and SEPR)	***** ****	*** ***	Rapid to long (10 mins to > hour) Relatively hours) fast to slow (minutes-	* *	Complex Complex	$$$ $$$	Very versatile (allows observing activity of target). Multiplexing possible. Extensive research is done to integrate the method Multiplexing possible. Label free.	[26], [27] [135]
		Luminescence	***	***	Average time (> hour)	***	Simple	$$		

Table 3

 3 

	-1depicts these values.

Table 3 -

 3 

1: Validation of the inductance formula for two different diameters of 8-layers spiral coils

Table 3 -

 3 2gives the technical limitations of each manufacturer.

	Manufactur

er Smallest width of copper/Isolation(𝛍𝛍𝛍𝛍) Thickness of copper (𝛍𝛍𝛍𝛍) Total thickness of an 8- layer PCB

  

				(𝛍𝛍𝛍𝛍)
	M1	100	35	1.55
	M2	50	09	> 2

Table 3 -

 3 

2: Technical limitations of two chosen PCB manufacturers

Table 3

 3 

	-3

Table 3 -

 3 

3: Example of chosen parameters for detection coil of the manufacturer M1.

Table 3 -

 3 4. 

	8 mm PCB test coils	DC current 𝑰𝑰 𝒆𝒆𝒆𝒆𝒆𝒆 (𝑨𝑨)	Measured magnetic field 𝑩𝑩 𝒎𝒎𝒆𝒆𝒎𝒎𝒎𝒎 (𝒎𝒎𝒎𝒎)	Calculated magnetic field 𝑩𝑩 𝒕𝒕𝒕𝒕𝒆𝒆𝒕𝒕𝒕𝒕𝒕𝒕 (𝒎𝒎𝒎𝒎)	Error
	𝑹𝑹 𝒕𝒕𝒐𝒐𝒕𝒕 = 𝟏𝟏𝟏𝟏𝒎𝒎𝒎𝒎	0.4	2.60	2.61	0.3%
	𝑹𝑹 𝒕𝒕𝒐𝒐𝒕𝒕 = 𝟐𝟐𝟐𝟐𝒎𝒎𝒎𝒎	0.4	3.95	3.80	5%
	2 stacked 20 mm sensors	0.2	3.00	3.07	2.3%

Table 3 -

 3 4: Validation of the axial magnetic field formula at a distance from sampel of Z=3.3mm.

Table 3 -

 3 5: 

	Type of coil	Manufacturer	Inner radius(𝒎𝒎𝒎𝒎)	Outer radius(𝒎𝒎𝒎𝒎)	Number of turns	Number of layers
	Low frequency coil	M1	0.8	12.6	59	4
	High frequency coil	M1	0.8	13.25	62	4

Table 3 -

 3 

5: Chosen dimensions of the excitation coils for one optimized prototype with M1 manufacturer.

Table 3 -

 3 7: Comparison table of simulated and measured electromagnetic parameters. Magnetic field is given for different input voltages.

		l a y e r	R in (mm)	R out (mm)	Turns/layer
	LF 1	4	0.8	10	46
		4	3	10	35
	HF 2	4	2.5	9	35
	sensor	4	0.8	10	46
	(1)Excitation coil with lower frequency bias ( Low frequency (LF) coil)		
	(2)Excitation coil with higher frequency bias (High frequency (HF) coil)		

Table 3 -

 3 

8: Comparison of PCB and clean room realization process solutions.

Table 3 -

 3 9: Dimensions of LF, HF and sensor coils for the different designed and realized prototypes.

	𝑵𝑵 𝒕𝒕𝒐𝒐𝒕𝒕𝑰𝑰𝒎𝒎 per layer	N layers	Total 𝑵𝑵 𝒕𝒕𝒐𝒐𝒕𝒕𝑰𝑰𝒎𝒎

𝑰𝑰𝑰𝑰 [mm]

-10. Prototype Coil function Resistance (total)[Ω] Inductance [mH] Capacitance (calculated) [pF]

  

						𝟐𝟐 𝑹𝑹𝒆𝒆𝒎𝒎𝒕𝒕𝑰𝑰𝒎𝒎𝑰𝑰𝒆𝒆𝒆𝒆
						MHz
	2 (asymmetrical)	LF HF Sensor	160 68 80	1.8 0.4 0.52	12 33 39	1.06 1.62 1.16
	3 (symmetrical)	LF HF Sensor	160 82 63	1 0.3 0.25	68 31 10	0.605 1.61 0.9

Table 3 -

 3 10: Electrical components value for P2 and P3. The capacitance here is deduced from the self-resonance.

Microfluidic prototype Shape Height of reservoir [µm] Channel width[µm] Total width /minor radius [mm] Total length (meander)/major radius [mm] Structure 1

  

						-11
	presents the most successful prototypes dimensions:		
		Elliptic				
			200	500	3.5	13
		cylinder				
		Elliptic				
	Structure 2		200	500	4	13
		cylinder				
	Structure 3	Serpentine	200	500	12	12
	Structure 4	Serpentine	100	500	12	12

Table 3 -

 3 

11: Microfluidic channel different shapes and dimensions for selected 3D molds.

Table 4 -

 4 1: Summary of characterization measures.

Table 4 -

 4 2 gives the different characteristics.

	Nanoparticles references	S540	S499E	S505	S494P	Fluid-mag streptavidin
	Composition	Fe2O3	CoFe2O4 CoFe2O4 CoFe2O4	Fe304/ strep-tavidin coated
	Size (core)	20 nm	50 nm	10 nm	19 nm	200nm (hydrodynamic)
	Magnetic compound concentra-tion (iron/cobalt) [mg/ml]	14.8	11.19	187.4	27.34	NA
	Initial concentration (C0) whole molecule [mg/ml]	21.16	14.66	262.55	31.66	10
	Initial molar concentration (whole molecule) [mol/l]	0.13	0.062	1.12	0.14	NA
	Saturation magnetization (C0)[A/m]	1630	1012	20780	2790	590
	Normalized Ms (saturation					
	magnetization) (to reference	770.36	690.46	791.47	881.14	590
	10mg/ml)					

Table 4 -

 4 2: Characteristics of the different tested magnetic nanoparticles. NA: not available values.

  Most common types of bioreceptors, biotransducers and signal processing circuits [7]. .............................................................................................................................................. 6
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Reagents

• Poly(dimethylsiloxane) (PDMS)

• Polyvinyl alcohol 99%

• Triethylamine 99% (TEA) 

Silanization step:

a. Create aldehyde groups on the PDMS surface by incubating them in a 99.5% ethanol solution containing 2% TESU and 2% TEA for 1 hour. b. Rinse with 99.5% ethanol and dry them at 80ºC for 2 hours. Avoid the vapors coming from TEA by preparing the solution mix in a fume hood. This step should be done in a closed container and using enough solvent to avoid the total evaporation of the liquid. It should also be carried out in an inert atmosphere like nitrogen or argon without humidity presence. 176 4. Antibody immobilization: After preparation, add an antibody solution in 0.1 M carbonate buffer with pH 9.6. According to experience, an antibody concentration of 20 µg/mL is recommended. Incubation time is still not certain, but a minimum of 1h at room temperature is advised. 5. Blocking step: Uncoated areas of the functionalized surface should be passivated with "biotin free" BSA or other blocking protein (Lysine…etc.). The recommended BSA concentration is 10 mg/mL. BSA could be incorporated in a PBS buffer. Subsequently, the column should be washed in a last step with PBS only buffer (pH 7.4). 
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